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Preface 

Alois Alzheimer first described the syndrome associated with his name in a conference in 1906 and then 
published a paper that accurately described this condition, both the clinical presentation and the pathology, in 
1907. The patient who he described was 51 years of age when she first presented to him with dementia and 
psychosis, at an age close to the average life-expectancy of that region of Germany at that time. He also 
described her presentation as a rare, presenile form of dementia, and pathologically she had severe 
atherosclerosis as well as a form of changes in the brain that he saw for the first time due to the newly available 
silver stains, senile plaques and neurofibrillary changes, which are now the pathological hallmarks of this 
disease. Two factors have brought Alzheimer's disease from a rare condition to what is now the leading factor 
associated with death in the developed world: 1) the presence of the senile plaques and neurofibrillary changes in 
the most common form of dementia in the elderly, and 2) the progressive increase in life-expectancy (about 25 
years since Alzheimer's time) leading to a huge growth in the elderly population in the age range which is most 
susceptible to this condtion. 

The great developments that have led to this handbook are the advances in the technology for imaging the 
brain of the living person. In the last 50 years, a wide variety of techniques have emerged, including 
measurement of electromagnetic signals, anatomy, functional activity, chemical composition, and 
neuropathological changes. These techniques are not yet able to image individually the senile plaques and 
neurofibrillary changes that are seen by the pathologists at autopsy, but they are reflecting Alzheimer 
pathological changes more and more closely. Now, these techniques allow imaging of brain regions that 
estimates the presence of senile plaques that are seen by the pathologists at autopsy, and ligands for 
neurofibrillary changes are under active development, so new techniques are able to report more and more 
accurate estimations of pathological changes of Alzheimer's disease. Other techniques reviewed in this handbook 
are able to convey critical information about the function and connectivity of the brain that is disrupted by 
Alzheimer pathology. 
 This handbook was developed to provide an overview of the state of the art of brain-imaging approaches 
that have recently emerged to reveal the critical characteristics of brains of patients with Alzheimer's disease. 
The book was initially conceived as an opportunity to present the major findings produced from the Alzheimer's 
Disease Neuroimaging Initiative (ADNI), which has been led by Michael Weiner, and has led to the publication 
over 200 hundred papers on imaging the brains of individuals along the transition from elderly normal to mild 
cognitive impairment to mild dementia. This book provides numerous chapters that examine this critical phase of 
Alzheimer's disease, but chapters also discuss diagnosis, early biomarkers, late changes, the role of vascular 
disease, and treatment. The book drew from presentations at the International Conference on Alzheimer's 
Disease (ICAD), which met in Hawaii in July, 2010, and the associated Alzheimer's Imaging Consortium, 
chaired by Sandra Black and Giovanni Frisoni. 
 This book is organized in 10 sections. Each section addresses a particular neuroimaging modality that has 
been found to be useful in understanding or diagnosing Alzheimer's disease. Each section has an introduction to 
the particular technique and how it has the potential for informing clinical care or evaluating novel therapies for 
Alzheimer's patients. The chapters provide clinicians with specific information as to how the particular 
neuroimaging technique is or can be useful in a clinical setting, including the gamut from Radiology to Primary 
Care and address specific advances in the various types of neuroimaging. The book includes brief overviews of 
imaging of Alzheimer's disease and reviews fundamental principles for neuroimaging pathological changes that 
it causes, with an emphasis on practical and future applications. 
 The basic concept of this compendium is that each section provides an overview of the use of brain imaging 
in the specific area of Alzheimer's disease neuroimaging. The chapters in this book provide the field with 
perspectives on the value of the various imaging techniques for screening for Alzheimer's disease, determining 
the early markers of the disease, making the  diagnosis, following the progression of the disease, determining the 
variability of the manifestation of Alzheimer's disease, and estimating  the utility of these metrics of disease 
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severity for examining the effects of treatments. However, this work has not addressed all of the numerous 
complexities of Alzheimer's disease, including co-occurrence, Parkinson's disease, fronto-temporal dementia, 
etc., and only briefly touches on vascular risk factors and subcortical ischemic vasculopathy. 
 The target audience for this book is the clinical community, including medical students, residents-in-training 
with an interest in neuroimaging, as well as clinicians and faculty in fields where neuroimaging of Alzheimer's 
disease is and will become even more critical as automatic quatnification methods start coming on-line and 
available for practicing clinicians taking care of the affected patients (Family Practitioners, Geriatric Medicine, 
Neurologists, Radiologist, Psychiatrists). The overview is relatively brief but highly accessible for students, 
clinicians, and other researchers studying Alzheimer's disease, since a need to understand the clinical aspects of 
the disease are critical for guiding basic investigations. 
 Alzheimer's disease is a common problem which is becoming progressively more prevalent and burdensome 
to the World. Through better recognition of this disease and more precise diagnosis, led by brain imaging in the 
appropriate clinical context, it is our sincere hope that mankind can conquer this terrible disease. 

 
J. Wesson Ashford, Sandra E. Black, Giovanni Frisoni and George Perry 
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Introduction

Section 1: Imaging the Alzheimer Brain:
The Pathology and Pathophysiological Bases
of Alzheimer’s Disease: Implications for
Advancing Diagnostic Imaging

J. Wesson Ashford∗, Ahmad Salehi, Ansgar Furst and Peter Bayley
War Related Illness and Injury Study Center, VA Palo Alto Health Care System, Department of Psychiatry
and Behavioral Sciences, Stanford University, Palo Alto, CA, USA

Abstract. Alzheimer’s disease (AD), first described by Alois Alzheimer in 1906, is a combination of neuropathological pro-
cesses, which is devastating the world socially and economically. The distinct neuropathological observations are the senile
plaques, composed predominantly of the amyloid-beta protein, and the neurofibrillary changes (threads and tangles), made of
hyperphosphorlyated micro-tubule associate protein tau. Autosomal-dominant genetic factors can cause AD under 60 years
of age, and Apo-lipo-protein E factors are strongly related to risk after age 60. AD affects basic neuronal plasticity mecha-
nisms leading to relentless loss of memory function that causes insidious and progressive dementia. Recent conceptualizations
have emphasized the progression of AD from the earliest abnormal preclinical changes, through appearances of memory and
other cognitive impairments, leading to losses of function associated with dementia. This brief summary introduces a com-
pendium of articles on AD which examines the advances in the science, engineering, and technology of imaging the brain to
better understand and diagnose AD and develop treatments and cures. This introduction emphasizes the primary importance of
understanding pathology, pathophysiology, and causation, genetic and environmental. The approaches described in this com-
pendium are arranged according to widely used practices, including structural and functional imaging techniques as well as
electro-magneto-encephalography and magnetic resonance spectroscopy, with additional chapters focusing on vascular factors,
techniques for assessing longitudinal change, and multi-modal integration for the future. Advances in brain imaging hold the
promise to contribute understanding of AD for development of therapies to prevent the disease at its earliest stages, halt its
progression, and reverse its dementia.

Keywords: Alzheimer’s disease, amyloid beta-peptides, neurofibrillary tangles, magnetic resonance imaging, positron-emission
tomography, electroencephalography, apolipoproteins E, synapses, neuronal plasticity, leptin

On November 3, 1906, in a presentation for the
South-West German Society of Alienists (the term used

∗Correspondence to: J. Wesson Ashford, E-mail: ashford@
stanford.edu.

at that time for superintendents of insane asylums)
in Tübingen, Germany, Alois Alzheimer, presented
a paper entitled “Über eine eigenartige Erkrankung
der Hirnrinde” (“regarding a curious disease of the
cortex”). In this paper, he described for the first
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time a constellation of symptoms in a 51 year-old
woman that was associated at autopsy with several
new neuropathological changes. This patient initially
showed suspiciousness of her husband, and then soon
developed a rapidly increasing memory impairment,
disorientation, and further paranoia with progressive
agitation. Clinically, the most severe disturbance was in
her ability to encode information, immediately forget-
ting things after clearly perceiving them. The condition
progressed to utter bewilderment with complete dis-
orientation to time and place, leading to a terminal
state after 4.5 years. The original description of her
brain included both macro and microscopic pathology.
Although postmortem examination showed general-
ized atrophy of the brain, there was no macroscopic
focal degeneration. Upon preparation of tissue sam-
ples, neuritic plaques, neurofibrillary tangles, neuropil
threads, and reactive gliosis were evident and appeared
to be occurring with the deposition of a “pathological
metabolic substance in the neuron” [1, 2].

The modern era of interest was ushered in when in
1968 Blessed, Tomlinson, and Roth linked the com-
mon, progressive dementia found in the elderly to
the same type of pathology described originally by
Alzheimer [3]. Today, the disease originally described
by Alzheimer in a younger individual is no longer
unique or infrequent. The incidence of Alzheimer’s
disease (AD) has progressively increased with the great
extension of longevity in most parts of the world over
the last 100 years [4]. Now, AD is the most common
cause of dementia, and reported as the sixth leading
cause of all deaths in the United States (Centers for
Disease Control (CDC) mortality data, 74,632 deaths
attributed to AD in 2007). However, by another anal-
ysis, AD is now associated with more deaths than
heart disease (in 2007, the CDC reported 2,423,712
total deaths and 616,067 deaths related to heart dis-
ease, 25.4% of all US deaths, but at the same time,
the Alzheimer’s Association estimated that 5 million
individuals had AD in the US, with an 8 year life
expectancy, leading to the calculation that 625,000
deaths would be AD-related, which is 25.8% of all
deaths). According to the World Health Organization
(WHO), in 2008, there were more than a half million
deaths in the world attributed to AD, a number still
greatly under-estimating the occurrence of AD.

These already grim figures do not take into account
the psychological and social burdens of AD. Overall,
AD patients are more likely to have mental health con-
ditions, neurological conditions, cognitive disorders,
cerebrovascular disease, diabetes with acute compli-

cations, and injuries resulting in annual costs for AD
patients being 34% higher than for matched con-
trols [5]. Individuals with AD have higher healthcare
costs and utilization than demographically-matched
Medicare beneficiaries and even after adjusting for co-
morbid illnesses sustain more emergency room visits
and inpatient admissions [6]. As the US population
ages, AD rates are expected to quadruple over the next
50 years [7]. In order to diminish or even sustain the
current level of the devastating worldwide social and
economic impact of AD, there is an urgent need to
further our understanding and expedite research and
development on all aspect of AD.

Thanks to enormous advances in science, engineer-
ing and technology in recent decades, new imaging
methods have been developed. The purpose of the
Handbook of Imaging the Alzheimer Brain is to present
the developments and advances in numerous imaging
modalities that are currently being used to increase our
understanding of the pathophysiological basis of AD
and drive us toward new therapies for this multi-system
disorder. The chapters of this collection clearly show
that multiple imaging systems are now available for
helping understand, diagnose, and treat AD.

UNDERSTANDING THE PATHOLOGICAL
BASIS OF AD

The fundamental pathological changes in AD are
senile plaques, both primitive and neuritic (SPs) and
neurofibrillary pathology (NP), which include both
tangles and neuropil threads (see [8]). The SPs are
thought to progress from a primitive to a neuritic
form which is composed of several pathological enti-
ties including aggregated amyloid-� (A�) protein,
inflammatory glial cells, and pathological neurites con-
taining hyper-phosphorylated microtubule-associated
protein tau [9, 10]. The NP is composed principally of
paired-helical filaments (PHFs) which are composed
of hyper-phosphorylated tau [10, 11]. The relationship
between these two pathological entities, SPs and NP,
is not fully understood. The neuropil threads are actu-
ally in dendrites and linked from the neuropil to the
neuronal cell bodies which contain the neurofibrillary
tangles [12]. These fundamental pathological entities
are thought to begin their formation long before the
first psycho-social symptoms appear [13].

A core concern in understanding AD has been the
question of the nature, origin, and development of
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Alzheimer pathology. There have been two schools
of thought concerning the development of Alzheimer
pathology, one that has focused on the amyloid pathol-
ogy of AD [14] and another that has considered the
neurofibrillary pathology to be the fundamental prob-
lem [13]. Resolution of the relationship between these
components may lead to the understanding of AD that
has so far eluded research.

THE NEW PERSPECTIVE ON THE
CONTINUUM OF AD

A new perspective has been developing in this field,
that there must be consideration for the earliest devel-
opments of pathological changes associated with this
disease. The pioneering discovery in this direction was
from the Nun Study that showed the linguistic ability
evident in the writing in women in their early 20’s could
be associated with their later development of AD-
related dementia [15]. This finding is complemented
by recent pathological studies which have found that
A� decreases in the spinal fluid likely occur as early as
the fourth decade of life [16] and pathological findings
of neurofibrillary pathology in individuals in their third
decade [13]. Further AD-related changes can even be
found in the entorhinal cortex of children [17]. This
new perspective has led to the recent division of AD
into preclinical [18], mild cognitive impairment [19],
and dementia [20], with a particular focus on biomark-
ers and brain imaging [21]. Now AD can be seen as
a continuum [22] that is influenced by factors early in
life, including genetics [23, 24] and education [25].

The purpose of this Handbook of Imaging the
Alzheimer Brain is to present the numerous modalities
that are currently being used to estimate the degree of
Alzheimer pathology in the brains of living individuals
who are at risk for developing dementia or have already
suffered from the impairments caused by this patholog-
ical condition. Conceptualizing the continuum of AD
is likely to provide greater understanding of this dis-
ease and help to advance diagnosis and the quest for
prevention and treatment.

DEFINING THE CRITICAL AREAS OF
AD STUDY

A central theme of this book is the imaging of
the brain along the continuum of AD, from young
individuals who have early AD changes or have devel-
oped a predisposition, through early signs of cognitive

impairment, through mild to profound dementia. Asso-
ciated issues include genetic factors and environmental
events that predispose an individual to develop A�
or neurofibrillary pathology as well as the associated
dementia.

Neurofibrillary pathology

Neurofibrillary pathology relates to the severity of
dementia. The selective appearance of neurofibrillary
changes in specific regions of the brain [26] and its
progression through the brain [13] correspond closely
to the distribution of loss of perfusion [27] (Fig. 1)
and metabolism (Sections 3 and 4 in this volume). The
abnormalities of metabolism are seen prior to the devel-
opment of dementia in association with the APOE ε4
genetic factor [28, 29] (see below). Even though the
neurofibrillary changes are closely related to dementia,
they do not have a clear relationship to genetic factors.
However, they do seem to be stimulated by at least one
environmental factor, trauma. A specific PET ligand,
FDDNP is able to show the distribution of neurofibril-
lary pathology in humans (see Shin et al., in Section 3
of this volume).

Amyloid-β accumulation and neurofibrillary
degeneration

A� plaques constitute an important aspect of AD
pathology. While rare genetic mutations associated
with the production of A� suggest an important role
for A� in AD in the affected younger individuals (see
Reiman et al., Section 8 of this volume), the relation-
ship of A� to AD in older patients has been less clear.
AD is characterized by A� accumulation in the brain
of affected individuals, and A� depositions are asso-
ciated with the predisposition to dementia. However,
A� depositions relate poorly to the severity of demen-
tia, and neither A� accumulation nor the number of
plaques has been strongly linked to the severity of cog-
nitive dysfunction in AD (see [30]). The deposition of
A� in the brain can now be imaged with PET ligands.
PET ligands, such as 11C-labelled Pittsburgh com-
pound B (PIB) and 18F-labelled A� ligands (florbetapir
F18 (18F-AV-45), 18F-flutemetamol (18F-GE067), flor-
betaben (18F-BAY94-9172), and 18F-FDDNP) (see
Section 3 in this volume).

Synaptic loss

Synapses are the dynamic infrastructures of cogni-
tive processes. The anabolic production, maintenance,



6 J.W. Ashford et al. / Advances in Imaging the Alzheimer Brain

-0.8 -0.3 0.2

Fig. 1. Lateral view of the cortical surface (left side is on top). Scale
indicates range for Peason corrletions with single decimal precision
with “time-indexed” estimation of dementia severity in 30 probable
AD male patients with a broad range of severity. Bottom graph shows
relative frequency of each decimal range [27].

remodeling, and removal of these important entities are
crucial for normal cognitive function [31]. Numerous
studies have shown that AD is linked to a significant
loss of synapses and synaptic markers in a variety of
brain regions [32]. The loss of synapses is not only due
to neuronal loss but also is linked to reduced number
of synapses per neurons, likely related to the accumu-
lation of hyperphosphorylated tau in dendrites [12].
Indeed compared with other pathological hallmarks
of AD, the severity of synaptic loss correlates best
with the severity of cognitive dysfunction in AD [32].
Excessive synaptic loss in the AD brain is associated
with a cascade of pathology, including hypofunc-
tion (decreased metabolism and blood flow), atrophy,
and alteration in the chemical composition in vari-

ous brain regions. For this reason, imaging modalities
that can detect either structural (Section 2), metabolic
(Section 3), functional (Section 4), electro-magneto-
encephalographic (Section 5), axonal tract (Section 6),
or chemical (Section 7) alterations in the brain are
critical in detecting and assessing these pathological
changes.

Neuronal loss and/or hypofunction of
specific systems

In addition to significant loss of neurons in the cor-
tex and hippocampus, AD is also characterized by a
significant loss and dysfunction of subcortical neurons
projecting extensively to the hippocampus and cortex
(Section 1). These losses are some of the most criti-
cal early changes in the AD brain and may contribute
to the development of pathology in the cerebrum. For
example, degeneration of cholinergic neurons in the
nucleus basalis of Meynert occurs early in the course
of AD [33, 34]. Indeed, cholinergic drugs represent the
most successful class of pharmaceuticals yet developed
to treat AD. Other neurotransmitter systems are also
affected early in AD, including, the serotonin nuclei,
particularly in the dorsal raphe nucleus, which may
be affected significantly before any cerebral changes
occur [35], and the noradrenergic neurons of the locus
coeruleus (see Milan et al., in Section 1 of this volume).
The loss of markers and atrophy of these neurons in
AD may specifically lead to degeneration and dysfunc-
tion in both hippocampus and cortex. These structural
and functional changes are easily detected by MRI and
fMRI (Sections 2 and 4). Furthermore, the significant
loss of neurons will also reflect the loss of exten-
sive connections between these regions which can be
detected by EEG [36] (see Babiloni et al., in Section 5
of this volume) and DTI (Section 6).

Metabolic disorders

Apolipoprotein E (ApoE) polymorphism constitutes
the strongest genetic risk factor linked to the sporadic
form of AD [23, 24]. Interestingly, ApoE ε4 alleles
increase the risk of AD in a dose dependent manner.
Although the exact mechanism by which ApoE4 alleles
lead to increased risk of AD remains to be determined,
a link to amyloid binding and neuroplastic mecha-
nisms appears likely, particularly the high, constant
frequency of synapse creation and removal [24, 37].
Further, decreased neuronal activity related to ApoE
ε4 alleles is one of the most significant associations
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between any contributing factor and AD pathophysi-
ology [38]. Indeed, abnormalities of metabolism are
seen prior to the development of dementia in associa-
tion with the APOE ε4 [28, 29]. Numerous studies have
shown the link between ApoE ε4 alleles and cerebral
metabolic rate for glucose (CMRgl) in brain regions
including posterior cingulate, precuneus, parietal, tem-
poral, and prefrontal brain regions in ApoE ε4 carriers
[39] (Sections 3 and 4).

The relationship of AD to the general status of cere-
bral metabolism is also of potential importance. Links
to glucose metabolism and insulin mechanisms have
been of considerable interest (see Section 10). There is
also a potential link to fat metabolism and leptin that is
still under investigation [40]. Further, there are poten-
tial associations between risk and sex hormones. The
relationship of AD to vascular factors is also of great
importance (see Section 9 of this volume).

Environmental factors, traumatic brain injury,
and complex stimulation

While there are clearly genetic factors predisposing
to AD, there are numerous environmental factors that
have been considered to have a possible relationship
to AD causation. Questions of great interest in this
handbook are which factors could be better studied
through brain imaging and whether brain imaging can
help to determine if the manipulation of those factors
would lead to measurable alterations of the course of
AD pathology development.

The relationship between repetitive brain trauma
and progressive neurological abnormalities has long
been established. Chronic traumatic encephalopathy
seems to be a major contributor in cognitive dysfunc-
tion seen in athletes, particularly boxers and probably
several other groups. Brain trauma may lead to sig-
nificant atrophy of multiple brain regions including
cortical and hippocampal areas and enlargement of
ventricles. Microscopically, this condition is charac-
terized by neuronal loss, gliosis, the occurrence of
neurofibrillay degeneration, particularly in superficial
cortical layer neurons, and tau-positive astrocytes [41].

Another recent finding is that combat veterans suf-
fering from post-traumatic stress disorder (PTSD) have
a two fold increase risk of dementia [42]. Of note,
PTSD is also significantly associated with head trauma
in this population.

Environmental stimulation such as education [25]
may decrease the risk of dementia. Further, as
described by Rosen et al. and Forster et al. in Sec-

tion 8 of this volume, cognitive stimulation may have
positive effects on dementia that can be measured by
brain imaging techniques.

IDENTIFYING BIOMARKERS AND
DEVELOPING EARLY DETECTION
METHODS

The strongest genetic factor associated with AD in
older individuals is the APOE genotype, with the vari-
ation in incidence between the ε4/4 to ε3/3 to ε2/2
individuals potentially explaining 95% of the causa-
tion of AD [24]. Recent data from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) had initially
suggested that CSF A� and tau levels were associ-
ated with the transition from “normal” to “MCI” to
“mild dementia”. However, re-examination of the data
by genotype indicated that only the tau measures were
associated with dementia, while the A� levels were
associated with APOE genotype [43]. Further, the ini-
tial association of A� to diagnosis turned out to be an
artifact related to the small number of individuals with
the APOE ε4 allele in the normal group, an intermedi-
ate number in the MCI group, and a large number in
the mild dementia group) (Tables 1, 2). Age was also
a contributing variable (Table 3). This point is criti-
cal to understand because many studies that examine
Alzheimer patients and compare their results to normal
individuals do not address the issue of specific APOE
genotype and age, which appears to be critical for the
diagnosis of AD and for establishing the links leading
to its causation.

There is a further problem with the APOE geno-
type that should be mentioned here. While the APOE
protein is a cholesterol transport protein, it appears to
bind to A�, with the APOE ε4 protein binding most
strongly to it (see [24, 37] for reviews). Such strong
binding could explain why the APOE ε4 individuals
have lower A� in their cerebro-spinal fluid and more
A� deposition in the brain. However, A� deposition in
the brain has a high relationship to AD risk but not to

Table 1
ADNI data on CSF biomarkers, mean ± SD

Tau A� P-Tau-181P

AD (n = 102) 122 ± 58 143 ± 41 42 ± 20
MCI (n = 200) 103 ± 61 164 ± 55 35 ± 18
Normal (n = 114) 70 ± 30 206 ± 55 25 ± 15

p < 0.0001, for each of the 3 biomarker tests for AD vs. Normal and
for MCI vs. Normal. For AD vs. MCI: p < 0.005, Tau; p < 0.01, A�;
p < 0.01, P-Tau-181P. Mann-Whitney test (ADNI data, 2008).
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Table 2
When the same data is analyzed by APOE genotype, different results

are found, mean ± SD

APOE genotype Normal MCI Mild AD

CSF A� levels
33 212.4 ± 48.4 189.1 ± 59.8 168.8 ± 52.3
34 156.0 ± 47.8 148.4 ± 42.4 139.0 ± 27.2
44 126.0 ± 2.8 119.8 ± 23.5 116.2 ± 22.3

CSF P-Tau levels
33 67.8 ± 26.9 83.6 ± 40.8 123.8 ± 68.6
34 81.8 ± 42.6 122.4 ± 72.7 113.3 ± 42.0
44 71.0 ± 2.8 110.6 ± 45.9 128.9 ± 53.1

p-value

A� comparison
33 vs. 34 <0.0001
33 vs. 44 <0.0001
34 vs. 44 0.08
Normal vs. MCI 0.57
Normal vs. Mild AD 0.15
MCI vs. Mild AD 0.20

p-value

P-Tau comparison
33 vs. 34 0.07
33 vs. 44 0.67
34 vs. 44 0.99
Normal vs. MCI 0.05
Normal vs. Mild AD <0.01
MCI vs. Mild AD 0.06

APOE εgenotype Normal MCI Mild AD

3/3 67 (72%) 82 (44%) 29 (31%)
3/4 24 (26%) 81 (44%) 42 (45%)
4/4 2 (2%) 22 (12%) 22 (24%)

Number of subjects (note more ε4 alleles with higher grade of AD
diagnosis

Table 3
Ages of ADNI CSF subjects in each APOE genotype and subject

group, mean ± SD

APOE ε4 genotype Normal MCI Mild AD

3/3 75.8 ± 5.0 75.4 ± 8.4 76.3 ± 8.6
3/4 75.8 ± 6.0 73.9 ± 6.7 75.6 ± 6.6
4/4 77.0 ± 1.4 72.2 ± 6.0 69.8 ± 7.0

AD dementia (see Section 3 of this volume). Accord-
ingly, there is a question of what the causal link is
between A� and dementia. While A� is considered
toxic, that toxicity may just be a normal aspect of neu-
roplasticity [37, 44–46]. It is the loss of synapses which
is most closely associated with dementia [32], followed
by the neurofibrillary pathology [3], with the neurofib-
rillary pathology likely leading to the synapse loss [12].
The question then is whether the A� somehow leads
to the neurofibrillary pathology [47] or whether some
associated factor, even an adjacent gene like Translo-
case of outer mitochondrial membrane 40 homolog

(TOMM-40) [48], which affects mitochondrial func-
tion, leads to the NCs.

EFFECTIVE METHODS OF EVALUATION
OF THERAPIES

Having access to methods that allow unbiased evalu-
ation of different therapeutic strategies is an important
aspect of developing a successful strategy for treat-
ing any disorder. Numerous therapeutic strategies, both
invasive and non-invasive, have been used for the
treatment of AD. These methods have focused either
on reducing accumulation of specific proteins and/or
elements, restoring the function of specific systems,
increasing the function of neurons using trophic fac-
tors, or reducing the reaction of the brain to protein
accumulation and toxicity. Although a few interven-
tion strategies have shown promising effects and have
reached advanced stages of clinical trials, the only
approved methods for countering cognitive dysfunc-
tion in AD are drugs that increase cholinergic tone
(tacrine, donepezil, galantamine, rivastigmine) and
a drug that affects glutamate neurotransmission by
modulating N-methyl-D-aspartate (NMDA) receptor
activation (memantine). Advanced imaging methods
have been instrumental in verifying the effects of dif-
ferent treatments in AD. Section 8 discusses important
considerations for utilizing the developments in brain
imaging to more effectively evaluate the benefit of
treatments for AD.

The development of treatments for AD should begin
with better understanding of the pathophysiology and
more accurate assessments of the state and rate of pro-
gression of the disease. The earliest factors in the AD
course are genetic (for example, see Reiman et al.,
in Section 8 of this volume), and the APOE geno-
type appears to reflect a factor that is highly related
to the predisposition to AD, though there have been
no treatments yet that appear to block this predisposi-
tion yet that appear to block this predisposition. Since
APOE-related brain changes may be detected in child-
hood, interventions addressing this factor should begin
very early in life (the best model may be the man-
agement of phenyl-ketonuria). The changes related to
A� have been suggested to occur in middle adult-
hood [16], so therapeutic strategies that address A�
would greatly benefit from brain imaging techniques
that can detect A� deposition at this middle phase of the
disease. For therapies that target prevention of demen-
tia progression (a later phase of the newly conceived
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AD continuum) early in its course, a greater focus on
measuring atrophy, metabolism, and tau would be of
most utility [49]. Recent data suggest that blocking
tau hyperphosphorylation may be sufficient to prevent
the progression to dementia [50]. Consequently, the
brain imaging approaches most associated with neu-
rofibrillary pathology would be of most relevance for
assessing the benefits of therapies that target the trans-
mission from the state of normal cognitive function to
dementia.

FUTURE DIRECTIONS OF AD RESEARCH
AND CLINICAL DEVELOPMENT

The concordance of the changes seen with patholog-
ical analysis, brain imaging, and neurocognitive testing
indicate that the visualization of AD has progressed
far, but discovering the cause of AD and developing
appropriate interventions for cure and prevention have
remained elusive. Future efforts will be needed to con-
tinue the incredible advances in neuroimaging (see
Section 10). However, there needs to be more focus
on the fundamental causative mechanisms leading to
AD. In particular, advances in genetics need to deter-
mine the specific contributions of genetic factors to all
of the pathological changes observed both biologically
and psycho-socially. Since all adults with Down syn-
drome have AD pathology by age 40, there should be
more emphasis on understanding the pathophysiolog-
ical basis of Down syndrome which is considered a
genetic model of AD. Understanding of how numer-
ous environmental factors affect AD progression from
an apparently normal state toward dementia also needs
to be defined. Further refinements are also needed to
improve the measurements of cognitive function to the
point were cognitive measures accurately and precisely
reflect the pathological changes seen in brain imaging
and other biomarkers.
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Hippocampal Network Alterations in
Alzheimer’s Disease and Down Syndrome:
From Structure to Therapy
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Abstract. Hippocampal structural and functional alterations in Alzheimer’s disease (AD), detected by advanced imaging meth-
ods, have been linked to significant abnormalities in multiple internal and external networks in this critical brain region.
Uncovering the temporal and anatomical pattern of these network alterations would provide important clues into understanding
the pathophysiology of AD and suggest new therapeutic strategies for this multi-system and prevalent disorder. Over the last
decade, we have focused on studying brain structures that provide major projections to the hippocampus (HC) and the pattern
of de-afferentation of this area in mouse models of AD and a related neurodegenerative disorder, i.e. Down syndrome (DS). Our
studies have revealed that major inputs into the hippocampal structure undergo significant age-dependent alterations. Studying
locus coeruleus (LC), the sole source of noradrenergic terminals for the HC, it has been shown that these neurons show signif-
icant age-dependent degeneration in both mouse models of DS and AD. Furthermore, increasing noradrenergic signaling was
able to restore cognitive function by improving synaptic plasticity, and possibly promoting microglia recruitment, and amyloid
� (A�) clearance in transgenic (tg) mouse models of AD. Here, we re-examine the effects of alterations in major inputs to the
hippocampal region and their structural and functional consequences in mouse models of neurodegenerative disorders. We will
conclude that improving the function of major hippocampal inputs could lead to a significant improvement in cognitive function
in both AD and DS.

Keywords: Alzheimer’s disease, amyloid precursor protein, contextual learning, Down syndrome, L-DOPS, locus coeruleus,
norepinephrine, perforant path, xamoterol

LIST OF ABBREVIATIONS

MHPG 3-methoxy-4-hydroxyphenylglycol
ACh Acetylcholine
ARs Adrenergic receptors
AD Alzheimer’s disease
APP Amyloid precursor protein
A� Amyloid �
BFCNs Basal forebrain cholinergic neurons
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BBB Blood brain barrier
BDNF Brain-derived neurotrophic factor
COMT Catechol O-methyltransferase
CNS Central nervous system
CSTB Cystatin B
DGCL Dentate granule cell layer
DG Dentate gyrus
DHPG Dihydroxyphenylglycol
DDC Dopa-decarboxylase
DA Dopamine
DBH Dopamine �-hydroxylase
DR Dorsal raphe
DS Down syndrome
DSCAM Down syndrome cell adhesion molecule
DYRK1A Dual-specificity tyrosine-(Y)-phosphorylation

regulated kinase lA
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EC Entorhinal cortex
EPSP Excitatory postsynaptic potential
HC Hippocampus
HSA21 Human chromosome 21
iNOS Inducible nitric oxide synthase
IDE Insulin degrading enzyme
ISO Isoproterenol
IFNAR1 and 2 Interferon (� and �) receptor 1 and 2
AAAD L-amino acid decarboxylase
L-DOPA L-dihydroxyphenylalanine
L-DOPS L-threo-3, 4-dihydroxyphenylserine
LC Locus coeruleus
LTP Long-term potentiation
MEC Medial EC
LEC Lateral EC
MRN Median raphe nuclei
MML Middle molecular layer
MCI Mild cognitive impairment
MMSE Mini-mental state examination
ML Molecular layer
MAO Monoamine oxidase
DSP4 N-(2-chloroethyl)-N-ethyl-2

bromobenzylamine
NCAM2 Neural cell adhesion molecule 2
NGF Nerve growth factor
NT-3 Neurotrophin-3
NE Norepinephrine
PrH Nucleus prepositus hypoglossi
OLIG2 Oligodendrocyte transcription factor 2
LPGi Paragigantocellularis lateralis
PPT Pedunculopontine tegmental nucleus
KCNE1 Potassium voltage-gated channel, Isk-related

family, member 1
PP Perforant path
PS1 Presenilin1
RN Raphe nuclei
REM Rapid eye movement
RRP1 Ribosomal RNA processing 1 homolog
SNP Single nucleotide polymorphism
SUMA Supramamillary area
tg Transgenic
TMPRSS2 Transmembrane protease, serine 2
TMN Tuberomamillary nucleus
TH Tyrosine hydroxylase
USP25 Ubiquitin specific peptidase 25
VLPO Ventrolateral preoptic area
VMAT Vesicular monoamine transporter

NEUROBIOLOGICAL BASIS OF
COGNITIVE DYSFUNCTION IN
ALZHEIMER’S DISEASE AND DOWN
SYNDROME

All individuals with Down syndrome (DS) show
neuropathological changes of Alzheimer’s disease
(AD) by age 40 [1] and most demonstrate significant
cognitive decline by the sixth decade [2, 3]. Further-
more, overexpression of amyloid precursor protein
(APP), a gene whose mutations lead to familial form
of AD, has been linked to the occurrence of Alzheimer

pathology in aged DS individuals [4]. This suggests
that DS consistently shows pathogenic mechanisms
very similar to that of AD [5, 6]. Neuropathologi-
cally, both AD and DS are characterized by significant
degeneration of the hippocampal formation, a region
that plays a conspicuous role in a variety of higher
cognitive functions particularly, spatial and contextual
learning [7]. The proper function of the hippocampus
(HC) depends on the integrity of intra-and extra-
hippocampal circuits and their extensive projections
from these regions to the HC. The role of mostly uni-
directional intra-hippocampal circuits in the proper
function of the HC has been extensively studied [8].
Most extra-hippocampal circuits are formed by subcor-
tical regions that project extensively to the HC. These
include basal forebrain cholinergic neurons (BFCNs)
[9], noradrenergic neurons of locus coeruleus (LC)
[10], serotonergic neurons of raphe nuclei (RN) [11],
and neurons of the supramamillary area (SUMA) [12].
These rather large neurons project extensively to spe-
cific subregions of the HC. The densest cholinergic
inputs to the HC in rodents are found in the immedi-
ate vicinity of the dentate granule cell layer (DGCL)
[13]. It should be noted that hippocampal inputs from
the basal forebrain are not exclusively cholinergic. A
large number of interneurons in the hippocampus, par-
ticularly in the dentate gyrus (DG), also receive dense
GABA-ergic terminals [14]. Using retrograde labeling,
it has been shown that a majority of these terminals
originate in the lateral septum of the basal forebrain
[15]. The majority of these terminals end in the sub-
granular layer of the DG (e.g., GABA-ergic chandelier
and basket cells) in the polymorphic layer of the DG
[16]. All noradrenergic terminals to the HC originate
from LC neurons [17]. The majority of these terminals
end in the DG (polymorphic and the middle molecular
layer (MML)) and stratum lucidum of the CA3 area
[10]. Most serotonergic innervation of the HC origi-
nates from the dorsal raphe (DR) and median raphe
nuclei (MRN) [18]. Projections from the RN in the DG
are found in the subgranular area in the polymorphic
layer of DG and in the hilar border of the stratum gran-
ulosum [19]. The mostly calretinin-positive neurons
of the SUMA send major projections either directly or
indirectly through basal forebrain to the DG [20] of
the HC. The majority of these neurons terminate in the
supragranular region of the molecular layer (ML) in the
immediate vicinity of DG cell layer, making synapses
with the primary dendrites of DG cells [12]. Further-
more, the pyramidal layer of the CA2 area also receives
heavy innervations from SUMA neurons [20] (Fig. 1).
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Fig. 1. Multiple subcortical regions innervate the hippocampus. The hippocampal formation receives major afferents from multiple sub-cortical
systems. These systems include the cholinergic system originating from medial septum nucleus (MSN), noradrenergic system coming from
locus coeruleus (LC), serotonergic neurons coming from the raphe nuclei (RN) and mainly the histaminergic neurons of supramamillary area
(SUMA). Except basal ganglia, most brain regions in rodents receive inputs from the LC. Major afferents of LC are located in the rostral aspect of
the medulla: paragiganto cellularis lateralis (LPGi) and nucleus prepositus hypoglossi (PrH). LC hippocampal efferents mainly end in the dentate
gyrus (DG) reaching via cingulum bundle (ventral DG), and fornix (to the septal pole of DG and via ventral amygdalofugal (midseptotemporal
aspects of the DG). CA1; Cornu Ammonis l, CA3; Cornu Ammonis 3, SC; Schaffer collaterals, ML; molecular layer, MF; mossy fibers, DGCs;
dentate granule cells, PP; perforant path, LEC; lateral entorhinal cortex, MEC; medial entorhinal cortex, III; the third ventricle, AQ; aqueduct
of Sylvius, IV; the fourth ventricle.

The structural and functional integrity of these major
inputs to the HC play a crucial role in its normal physi-
ology. Studying these subcortical structures, one could
notice the following characteristics:

1) BFCNs, RN, LC, and SUMA neurons all
retrogradely transport and are responsive to neu-
rotrophins [21–23]. For instance, it has been
shown that BFCNs and SUMA retrogradely
transport nerve growth factor (NGF) from HC
in rodents. Furthermore, injecting brain-derived
neurotrophic factor (BDNF) in either HC or

entorhinal cortex (EC) leads to retrograde label-
ing of LC, SUMA, BFCNs, and RN, which in
some cases acts as a survival factor for these
populations [23]. In addition to NGF and BDNF,
neurotrophin-3 (NT-3) is also retrogradely trans-
ported from HC to SUMA and BFCN cell bodies
[21, 24]. These data indicate that all these sub-
cortical regions with extensive projections to the
HC are able to retrogradely transport neurotro-
phins.

2) Although it is not uniform, it has been suggested
that there is an inverse relationship between
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the levels of myelination and the severity of
degeneration [25]. For instance, the entorhi-
nal and hippocampal regions, which are poorly
myelinated, are generally heavily affected in
AD [26–28], while sensory primary and motor
primary fields that are heavily myelinated are
scarcely affected by AD-related pathology. It is
of note that BFCNs [29], LC [30], RN [31], and
SUMA neurons have generally thin and poorly
myelinated axons.

3) The axon terminals of subcortical regions pro-
jecting to the HC travel relatively large distances
to reach the HC.

4) Degeneration of subcortical regions with exten-
sive projections to the HC leads to failed
cognitive function. Indeed, it has been shown
that lesion or inactivation of SUMA [32], septum
[33], MRN [34], and LC [35] will be followed by
impaired learning and memory in rodents.

5) All of these regions, including the cholinergic
neurons of nucleus basalis of Meynert, LC, RN
[36], and neurons of the tuberomamillary nucleus
(TMN), which anatomically belong to the mamil-
lary complex [37, 38] show extensive atrophy and
degeneration in AD [39] and DS [40, 41].

These observations support the fact that the proper
function of the HC depends on a number of vulnera-
ble neuronal populations. In this review, we will focus
on noradrenergic system and show that restoring the
proper function of this vulnerable neuronal popula-
tion could be a successful strategy in restoring the
physiological role of the HC in mouse models of neu-
rodegenerative disorders.

HUMAN CHROMOSOME 21 IN
ALZHEIMER’S DISEASE AND DOWN
SYNDROME

Complete sequencing of human chromosome 21
(HSA21) by Hattori and colleagues [42] revealed the
presence of 225 genes and 59 pseudogenes on this
chromosome (38.3 mb). However, it has been pre-
dicted that the number of genes to be significantly
higher (552 genes) [43]. Among genes with known
functions on HSA21 are a variety of kinases (e.g.
DYRKA1), members of ubiquitination pathway (e.g.
USP25), cell adhesion molecules (e.g. NCAM2 and
DSCAM), transcription factors (e.g. OLIG2), ion chan-

nels (e.g. KCNE1), members of interferon receptor
family (IFNAR1 and 2), proteases (e.g. TMPRSS2),
protease inhibitors (e.g. CSTB), and genes involved in
RNA processing (e.g. RRP1). For this reason, overex-
pression of all these genes in DS leads to abnormalities
in multiple systems and organs [44]. An important
gene on HSA21 with multiple functions is APP gene.
Alternative splicing of APP mRNA leads to synthesis
of three isoforms of App695, 751 and App770, from
which 695 predominantly expresses in neurons. Both
AD and DS have been strongly linked to abnormalities
in APP metabolism or expression. For instance, so far
32 point mutations in 85 families have been linked to
the familial forms of AD (see [45]). Furthermore, the
triplication of APP has been shown to be necessary for
the occurrence of AD-related pathology in adults with
DS [4]. Our investigation on mouse models of DS has
shown that overexpression of App is both necessary
and sufficient to lead to failed NGF axonal transport
in basal forebrain cholinergic neurons [46]. Another
important issue that might play a significant role in
the clinical picture presented in DS is the presence
of single nucleotide polymorphism (SNP) in genes on
HSA21. These substitutions, when located on critical
sites, can lead to significant alterations in the outcome
(Millan et al., submitted). There are a large number
SNPs on human APP gene from which several could
play a significant role in alterations in gene function.
For instance, although yet to be replicated, it has been
reported that individuals with DS with 3 copies of the
tetranucleotide repeat in intron 7 of APP (attt6) show
a significantly earlier age of onset of dementia [47].

NORADRENERGIC SYSTEM IN HUMANS
AND RODENTS

The monoaminergic system in the rodents’ brain
was mapped approximately 40 years ago by Dahlström
and Fuxe using histofluorescence techniques. Accord-
ing to this classification, catecholamine-ergic neurons
(cell groups A1-A7) are found in medulla oblongata
and pons, cell groups A8 in reticular formation, A9 in
substantia nigra, A10 in the mesencephalon, and A11
and A12 in the diencephalon. Serotonergic neurons
(cell groups B1-B9) are found in medulla oblongata,
pons, and mesencephalon [48]. For the purpose of this
review, we will mainly focus on noradrenergic neurons
located in LC (cell group A6). LC consists of a popula-
tion of relatively small neurons located in the brainstem
(rostral pons in the two corners of the fourth ventricle)
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A 4th VentricleB DC

Fig. 2. Locus coeruleus neurons in the mouse brain. (A) Anatomical localization of LC and its inputs and outputs in the rodent brain. Immuno-
cytochemical visualization of LC neurons in a 2N mouse using a polyclonal antibody against tyrosine hydroxylase (TH). TH-positive neurons
are located in the proximity of the two corners of the 4th ventricle. Scale bar = 200 �m (B), and 20 �m (C and D).

(Fig. 2). It contains around 1,500 neurons in rodents
[49] and up to 50,000 pigmented neurons in humans
[50]. Due to the presence of melanin neurons [51], LC
is easily visible in the human brain. With the excep-
tion of basal ganglia, most brain regions receive inputs
from LC neurons. This enables these cells to exert an
extraordinary modulatory effect on most brain regions
[49, 52–54]. LC neurons are considered the sole source
of noradrenergic terminals for the HC [17], projecting
to this region through the ventral amygdaloid path-
way (15%), the fornix (15%), and the cingulum bundle
(70%) [55]. Although, LC neurons send extensive pro-
jections to the rest of the brain, they receive very few
inputs. The two major afferents of LC originate in
medulla oblongata from paragigantocellularis lateralis
(LPGi) and nucleus prepositus hypoglossi (PrH) [56].
Unlike LPGi that sends excitatory terminals to LC [57],
PrH provides major inhibitory inputs for this region
[58, 59] (Fig. 1). Functionally, PrH plays a major role in
controlling eye movements [60], while LPGi conveys
sympathetic excitatory stimuli to LC [61]. Together,
LPGi and PrH play a role in attention [61, 62].

Norepinephrine

The synthesis of norepinephrine (NE) involves sev-
eral enzymatic steps that start with L-phenylalanine
converted to tyrosine. Tyrosine is converted to
dihydroxyphenylalalanine (L-DOPA) by tyrosine
hydroxylase (TH), a rate-limiting enzyme found in
catecholaminergic cells. L-DOPA is then decarboxy-
lated to dopamine (DA), the immediate precursor of
NE, by dopa-decarboxylase (DDC), also referred as
L-aromatic amino acid decarboxylase (AADC) found
in catecholamine and serotonergic neurons. DA is con-

verted to NE by dopamine �-hydroxylase (DBH) found
in both membrane-bound and soluble forms. Interest-
ingly, it has been shown that DBH null mice show
a significant failure in hippocampal-mediated contex-
tual learning [63]. Once formed, NE is transported
into synaptic vesicles by the vesicular monoamine
transporter (VMAT) and released to bind to adren-
ergic receptors (ARs), � and � [64]. The control of
the NE signaling involves reuptake [65] and enzy-
matic action [66] via monoamine oxidase (MAO) and
aldehyde reductase which leads to the formation of
dihydroxyphenylglycol (DHPG). DHPG is converted
to 3-methoxy-4-hydroxyphenylglycol (MHPG) by cat-
echol O-methyltransferase (COMT) [64]. The released
NE is generally re-uptaken by NE transporter (NET),
encoded by SLC6A2 gene (solute carrier family). There
are nine ARs receptors, including �1 (A, B, and D
subtypes), which signal through Gq/11 family of G-
proteins: �2 (A, B, and C subtypes), signaling through
Gi heterodimeric G protein and � (1, 2, and 3),
which are members of a G-protein coupled receptor
family characterized by seven transmembrane, three
intracellular, and three extracellular domains. The
transmembrane domains are involved in ligand bind-
ing and G protein activation. All three �1 receptors
have been found in the brain with only �1D in the HC
[67]. Between �2 receptors, �2A is widely expressed
in the brain, followed by �2C. �2B receptors have only
been found in the spinal cord. Among �-ARs, only �1
and �2 have been found in the central nervous system
(CNS), particularly in the CA1 and CA3 areas of the
HC [68], while all three express in peripheral organs.
�3-ARS are mostly found in adipose tissue [67]. Bind-
ing NE to �2-ARs on presynaptic sites reduces adenyl
cyclase, thus it is believed that the �2-ARs play a role as
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feedback inhibitors [69]. However, it has been shown
that �2-ARs, also located on postsynaptic sites, play
a significant role in prefrontal cortex-mediated work-
ing memory [70]. Post-synaptic �1 activation leads to
increased levels of cAMP from ATP [64, 71]. �-AR
activation in the HC plays an important role in synap-
tic plasticity and memory formation [72]. Although
it has been shown that activation of �-ARs leads to
the induction of a late phase of long-term potentiation
(LTP), blockade of �-ARs in the CA1 region impairs
consolidation of contextual and spatial learning [73,
74]. Similarly, the activation of �-ARs by either NE
or �1/�2 agonists increases BDNF levels in astrocytes
[75], whereas �1-2 ARs antagonists (e.g. atenolol) sig-
nificantly reduce BDNF levels in rat cortical astrocytes
[76]. Interestingly, Nagahara and colleagues recently
showed that BDNF gene delivery to the EC, which
receives extensive inputs from LC and innervates, HC
leads to a significant improvement in cognitive func-
tions in mouse models of AD [77]. This suggests that
there is reciprocal positive relationship between �-AR
signaling and BDNF production and release.

Physiology of noradrenergic system

Direct and indirect connections between LC and
other major regions involved in wakefulness including
the TMN, DR, the ventral tegmental area, ventral peri-
aqueductal grey, ventrolateral preoptic area (VLPO),
lateral hypothalamus, and pedunculopontine tegmen-
tal nucleus (PPT) place LC in a position to play
a significant role in the sleep-wake cycle [78, 79].
Indeed, LC neurons activity varies during sleep-wake
cycles. These neurons display a tonic fire pattern dur-
ing arousal [80] and no detectable activity during rapid
eye movement (REM) sleep. It is believed that by dis-
inhibiting a wakefulness-promoting region like TMN,
LC neurons promote wakefulness. For this reason,
medications targeting LC neurons significantly affect
sleep-wake cycle. For instance, modafinil, a widely
used drug for the treatment of excessive daytime sleepi-
ness and narcolepsy, has been shown to activate LC
neurons [81]. LC neurons undergo significant degen-
eration in AD [36], a potential explanation for sleep
disturbances among approximately 25% of individu-
als with AD [82], including sleep fragmentation and
reduced REM sleep [83].

For the purpose of this review, we will mainly focus
on the role of the LC-noradrenergic system in cognition
and particularly contextual learning.

Role of locus coeruleus-norepinephrine in
cognition

NE plays a key role in the acquisition [84], retrieval,
and encoding [85] of fear [86]; contextual [17]; and
emotional memories [87, 88]. Pre-training inactivation
of LC neurons by lidocaine in rats led to a significant
failure in Morris Water Maze tasks, while post-training
had no significant effects [84]. The release of NE
in amygdala is essential for the encoding and reten-
tion of emotion-related memories [88]. Activation of
�-ARs within the brain [63] contributes to the modu-
lation of memory by NE [88] and synaptic plasticity
[17, 89–91]. Indeed, the use of �-ARs agonists leads
to restoration of cognitive deficits caused by reduced
NE levels [63, 92, 93] or LC degeneration [94]. Con-
versely, the use of �-ARs antagonists [90] has shown
to impair the formation of LTP in HC and retrieval
of new [95] and emotional memories [96]. Murchison
and colleagues found that �-receptor antagonists ((+)-
propranolol and (-)-propranolol) delivered specifically
into the HC prior to testing could also impair contextual
memory retrieval [63]. Interestingly, delivering these
antagonists into the lateral ventricles or even cortex had
no effects on memory retrieval, which indicates that
intra-hippocampal function of �-ARs plays a major
role in memory retrieval.

It has been suggested that there is an interaction
between NE and acetylcholine (ACh)-ergic systems.
BFCNs receive inputs from noradrenergic neurons
of LC [49]. The use of �2-ARs agonists has been
shown to inhibit ACh release from these cells [97],
while systemic administration of �2-ARs antagonists
increase ACh release from cortical neurons [98]. Fur-
thermore, partial lesion of LC leads to a significant
reduction in the effects of selective �2-ARs antag-
onist on cortical ACh release [98]. Indeed, it has
been shown that clonidine, i.e., a selective �2-ARs
agonist, is able to cause delayed cognitive dysfunc-
tion in aged primates with lesioned prefrontal cortex
[99]. The inter-relationship between the cholinergic
and noradrenergic systems was recently supported
by a study showing that degeneration of LC termi-
nals accelerates degeneration of cholinergic neurons
in the Ts65Dn mouse model of DS [100]. This sug-
gests that NE-based therapies might also improve
cholinergic function in AD and DS. Indeed, �2-ARs
antagonist yohimbine, which primarily targets �2-
ARs, has shown to improve noradrenergic transmission
in individuals with AD [101]. However, combining
acetylcholinesterase inhibitor treatment with yohim-



M.M. Sanchez et al. / Hippocampal Inputs in Alzheimer’s Disease 17

bine in a small sample group of AD patients did not
result in an overall benefit [102]. These results sug-
gest that more extensive studies using drugs targeting
specific ARs are needed.

The role of norepinephrine in contextual learning

There are multiple studies indicating that NE plays
a significant role in contextual learning [63, 94,
103–105]. This type of learning is formed when the
subject combines sensory and spatial information to
build a frame in which the learning occurs (see [106]).
Indeed, keeping the animal aware of changes in the
environment is crucial to its survival. In doing so, the
animal needs to integrate multiple types of cues and
information in one place, which is believed to be the
HC. The gateway for the HC to channel different types
of information is the EC [107]. Based on the cytoar-

chitecture, this area is divided into two major parts,
medial EC (MEC) and lateral EC (LEC) [108]. MEC
(Brodmann’s area 28 b) is in the caudomedial, and LEC
(Brodmann’s area 28 a) is in the rostrolateral part of the
EC [109]. MEC receives its major inputs from dorsal
thalamus, claustrum, and olfactory areas while LEC
receives its inputs from olfactory bulb, amygdala, and
claustrum [110]. For this reason, the MEC channels
spatial information while LEC provides mostly sen-
sory information to the HC [111, 112]. Both MEC and
LEC give rise to perforant path (PP), which travels
mainly parallel to the CA regions to the DG [107].
PP can also be divided into two pathways. Lateral
PP carry the information from the LEC and mostly
end up in the outer 1/3 of the ML of DG. Medial PP
carries spatial information from the MEC and makes
synapses with DGCs dendrites in the middle 1/3 of the
ML [113] (Fig. 3). It has been shown that the release
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Fig. 3. Mechanism of effects of norepinephrine on contextual learning in the hippocampus. Schematic representation of major inputs to the
molecular layer of the dentate gyrus (DG) in the hippocampus (HC). Perforant path (PP) carrying both sensory and spatial information from
the entorhinal cortex (EC) end in the inner 1/3 and outer 1/3 of the molecular layer (ML) of the DG. It has been shown that releasing NE in
this region lead to differential effects on the dentate granule cells. LEC; lateral entorhinal cortex, MEC; medial entorhinal cortex, PP; perforant
path, OML; outer molecular layer, MML; middle molecular layer, IML; inner molecular layer, DGCL; dentate granule cell layer, CA3; Cornu
Ammonis 3, MF; mossy fibers, PolyMorphic L; polymorphic layer, ML; molecular layer, *; p = 0.007.
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of NE can have a differential effect on medial per-
forant path (MPP) versus lateral perforant path (LPP).
Indeed, the use of NE or isoproterenol (ISO), a �-AR
agonist, leads to persistent potentiation of the excita-
tory postsynaptic potential (EPSP) in DGCs caused
by the stimulation of the PP [114, 115]; whereas the
response evoked by stimulation of the lateral PP causes
long-lasting depression in the presence of either NE or
ISO [116]. This suggests that by changing the balance
between sensory versus spatial inputs in the DG, NE
plays a significant role in attention and thus cognitive
function.

DEGENERATION OF LOCUS COERULEUS
NEURONS IN DOWN SYNDROME AND
ALZHEIMER’S DISEASE

Locus coeruleus degeneration in Alzheimer’s
disease

Individuals with AD present cognitive dysfunction
and behavioral disturbances that contribute to caregiver
burden and a high demand for institutionalization [117,
118]. In the 1980s, Bondareff and colleagues reported
a significant loss of LC neurons in AD [78], which may
occur even at early stages of the disease [119]. Indeed,

individuals with mild cognitive impairment (MCI) also
exhibit neurofibrillary degeneration in LC neurons
that negatively correlates with changes of mini-mental
state examination (MMSE) scores [120]. It has been
shown that the majority of the cell loss in LC occurs in
the caudal part of this area in AD [121], a pattern simi-
lar to our observation in the Ts65Dn model of DS. It is
important to note that most cortical and hippocampal
terminals of LC originate from the caudal part of this
area (Fig. 4). It has been shown the significant loss of
LC neurons in AD and DS is associated with a moder-
ate number of amyloid plaques and both early and late
stages of neurofibrillary degeneration as shown by
AT8 and silver staining in this region [120, 122, 123].
The loss of LC neurons in AD results in decreased
NE levels [120, 123–126], which positively correlates
with the duration of the disease [121] and severity of
cognitive deficits as shown by MMSE in the affected
individuals [120]. Interestingly, LC degeneration in
AD patients was found to be even more extensive
(68% loss) than that of BFCNs (40% loss) [127]. It
appears that there is a compensatory increase in the
activity of remaining LC neurons in AD as shown
by quantifying MHPG/NE ratio [128] and increased
density of binding site for �2-ARs at the presynaptic
level in the DG of the HC [126] in those inflicted
with AD.
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Multiple studies support the reciprocal relationship
between APP/A� levels and NE in the context of AD.
Animal models of AD overexpressing either mutant
APP (V717F) [129] or a combination of APP and
presenilin1 (PS1) [130] show significant degeneration
of LC neurons and decreased microglial activation
[131]. Moreover, inducing noradrenergic neuronal loss
of transgenic (tg) mouse models of AD has shown
to increase the severity of AD-like pathology (amy-
loid load) [132]. Conversely, NE levels have shown to
reduce inflammation in these mice. Rats receiving two
intraperitoneal (IP) injections of N-(2-chloroethyl)-N-
ethyl-2 bromobenzylamine (DSP4), which induces LC
cell loss and cortical NE depletion, show a signifi-
cant increase in the expression of inflammatory genes,
including inducible nitric oxide synthase (iNOS) and,
cyclooxygenase-2 (COX-2). Interestingly, A� injec-
tion in these rats leads to significant exacerbation
of these inflammatory responses [133]. Increasing �
adrenergic signaling has shown to lead to decreased
levels of amyloid accumulation by microglia [134].
Although microglia cells have �1-ARs, [135], it has
been suggested that the effects of NE or adrener-
gic agonists (e.g. ISO) are mediated through �2-ARs
rather than �1 or 3 receptors. Interestingly, �2 activa-
tion following the promotion of adrenergic signaling
also leads to a minor increase in the expression of
insulin degrading enzyme (IDE) [136]. This suggests
that increasing NE signaling might reduce A� levels
either by increasing A� inter nalization or increasing
the levels of enzymes involved in A� degradation i.e.,
IDE.

Age-dependent degeneration of locus coeruleus
neurons in mouse models of Down syndrome

Several mouse models have been generated to
model DS, from which, the Ts65Dn mouse is best
characterized [44]. The Ts65Dn mouse has an extra
copy of approximately 140 mouse genes in chromo-
some 16 orthologous to those on HSA21. Changes in
hippocampal-mediated cognitive function [137–142]
have been reported in these mice, as are changes in the
structure and function of hippocampal neurons [143]
and in induction of hippocampal LTP [144, 145]. Sim-
ilar to DS, alterations in specific brain pathways have
also been reported in these mice [146–149]. We found
significant age-related degeneration of BFCNs in these
mice [46, 149], features that also characterize both
AD and DS [150]. In order to maintain their func-
tion and morphology, mature BFCNs are dependent

on the constant supply of neurotrophins, particularly
NGF [151]. Interestingly, we found that BFCN degen-
eration in Ts65Dn mice was associated with a dramatic
decrease in retrograde transport of NGF from their
axon terminals in the HC to their cell bodies [46].
Remarkably, when NGF was infused into the lateral
ventricles, to directly reach BFCN cell bodies, even
advanced degenerative changes in the mouse model
of DS were reversed [149]. A significant reduction
in NGF axonal transport was also found in APP tg
mouse models of AD [46]. A compelling case can
thus be made that failed NGF transport is responsi-
ble for the degeneration of BFCNs. This may well
explain the cholinergic de-afferentation of the HC and
cognitive decline in patients with AD and in elderly
people with DS (see [44, 46]. In a study that focused
on the pathogenic mechanism for BFCNs degenera-
tion, we showed that the disruption of NGF transport
and degeneration of BFCNs could both be linked to
increased gene dose for App in these mice [46]. These
findings strongly suggest that increased expression of
App in DS leads to reduced NGF transport with result-
ing BFCN degeneration and hippocampal cholinergic
de-afferentation [44]. Since there is a direct interaction
between cholinergic and noradrenergic systems (see
above), we questioned whether an increased expres-
sion of App in Ts65Dn mice is also responsible for
the degeneration of noradrenergic neurons. We inves-
tigated LC neuronal number and size in Ts65Dn mice
and found that both TH-immunoreactive (IR) cell num-
ber and cell profile area were significantly lower in
young adult Ts65Dn mice (6 months of age). Interest-
ingly, the loss of TH-IR neurons in Ts65Dn mice was
found to be age dependent, i.e. no significant loss of
LC neurons at 3 months of age, and significantly more
severe degeneration at 18 months of age (Fig. 5). To
ask whether changes in LC neuron cell bodies could be
linked to alterations in HC innervation, we examined
monoaminergic terminals in HC by examining and
quantifying staining for vesicular monoamine trans-
porter 2 (VMAT2). Comparing Ts65Dn and 2 N mice
at age 6 months, VMAT2 staining showed an over-
all decrease of ∼20% in comparison to 2 N mice in the
ML of the DG (Fig. 6). These observations suggest that
changes in LC terminals precede those detected in neu-
ronal somas. Degeneration of LC neurons in Ts65Dn
mice was recently confirmed [100].

Our previous data have shown that degeneration of
BFCNs in Ts65Dn mice can be linked to App over-
expression [46]. To test whether App overexpression
can also be linked to LC degeneration in Ts65Dn
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mice, we compared mouse models of DS harboring
different triplicated fragments of mouse chromosome
16. Ts1Cje mice, which have triplication of a shorter

fragment of mouse chromosome 16 compared with
Ts65Dn mice [44], showed no significant changes in
size or number of LC neurons. This suggested the
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responsible gene(s) is located on the MMU16 frag-
ment between Gabpa and Sodi. This fragment contains
approximately 32 genes including the App gene. To test
whether an increased dose for App contributes to LC
degeneration, we examined these neurons in Ts65Dn
mice bearing either two or three copies of App. Delet-
ing the third copy of App in Ts65Dn mice eliminated
the decrease in the number of LC neurons, suggesting
that App overexpression is necessary for LC degen-
eration. To ask whether or not App overexpression is
sufficient to cause LC degeneration, we examined mice
that overexpress a mutant APPSwe transgene. There
was a significant decrease in LC neurons in these mice
(Fig. 7). This latter finding is consistent with a recent
report showing degeneration of LC neurons in amy-
loid precursor protein/presenilini (APP/PS1) tg mice
[132]. Taken together, the findings are evidence that
the APP gene overexpression plays a conspicuous role
in the degeneration of LC neurons. The mechanisms by
which App overexpression leads to LC degeneration in
Ts65Dn mice have yet to be explored. Our investigation
on the role of App overexpression on BFCNs degen-
eration suggested that App overexpression leads to a
significant failure in axonal transport in BFCNs, affect-
ing the size of early endosomes [46]. Possibly a similar
mechanism occurs in LC neurons. Based on this, App
overexpression in Ts65Dn mice and A� accumula-
tion in the HC of APP tg mice, lead to alterations in
early endosomes structure or function, diminishing the
retrograde transport of neurotrophins (e.g. BDNF) in

these neurons. Indeed, it has been shown that increased
levels of A� oligomers lead to failed BDNF retro-
grade transport in APP tg mouse models of AD [152].
It is important to note that most AD mouse models
overexpress mutant APP which eventually leads to
increased A� levels, whereas the Ts65Dn mouse model
of DS bears triplication of wild type mouse App (50%
increase in dose) (see [44]) with no elevated levels of
A� [46].

RESTORING NORADRENERGIC SYSTEM
AS A TREATMENT FOR DOWN
SYNDROME AND ALZHEIMER’S DISEASE

Significant degeneration of LC neurons in adult
Ts65Dn mice suggests failure in NE signaling in these
mice. However, investigations on the status of �1-ARs
in the HC of Ts65Dn mice have demosntrated a sig-
nificant increase in the number of �1-positive neurons
in the polymorphic layer of the DG in young adult
Ts65Dn mice [94]. This suggested that in spite of
significant LC degeneration in young adult Ts65Dn
mice, the machinery of ARs signaling is still intact in
these mice. A logical strategy for restoring NE lev-
els would be the use of NE; however, NE does not
cross the blood brain barrier (BBB) [153]. Further-
more, due to the presence of ARs on blood vessels,
heart, kidneys, stomach, bladder, and several other
peripheral organs, increasing NE signaling would lead
to significant peripheral side effects in the treated ani-
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mals. For this reason, one would need to use an NE
prodrug that is able to cross the BBB [154] without
causing significant peripheral side effects. L-threo-3,
4-dihydroxyphenylserine (L-DOPS) is an NE-prodrug
that has shown to have both requirements [155]. L-
DOPS was synthesized in the early 1900s and has been
used in Japan since 1989 for the treatment of Parkin-

son’s disease and neurogenic orthostatic hypotension.
Using aromatic L-amino acid decarboxylase (AAAD),
also known as DDC, L-DOPS is converted to NE.
In order to limit the effects of L-DOPS to the CNS,
L-DOPS is generally given in combination with car-
bidopa, a peripheral DDC inhibitor that does not cross
the BBB [156] (Fig. 8A).
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Testing fear conditioning in Ts65Dn mice showed a
significant failure in contextual learning while cued
learning remained relatively intact. Using L-DOPS
before training and during cued and contextual learning
in young adult Ts65Dn mice showed that failed contex-
tual learning can be successfully restored in these mice
(Fig. 8B). Indeed contextual learning was not the sole
hippocampal-dependent behavior that can be restored
in Ts65Dn mice. We found that treating Ts65Dn mice
with L-DOPS also significantly restored the ability to
build nests in these mice (Fig. 8C) though the positive
effects of L-DOPS on nesting vanished two weeks after
discontinuing the treatment. Up-regulation of � 1-ARs
in the DG of the Ts65Dn mice and the positive effects
of �1-ARs agonists on contextual learning [63] sug-
gests that the positive effects of NE in Ts65Dn mice
occur through �1-AR signaling. This idea was sup-
ported by the fact that the use of a �1-ARs partial
agonist (i.e. xamoterol) had similar positive effects on
restoring contextual learning in young adult Ts65Dn
mice (Fig. 9).

Increasing �-AR signaling has also been shown to
have significant beneficial effects in mouse models of
AD. Using DSP4 to deplete brain NE levels in dou-
ble (APP/PS1) tg mice led to a significant increase
in brain A� accumulation in the HC without affect-
ing A� production. Furthermore, it was linked to a
significant cognitive dysfunction in APP/PSi tg mice
[132]. Increasing the hippocampal and cortical levels
of NE by using L-DOPS was able to prevent decreased
microglial migration and improve A� phagocytosis in
these mice [134].

CONCLUSIONS

Major therapeutic strategies for AD have either been
focused on restoring the levels of ACh (e.g. acetyl-
cholinesterase inhibitors) or targeting A� levels and
reducing AD-related pathology. Unfortunately, none
of these two therapeutic strategies have been able to
fundamentally change the course of the disease. The
data presented here suggests that NE-based therapy
may be an attractive alternative to consider.

At the synaptic levels, increasing the levels of NE
and/or improving NE signaling within the critical areas
of the brain would improve synaptic plasticity and
thus cognitive function, whereas extra-synaptically,
it would reduce A� accumulation via enhanced
microglia migration and A� clearance. As for nega-
tive effects of increasing NE levels, it has been shown
that increased density of both �2 and �1-ARs in the
cerebellar cortex can be associated with aggression
in individuals with AD [157]. In addition, the use of
mainly �2 antagonist, e.g. yohimbine, which leads to
a significant increase in NE levels in cerebral spinal
fluid (CSF), was linked to increased excitement and
tension in both healthy individuals and AD patients,
with a more pronounced effect in AD [158]. There-
fore, there is a need to synthesize or identify �-ARs
agonists or small molecules that easily cross the BBB,
lack peripheral side effects mediated by ARs, and
specifically target �-ARs bearing hippocampal neu-
rons, an area affected by amyloid accumulation and
decreased synaptic function in mouse models of AD.
Similar molecules might be used to stimulate PP and
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EC causing a beneficial effect on DG cells (Fig. 3).
Together, these strategies aim to increase NE levels
and/or improve �-adrenergic signaling would be able
to restore the function of LC neurons and provide addi-
tional neuroprotection by reducing A� accumulation.

Since all individuals affected by DS will eventually
develop AD pathology, an alternative approach to the
use of this strategy in advanced cases of AD is to begin
treatment before the age of 40 years in individuals
affected with DS or those presenting with MCI.

The question on the molecular mechanisms of basic
vulnerability of LC neurons in both AD and DS
remains unanswered. Data from both the Ts65Dn mice
[46] and App tg mice [159] suggest that LC degen-
eration is a retrograde process initiated in the HC.
Although the retrograde degeneration of LC neurons
in APP tg mice could be associated with A� accumu-
lation in the HC, the lack of accumulation of A�40 and
A�42 in Ts65Dn mice [46] indicates that the appar-
ent retrograde degeneration of LC neurons in APP tg
mice and Ts65Dn mice might involve different mecha-
nisms.

The fact that increasing �-adrenergic signaling
might both improve synaptic function and reduce amy-
loid accumulation should encourage further research
on the feasibility of the use of this strategy in AD
and adults with DS. The availability of multiple
widely prescribed drugs on the market able to improve
�-adrenergic signaling should further facilitate and
expedite these trials. Although extensive studies pre-
sented here all suggest positive effects of increased
b-adrenergic drugs in mouse models of AD and DS,
further inclusive and well-planned studies are needed
to support this strategy in the clinical setting. The
fact that there is a significant positive interaction
between NA-ergic and cholinergic systems supports
that adjunct therapy targeting both systems might have
a better success rate. Furthermore, the results summa-
rized in this review also suggest that drugs targeting
App gene expression in DS and/or A� levels in AD, in
combination with NE drugs, might be able to funda-
mentally alter the course of both disorders.
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Abstract. Ventricular enlargement is a common finding among patients with Alzheimer’s disease (AD), and has recently been
shown to occur from an early disease stage. A possible pathophysiological link between ventricular enlargement and AD has
been suggested, with faulty cerebrospinal fluid (CSF) clearance implicated as one possible mechanism. We examined whether
ventricular enlargement is associated with CSF amyloid beta (A�) early in the disease, even before cognitive symptoms are
present, as one would expect to observe this relationship if CSF clearance is impaired. Baseline CSF biomarker data (A�, tau, and
phosphorylated tau) and MRI brain volumetric measures were obtained from the Alzheimer’s Disease Neuroimaging Initiative
(ADNI). Data from 288 participants classified as cognitively asymptomatic (n = 87), mild cognitive impairment (MCI; n = 136),
or mild AD (n = 65) were analyzed by multiple linear regression with brain volumes and age as independent variables, and each
biomarker as dependent variables. Ventricular volume was negatively associated with CSF A� in APOE ε4-positive cognitively
asymptomatic participants. In contrast, ventricular volume was not associated with A� among ε4-positive MCI or AD patients.
Tau concentrations were negatively associated with ventricular volume among ε4-positive AD patients. These findings indicate
that increased ventricular volume is associated with decreased CSF A� among cognitively asymptomatic people who are at risk
for AD based on ε4 genotype. The effects of APOE ε4 genotype on these relationships are currently not well understood, but
may involve impaired CSF clearance and possibly CSF-blood-brain barrier dysfunction.
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INTRODUCTION

The neuropathological mechanisms underlying the
development of Alzheimer’s disease (AD) remain the
subject of intense research inquiry. Considerable
emphasis has been placed on the role of amyloid
beta (A�) and tau proteins in AD [1–5], though the
link between these biomarkers and the neurodegener-
ative process is still not fully understood. Other lines
of research have focused on the role of apolipopro-
tein E (APOE), specifically the association between
the ε4 genotype and the development of AD [6–10].
Neuropathological processes related to the cerebral
spinal fluid (CSF) disturbances, CSF-blood-brain-
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barrier dysfunction, and ventricular enlargement, have
also been studied as possible contributors. There is evi-
dence suggesting that these factors are linked in AD,
though the nature of their pathophysiological interre-
lationship and how they influence the expression of
cognitive dysfunction remains an open question.

Ventricular enlargement is a hallmark structural
brain abnormality apparent on neuroimaging that is
often associated with AD. When concurrent with brain
atrophy, this enlargement of CSF space can reflect a
compensation for the loss of brain parenchyma (i.e.,
hydrocephalus ex vacuo). Yet, ventricular enlargement
may also reflect active neuropathological processes
beyond changes secondary to atrophy. Normal pressure
hydrocephalus (NPH), a clinical syndrome charac-
terized by the triad of gait disturbance, bladder
incontinence, and later dementia, involves ventricular
dilation in which expansion of ventricles is out of pro-
portion to the degree of cortical atrophy. However,
unlike acute obstructive hydrocephalus in which there
is an increased ventricular pressure, and rapid symp-
tom relief with shunting, NPH tends to occur in elderly
patients without apparent cause, and many of these
patients have evidence of degenerative brain disease
postmortem, most commonly AD. Given the frequent
co-occurrence of AD pathology, ranging from 31–75%
of patients with clinically diagnosed NPH who have
been biopsied [11–13], comorbidity between AD and
NPH may reflect common pathophysiological mecha-
nisms among certain people. Silverberg et al. coined
the term “NPH-AD” to describe a subset of patients
with overlapping clinical features of AD and NPH [14].

Clinical and experimental studies have been con-
ducted to examine a possible link between AD and
NPH [15–16]. One mechanism that has been explored
is a defect in homeostasis involving CSF dynamics in
the choroid plexus of AD that affects the clearance of
A� from interstitial fluid into vascular space [17]. It is
well recognized that A� levels are decreased, whereas
levels of tau and phosphorylated-tau (p-tau) are ele-
vated in the CSF of AD patients compared to normal
controls. Furthermore, abnormalities in these biomark-
ers have been demonstrated in the preclinical stage of
mild cognitive impairment (MCI) [1], and are being
explored as potentially useful biomarkers of disease
progression in AD.

Tau probably arises from degeneration of neurofib-
rillary tangle-laden neurons and axons. It is elevated
not only in AD, but also in other conditions includ-
ing acute stroke, multiple sclerosis, AIDS dementia,
head trauma, amyotrophic lateral sclerosis, frontotem-

poral dementias, corticobasal degeneration, and prion
diseases [2, 3]. A� is the major constituent of neuritic
plaques in AD and appears to be deposited extracellu-
larly in the brain very early in the pathological process
of AD. There is evidence that this occurs in the pre-
clinical stage of disease, many years before the onset
of dementia symptoms. The “amyloid hypothesis”, a
prevailing theory of AD pathogenesis, holds that A�
deposition is a seminal event leading to a toxic cascade
of neurodegenerative processes that culminate eventu-
ally in loss of synapses and neuronal death [4, 5].

Why A� levels in the CSF decline in AD is not
well understood, though this could occur secondary
to cerebral A� aggregation due to faulty clearance
mechanism. Resistance to CSF absorption, a mech-
anism for reduced CSF turnover in NPH would be
expected to result in interstitial A� accumulation in
susceptible patient [18]. Since amyloid accumulates in
the arachnoid membranes of AD patients [19, 20], it is
possible that that reduced absorption or production of
CSF could contribute to amyloid toxicity or other neu-
ronal metabolic disturbances among people with AD
for whom overproduction of A� is not the primary
problem. If reduced absorption rather than reduced
production is the primary mechanism of CSF stagna-
tion in AD, then one would expect to see ventricular
dilation out of proportion to cortical atrophy together
with reduced A� levels in the CSF due to a trapping
mechanism.

At this point, relatively little data exists regarding
the pathophysiological relationship between ventricu-
lar enlargement, CSF A� levels, and the clinical course
of functional deterioration and neurodegeneration in
AD. Furthermore, it is not known whether these neu-
ropathological associations are linked to the genetic
risk for AD incurred by the APOE ε4 genotype. We
propose that ventricular enlargement in AD serves as a
marker of altered CSF dynamics that can be used as a
biologic proxy for faulty CSF clearance mechanisms.
If so, then a close relationship should exist between
degree of ventricular dilation in AD and levels of A�
in CSF. If such a relationship can be demonstrated,
then therapies aimed at restoring normal CSF dynamics
may prove to be palliative or even effective in slowing
disease progression.

Of note, a recent controlled trial of shunting patients
with AD failed to demonstrate efficacy, possibly due to
insensitivity of the global end point (Global Deterio-
ration Scale) over the nine months of the double-blind
portion of the study [21]. Another reason for this fail-
ure may have been related to enrollment of too many



R.A. Cohen et al. / Ventricles and CSF Biomarkers in AD 33

moderate to severe patients. Like a number of current
anti-amyloid experimental therapies that have failed
in clinical trials, the intervention may also have been
tried too late to restore or slow a well-established neu-
rodegenerative cascade. Therefore, we examined the
relationship of A� and ventricular volumes in per-
sons with MCI and aged controls as well as those with
well-established AD.

The goals of this study were to demonstrate that
there is a significant relationship between ventricular
enlargement and CSF A� levels. We predicted that this
relationship would be more significant for patients with
AD than for cognitively asymptomatic controls, and
that the strength of the relationship would be interme-
diate for those with MCI. We also predicted that these
effects would be most evident among people with the
APOE ε4 genotype, who may be at increased risk for
A� disturbances.

MATERIALS AND METHODS

Subjects

Data were obtained from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) database (http://
adni.loni.ucla.edu). The ADNI was launched in 2003
by the National Institute on Aging, the National Insti-
tute of Biomedical Imaging and Bioengineering, the
Food and Drug Administration, private pharmaceuti-
cal companies and non-profit organizations, as a $60
million, 5-year public-private partnership. The primary
goal of ADNI has been to test whether serial MRI, PET,
other biological markers, and clinical and neuropsy-
chological assessments can be combined to measure
the progression of MCI and early AD. Determination
of sensitive and specific markers of very early AD
progression is intended to aid researchers and clin-
icians to develop new treatments and monitor their
effectiveness, as well as lessen the time and cost of
clinical trials [17, 18]. All participants undergo neu-
ropsychological and behavioral evaluations every six
months over three years, as well as periodic neuro-
imaging with MRI and PET, blood and urine samples.
Over 50% are providing periodic lumbar CSF samples
as well. The biomarkers being studied include APOE
genotype, tau and phosphorylated tau181p (p-tau), A�,
isoprostanes, and homocysteine.

Demographic, cognitive, CSF, and MRI volumetric
measures were obtained from ADNI for 288 partici-
pants, consisting of 87 cognitively asymptomatic indi-
viduals, 136 with mild cognitive impairment (MCI),

and 65 with mild AD. All participants underwent an
extensive clinical evaluation, including basic mental
status tests, neuropsychological tests, physical and
neurological examinations. Global cognitive function
was measured by the Mini Mental State Examina-
tion (MMSE) [24]. Dementia severity was graded by
the Clinical Dementia Rating (CDR) [25]. All AD
patients satisfied NINCDS-ADRDA diagnostic crite-
ria [26] for probable AD and had questionable to
very mild (CDR 0.5) or mild (CDR 1) dementia.
MCI subjects score 24–30 on the MMSE, had a CDR
of 0.5, and had memory complaints as well as
objective evidence of memory impairment based on
education-adjusted scores on the Wechsler Logical
Memory II memory scale. By study entry criteria, “any
significant neurologic disease, such as Parkinson’s
disease, multi-infarct dementia, Huntington’s disease,
normal pressure hydrocephalus, brain tumor, progres-
sive supranuclear palsy, seizure disorder, subdural
hematoma, multiple sclerosis, or history of significant
head trauma followed by persistent neurologic defaults
or known structural brain abnormalities”. In this man-
ner, cases with normal pressure hydrocephalus were
excluded by clinical criteria without a specific radio-
logic exclusion of any person with enlarged ventricles.

Biomarkers

CSF specimens for biomarkers were processed by
the Biomarker Core of ADNI at the Department of
Pathology & Laboratory Medicine at the University of
Pennsylvania Medical School. Methods for measuring
CSF biomarkers have been described previously [27].
The Luminex multiplex immunoassay platform was
used for measurements of A�, tau, and p-tau. Over
50 studies have demonstrated clinical sensitivity and
specificity for these biomarkers at greater than 80%
each [28]. Routine laboratory measurements of CSF
included total protein, glucose, and cell counts.

Magnetic resonance imaging

Image acquisition, quality control, image cor-
rection, and phantom based scaling methods are
described in detail on the ADNI website. Briefly, after
image acquisition, phantom scans were used to cor-
rect for gradient nonlinearities, followed by image
intensity normalization. Brain segmentation was per-
formed on 3D T1-weighted MRI volumes using an
automated whole-brain segmentation procedure for
obtaining delineations of different neuroanatomical
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structures, including hippocampus, amygdala, thala-
mus, cerebellum, putamen, globus pallidus, whole
brain and all ventricles [29, 30]. Neuroanatomical
labels are assigned to each voxel based on probabilis-
tic information estimated from an atlas, thus allowing
estimation of volumetric measures of each anatomi-
cal structures. The accuracy of this procedure has been
shown to be comparable to that of manual labeling
and sensitive to subtle changes in AD [29] and nor-
mal aging [31]. These methods are publicly available
through the FreeSurfer package [32]. The volumetric
measures so acquired, were then uploaded to the ADNI
website for public access.

Total ventricular volume and total brain volume
were the primary variables of interest. Total brain
volume represents a summary measure of total brain
parenchyma. In addition, total intracranial volume
measure was obtained to control for head size vari-
ability between subjects. This measure was intended
to be insensitive to cerebral atrophy and to reflect
the intracranial volume regardless of age or disease
progression. This measure was derived by combining
the segmented grey matter, white matter, and CSF. To
account for spatial discontinuity, the combined mask
was repeatedly smoothed with a Gaussian kernel to
produce a connected uniform mask extending to but
excluding the skull.

Statistical analyses

Pearson correlation coefficients were examined
comparing ventricle to whole brain volumes. For
the entire sample, there was a significant relation-
ship between the two volume measurements (r = 0.17,
p < 0.005). Significant positive correlations between
ventricle and whole brain volumes were seen in all
three subject groups, suggesting a common relation-
ship to overall head size (see Table 1).

To adjust for inter-subject differences in brain size,
ventricle/whole brain volume ratio was derived as a
secondary independent variable. Correction proce-
dures are often necessary in volumetric MRI studies

Table 1
Ventricle and whole brain volume correlations: Pearson correlation

coefficients and N

All subjects APOE ε4 APOE ε4
positive subjects negative subjects

Controls 0.03 (87)* 0.15 (21)* 0.01 (66)
MCI 0.03 (136) 0.02 (74) 0.04 (62)*
AD 0.07 (65)* 0.11 (44)* 0.03 (21)

* p < 0.05.

to account for such difference between individuals;
however, there is no clearly preferred method. The
ventricle/whole brain volume ratio has been shown to
have more robust relationships with neuropsychologi-
cal performance than either volume alone in a study of
dementia and elderly control subjects [33]. In another
study, ventricle/whole brain volume ratio performed
better than ventricle/total intracranial volume ratio and
better than uncorrected ventricular volume in distin-
guishing dementia subjects from elderly controls [34].

A series of multivariable linear regression models
were then analyzed using stepwise subtraction of inde-
pendent variables with significance levels of p > 0.05.
The CSF biomarkers were the dependent variables in
these models. Independent variables included ventri-
cle and whole brain parenchymal volumes, as well as
age. Total intracranial volume was also included as an
additional covariate to account for head size variability
between subjects. After accomplishing these analyses,
the same analyses were repeated with ventricle/brain
parenchymal volume ratio substituting for the separate
ventricle and brain parenchymal volumes, and the two
set of results were compared. To assess whether ventri-
cle volume may be simply a proxy for lateral ventricle
expansion secondary to early degeneration and atrophy
of medial temporal structures, significant relationships
between biomarkers and hippocampal and entorhinal
cortex volumes were examined as well. Hippocampal
atrophy has been shown to be a stronger predictor of
progression from MCI to AD than whole brain volume
[35].

Group analyses according to APOE genotype were
defined according to presence or absence of at least one
APOE ε4 allele. Statistical analyses were performed
using Stata SE, version 10, software. Graphs were cre-
ated using the same software.

RESULTS

Demographic information for the study sample is
provided in Table 2. The sample included 87 control
subjects, 136 MCI subjects, and 65 AD subjects. Glo-
bal cognitive impairment for the AD subjects was
mild, with a mean MMSE of 23.7 ± 2.0, compared
to 27.1 ± 1.8 for MCI subjects and 29.1 ± 1.1 for
controls.

Tau, Aβ, and ventricular volume

Mean measurements for the biomarkers and MRI
volumes are provided in Table 3. Similar summary
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Table 2
Demographic data subclassified by presence of APOE ε4 genotype

Normal older controls Mild cognitive impairment Alzheimer’s disease
ε 4- ε 4+ All ε 4- ε 4+ All ε 4- ε 4+ All

Sample size: N 66 21 87 62 74 136 21 44 65
Sex: female N (proportion) 30 (0.45) 15 (0.71) 45 (0.52) 47 (0.52) 42 (0.57) 89 (0.65) 11 (0.52) 25 (0.57) 36 (0.55)
Age: years mean (S.D.) 75.9 (5.3) 75.4 (6.3) 75.8 (5.5) 75.8 (8.1) 73.2 (6.7) 74.4 (7.4) 75.0 (9.2) 74.9 (6.8) 74.9 (7.6)
Education: years mean (S.D) 15.7 (2.7) 15.7 (3.6) 15.7 (2.9) 15.9 (2.9) 15.8 (2.9) 15.9 (2.9) 16.9 (2.5) 14.5 (3.6) 15.3 (3.5)
MMSE: score mean (S.D.) 29.1 (1.0) 28.9 (1.2) 29.1 (1.1) 27.0 (1.9) 27.2 (1.8) 27.1 (1.8) 23.6 (1.9) 23.7 (2.0) 23.7 (2.0)

Table 3
CSF biomarkers and MRI volumes subclassified by diagnosis and presence of APOE ε4 genotype

Normal older controls Mild cognitive impairment Alzheimer’s disease
ε 4- ε 4+ All ε 4- ε 4+ All ε 4- ε 4+ All

CSF A�1-42 220.7 (47.9) 156.9 (48.5) 205.6 (55.1) 187.5 (59.3) 143.0 (40.9) 163.7 (54.9) 170.0 (52.3) 131.0 (27.2) 143.0 (40.8)
(pg/ml.± S.D.)

CSF Tau 66.3 (25.9) 80.4 (40.2) 69.6 (30.3) 86.2 (47.2) 118.4 (67.3) 103.5 (60.9) 124.9 (68.7) 120.1 (52.3) 121.6 (57.6)
(pg/ml.± S.D.)

CSF P-Tau181 22.5 (11.1) 32.3 (21.0) 24.8 (14.6) 29.7 (16.3) 40.5 (18.0) 35.5 (18.0) 41.5 (22.1) 41.7 (18.8) 41.6 (19.8)
(pg/ml.± S.D.)

CSF Protein 46.0 (18.8) 39.8 (21.1) 44.3 (19.6) 45.0 (20.7) 38.2 (18.5) 41.6 (19.8) 47.3 (21.3) 47.6 (34.3) 47.5 (29.7)
(g/dl.± S.D.)

Ventricular 37.3 (19.2) 36.0 (22.3) 37.0 (20.0) 46.1 (23.4) 44.0 (19.6) 45.0 (21.3) 48.0 (21.7) 49.1 (22.4) 48.7 (22.0)
volume (mean
ml.± S.D.)

Whole brain 997.1 (99.1) 999.8 (97.7) 997.9 (98.4) 998.3 (110.0) 993.5 (109.7) 995.6 (109.7) 946.0 (110.1) 955.3 (92.8) 952.3 (98.6)
volume (mean
ml.± S.D.)

Ventricles/brain 0.038 0.036 0.037 0.046 0.045 0.045 0.051 0.051 0.051
volume (pro- (0.019) (0.020) (0.020) (0.022) (0.020) (0.021) (0.023) (0.022) (0.023)
portion + S.D.)

data from a cross-sectional study of 399 subjects
using ADNI data have been previously presented [31].
As expected, CSF A� levels declined and tau lev-
els rose progressively among normal, MCI, and AD
groups. Ventricular volumes increased and brain vol-
umes declined progressively among normal, MCI, and
AD groups.

For the entire sample, ventricles (t = −2.90; p =
0.004) and age (t = 2.29; p = 0.02) were significantly
related to CSF A�. Similar results were found for
ventricle/brain ratio (t = −2.94; p = 0.004) and age
(t = 2.39; p = 0.02). Tau was significantly related to
whole brain volume (t = −2.70; p = 0.007) but not
ventricle volume or age. There was a trend toward rela-
tionship between p-tau and whole brain (t = −1.82;
p = 0.07). CSF total protein was not significantly asso-
ciated with any brain or ventricular volume in any of
the analyses.

Tau, Aβ, and ventricular volume by diagnostic
group

The models containing significant variables
(p < 0.05) for diagnostic subgroups are shown in

Table 4. The ventricle/brain volume ratio proved
to be an equivalent or more significant predictor than
ventricular volume alone, so these ratios are shown in
the table.

Cognitive asymptomatic

Ventricular volume was significantly associated
with A�, but not age, in the APOE ε4 positive cognitive
healthy controls. Ventricular volume was not signif-
icantly associated with A� for cognitively healthy
controls who were APOE ε4 negative, or for the con-
trol group as a whole. A� was also not associated with
whole brain volume for the group as a whole or as a
function of APOE genotype. The relationship between
A� levels and ventricular volume in the APOE ε4 pos-
itive healthy controls is shown in Fig. 1, with a scatter
plot of data points relative to the regression line.

In contrast with findings for A�, both ventricular
volume and age were significantly associated with CSF
tau levels in the APOE ε4 negative cognitively healthy
controls. Yet, tau levels were not significantly asso-
ciated with ventricular volume for either APOE ε4
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Table 4
Summary of multiple regression models by disease category and APOE ε4 genotype.

N F Probability > F R2 CSF Biomarker Region t p

Controls
ε4+ 21 (1,19) = 5.95 0.025 0.24 A-beta Ventricles/brain −2.44 0.025
ε4- 66 (2,63) = 4.24 0.02 0.12 Tau Ventricles/brain −2.54 0.01

Age 2.05 0.04
All 87 (2,84) = 4.34 0.02 0.09 Tau Ventricles/brain −2.32 0.02

Age 2.45 0.02
MCI

All 133 (1,131) = 8.24 0.005 0.06 Tau Brain −2.87 0.005
All 133 (1,135) = 4.40 0.04 0.03 P-tau Brain −2.10 0.04

AD
ε4+ 43 (1,41) = 11.95 0.001 0.23 Tau Ventricles/brain −3.46 0.001
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Fig. 1. A� levels and ventricle/brain volume in APOE ε4 positive
healthy controls.

positive healthy controls or the group as a whole. There
was no interaction between age and MRI volumetric
variables.

There was not a significant relationship between
either A� or tau and total hippocampal or entorhinal
volumes among APOE ε4 positive cognitively healthy
controls. A significant relationship was found between
tau and right hippocampal volume in APOE ε4 negative
controls (p < 0.05) but not for left hippocampal volume
or entorhinal cortex in either hemisphere. Smaller right
hippocampal volume was associated with greater CSF
tau among the healthy controls.

Mild cognitive impairment

Significant associations were found between whole
brain volume and both CSF tau and CSF p-tau for the
MCI group as a whole. However, ventricular volume
was not significantly associated with either tau or p-tau
for MCI patients. Furthermore, neither whole brain nor
ventricular volume were associated with any biomark-
ers (A�, tau, p-tau) as a function of APOE ε4 status
among people with MCI.
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Fig. 2. Tau levels and ventricle/brain volume in APOE ε4 positive
AD patients.

Alzheimer disease

Ventricular volume was significantly associated
with tau levels among APOE ε4 positive patients with
AD (see Fig. 2). In contrast, ventricular volume was
not associated with A� in APOE ε4 positive subjects.

A� and tau were not significantly related to whole
brain volume among the AD patients. There was no sig-
nificant relationship between A� and tau and volume
measurements of either hippocampus or entorhinal
cortex, among APOE ε4 positive control and AD
subjects. There was no significant effect of total
intracranial volume when entered as a covariate in any
of the models above.

DISCUSSION

As expected, a significant negative relationship
between ventricular volume and CSF A� levels existed
for this ADNI sample as a whole. AD patients exhibited
greatest ventricular volumes and lowest CSF A� levels,
healthy controls had the smallest ventricles and highest
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CSF A� levels, whereas MCI patients fell in between
on both of these measures. This finding is consistent
with widely accepted thinking regarding the relation-
ship between CSF A� levels and neuropathological
findings in AD [27] and provides additional evidence
that this relationship holds for ventricular volume.

We also expected that this relationship would be
strongest among patients with AD, but surprisingly
found the opposite relationship. Neither the MCI or AD
patients exhibited a significant association between
A� levels and ventricular volumes, where as the cog-
nitively asymptomatic group did. This paradoxical
finding may point to important issues regarding the
relationships between biomarkers and AD pathogene-
sis. AD neuropathology occurring at different stages
of the disease may produce different relationships
between CSF A� and ventricular volume.

The current findings suggest that the greatest effects
of A� sequestration in the brain relative to ventricular
enlargement occur very early in the disease process,
when people are largely asymptomatic. By the time
people develop cognitive and functional impairments
that lead to a diagnosis of MCI or AD, A� dynamics
in the CSF relative to ventricular function are less oper-
ative. It is also possible that MCI and AD patients
for whom A� CSF and ventricular volume were most
strongly associated were excluded based on symptoms
and radiological signs of NPH, as the presence of NPH
was one of the exclusion criteria for ADNI study. This
possibility does not seem very likely because presum-
ably only patients with clinical symptoms of NPH in
addition to large ventricles would have been excluded
and not patients with ventricles which were propor-
tionate to their overall brain atrophy.

As expected, CSF tau concentrations were ele-
vated as a function of disease stage. Furthermore, the
fact that increased tau concentrations were associ-
ated with ventricular volume when the entire ADNI
sample was considered suggests a general relation-
ship between disease stage, ventricular enlargement
and levels of this biomarker. Tau sequestration con-
tinues to occur and CSF levels increase as the disease
progresses. However, tau was more strongly associ-
ated with whole brain volume than ventricular volume
among MCI patients, suggesting that this aspect of AD
neuropathology may be more directly linked to neu-
ronal changes resulting in brain atrophy rather than
ventricular pathology.

We were surprised not to see a similar relationship
among patients with AD. We suspect that this may
reflect a ceiling effect, whereby tau saturation in CSF

is reached once people exhibit AD. To illustrate this
point, among APOE ε4 positive subjects, CSF tau
increased by 48% between normal and MCI groups,
but only by 2% between MCI and AD groups, while
ventricular volume increased 25% between normal
and MCI groups, and by 13% between MCI and AD
groups.

Our findings partially replicate another recent study
showing a relationship between elevated levels of CSF
tau and p-tau and whole brain volume in a mixed group
of 21 subjects with very mild (CDR 0.5) AD and 8 sub-
jects with mild (CDR 1.0) AD. Among 69 cognitively
normal subjects CSF A�-42 was positively correlated
with whole brain volume, though ventricular volume
was not examined in that study, limiting comparison
with the current findings [37].

One of the most intriguing findings from this analy-
sis was the negative association between CSF A� levels
and ventricular volume among cognitively asymp-
tomatic controls who were positive for the APOE ε4
allele. CSF A� levels decreased as ventricular vol-
ume increased. In fact, this relationship was only found
among the controls. That a significant relationship was
not found for APOE ε4 positive MCI subjects suggests
that the transition with respect to the sequestering A�
in the brain and its relationship to ventricular enlarge-
ment occur during the prodromal stage of the disease
among people with a genetic risk for AD. Along similar
lines, amyloid deposition in brain has been shown by
PiB amyloid PET imaging studies to occur frequently
in cognitively normal elderly, however, the causes and
prognostic significance of such cases of early amyloid
deposition are unknown [38].

We propose that altered CSF-blood-brain barrier
functions may account for these complex relationships.
There is increasing evidence of blood-brain barrier
compromise [39] as well as microvascular damage
occurring early in AD [27, 40, 41]. Apolipoprotein
E is essential for both blood-brain barrier integrity
and for deposition of fibrillary A�. Both APOE and
A� are ligands for low-density lipoprotein receptor-
related protein 1 (LRP-1), a major transporter of A� out
of brain, and all three proteins are located in plaques.
Most plaques are in close proximity to the cerebral
microvessels, leading to potentially complex interac-
tions affecting clearance of A�. In AD, LRP-1 is
downregulated at the blood-brain barrier, which is
likely one of the mechanisms of reduced A� clearance
from the brain [42]. There is evidence to suggest that
APOE ε4 enhances vascular and parenchymal deposi-
tion of A� in the brain [43] and may influence both
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transport and permeability of the blood-brain barrier
[39, 44].

CSF protein concentration was consistently higher
in AD compared to MCI and controls. This likely
reflects enhanced blood-brain barrier permeability to
albumin, but there was no correlation between blood-
brain barrier function, measured as the CSF total
protein level, and any brain or ventricular volume. This
finding suggests that blood-brain barrier dysfunction
is not directly related to brain atrophy. A�-induced
disruptions of blood-brain barrier and choroid plexus
permeability and transport would be expected to desta-
bilize interstitial and CSF dynamics (and ventricle size)
thereby impairing brain metabolism and blood flow
[45, 46].

Enhancement of vascular amyloid deposition by
APOE ε4 in arachnoid granulations may have a role
in reducing A� clearance from brain via CSF cir-
culation. This may account for the observation of
increased APOE ε4 allele frequency in NPH patients
with dementia [47] and a role for hydrocephalus in
the pathogenesis of AD in some patients. Alternatively
APOE ε4 may serve as just a marker of earlier onset
and more severe AD pathology and not be directly
involved in the mechanisms of A� clearance via CSF.
In further support of a hydrocephalic mechanism for
AD is a recent report of A�42 and hyperphosphory-
lated tau pathology occurrence in a kaolin-induced
hydrocephalus model of the aged rat [48, 49].

Little is known about compartmentalization of tau
in the course of AD, but this data suggests that as
neurodegeneration becomes established by cascad-
ing pathogenic events, tau becomes sequestered at a
later time in those with well-established disease. Tau
sequestration in AD may be related to similar mecha-
nisms described previously for A�, which occur much
earlier than tau in the pathogenic cascade.

Finally, among APOE ε4 negative controls we found
a negative relationship between CSF tau and ventricu-
lar volume. In this group, age and hippocampal volume
were also associated with tau levels, suggesting that
age-related atrophy rather than APOE genetic mecha-
nisms may be driving this relationship. Since this group
of subjects likely includes many who would never go
on to develop AD, the relevance of this relationship to
our understanding of biomarkers for AD is limited.

The results of this study should be interpreted with
caution for a number of reasons. The measure of
ventricular volume is a global measure of the entire
ventricular system. We cannot exclude the possibil-
ity that the ventricle volume is merely a proxy for

brain atrophy in specific adjacent brain regions such as
the medial temporal lobe, which could affect mainly
the temporal horn. While the lack of relationship to
brain volume in this area in our APOE ε4 positive sub-
jects argues against this possibility, further analyses
using segmented ventricle volumes [50] and ventric-
ular shape data [51] could provide more definitive
evidence for a primary role of ventricular pathology
leading to A� deposition.

The analyses here were only cross-sectional, due to
the limited availability of longitudinal CSF biomarker
data in ADNI. Future studies examining sequential
changes in biomarkers compared to brain and ventricu-
lar volumes in prodromal AD may shed more light on
the mechanisms we propose based on baseline data.
Also to be noted, the sample size of 21 in the APOE
ε4 positive control group is particularly small. While
the relationship between ventricle/brain ratio and CSF
A� is one of the most interesting observations, these
results need verification from studies involving larger
samples of older cognitively normal subjects.

Experimental evidence using animal models of
hydrocephalus and APOE may shed light on the
exact nature of these relationships. If indeed altered
CSF clearance mechanisms in the prodromal stage of
AD caused by interaction of APOE ε4 and epithe-
lial/vascular function in the choroid plexus and/or
arachnoid villi leads to sequestration of A� in the brain,
setting off a cascade of pathologic events, then efforts
to interrupt these mechanisms may prove fruitful in
disease prevention.

While this exploration of the ADNI data provides
evidence of a potential hydrocephalic mechanism early
in AD for some patients as well as a potential expla-
nation of amyloid deposition in NPH, we were unable
to examine actual CSF production, which is reduced
in aging and AD [18, 52], and how this too may affect
A�, tau, or other brain-derived proteins. These are rich
areas of potential future research.

An alternative explanation to the proposed obstruc-
tive hydrocephalic mechanism is that enlarged ventri-
cles relative to the rest of brain tissue reflect central
atrophy involving white matter volume changes which
are more dramatic in APOE ε4 carriers. This could
be explored further by examining volumetric measure-
ments of white matter on MRI in comparison to CSF
biomarkers.

Ventricular volume [50, 53] and ventricular volume
change [54] in aging, MCI, and AD is emerging as
an important biological indicator of disease progres-
sion. As previously mentioned, ventricular volume has
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been shown to be a more robust correlate of cogni-
tive function in AD and MCI than other whole brain
measures. The reason for this significant relationship
is not well understood but deserves further investiga-
tion, as ventricular volume may be a useful biomarker
outcome for early disease intervention and prevention
trials, particularly for those at genetic risk due to APOE
ε4 genotype.
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Structural MRI provides a measure of the cerebral atro-
phy that is a central feature of Alzheimer’s disease
(AD). Atrophy in AD is a result of neurodegenera-
tive processes involving dendritic pruning and loss of
synapses, as well as neuronal cell body degeneration
and death, with related loss of axons [1, 2]. A body
of literature suggests that neurodegeneration in AD is
a relatively late event, and is preceded by abnormali-
ties in CSF, tau, A�, and FDG-PET [3]. While the rate
of change of some of these other biomarkers may slow
before the appearance of structural atrophy, abnormali-
ties in neurodegeneration on MRI accelerate as clinical
symptoms appear, and then parallel cognitive decline.
As a result, volumetric or voxel-based measures of
brain atrophy retain a close relationship with cogni-
tive performance across a broad range of AD severity,
and rates of neuronal and synaptic loss indicated by
brain atrophy correlate strongly with rates of concur-
rent cognitive decline [4]. In addition, the degree of
atrophy correlates well with Braak staging at autopsy
[5–7] and the topographic distribution of atrophy on
MRI maps well onto Braak’s staging of NFT pathology
in patients who have undergone post-mortem staging
[8]. Many of these themes are explored in the chap-
ters of this Section. For example, brain atrophy and
its relationship to cognitive performance in patients

∗Correspondence to: Peter J. Bayley, Stanford/VA Aging Clin-
ical Research Center, VA Palo Alto Health Care System, 3801
Miranda Avenue, Palo Alto, CA 94304-1290, USA. E-mail:
peter.bayley@va.gov.

with AD and MCI is examined in two chapters by
Thomann et al. AD is traditionally considered to be
the prototypical “cortical” (limbic as well as neocorti-
cal) dementia which arises through degeneration of the
cerebral cortex and is typically associated with severe
memory loss. Thomann et al. demonstrate that this may
be an oversimplification, and that although recall and
recognition in AD patients are indeed related to corti-
cal atrophy in the bilateral medial temporal lobe and
posterior cingulate, they are also related to degenera-
tion in subcortical regions including the thalamus. The
same group of researchers also identified reduced grey
matter density in the olfactory bulb and tract suggest-
ing that this brain region may be a potentially useful
marker of neurodegeneration in AD and MCI.

One of the difficulties of diagnosing AD is that it
shares many clinical symptoms with other types of
dementia and the value of structural MRI in the diagno-
sis of AD is explored by several groups. For example,
Lehmann et al. show that although widespread cortical
thinning occurs in AD, the specific pattern of thinning
varies between patients with typical and atypical pre-
sentations of AD. However, thinning of the posterior
cingulate was a distinctive feature in both typical and
atypical cases of AD but not in frontotemporal lobar
degeneration. Cortical thickness was also examined by
Fennema-Notestine et al. in relation to ApoE genotype
in healthy middle-aged men. The ApoE E4 allele was
associated with significantly thinner frontal cortex in
this group, which may help explain the greater suscep-
tibility to AD in individuals with the E4 allele. Firbank
et al. examined the use of high resolution structural
imaging of the hippocampus to differentiate between

mailto:peter.bayley@va.gov
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AD and dementia with Lewy bodies (DLB). They iden-
tified three structural abnormalities that differentiated
AD from DLB and aged healthy subjects that included
the subiculum, CA1, and a hypointense line between
CA1 and CA3/4. Oliveira et al. used image analy-
sis algorithms in order to automatically discriminate
between AD patients and controls using cortical thick-
ness and volumetric data. Results demonstrated that
this method could successfully distinguish between
AD patients and controls (sensitivity = 93%; speci-
ficity = 85%). Although the patient sample size in this
study was relatively small, this and other specialized
statistical classification methods based on image anal-
ysis are promising techniques which have the potential
to improve the diagnosis and monitoring of AD.

Although automated procedures are increasingly
used in the segmentation of structural images, man-
ual segmentation remains the gold standard. However,
as reviewed by Boccardi et al., the results obtained by
manual segmentation depends strongly on which pro-
tocol is used – and can result in up to 2.5-fold volume
differences when evaluating hippocampal atrophy in
AD. As a step in addressing this issue, Boccardi et al.
highlight some of the differences between 12 published
protocols for hippocampal segmentation.

The relationship between biomarkers of AD and
rates of cortical thinning are also explored. It is known
that patients with AD have reduced amyloid (A�1−42),
elevated phosphorylated tau (p-tau) and elevated total
tau in cerebrospinal fluid. Two groups (Tosun-Turgut
et al. and Brys et al.) both show that longitudinal rates
of brain atrophy increase in the presence of lower
A�1−42 levels and higher p-tau levels. Combining CSF
biomarkers and structural imaging biomarkers signif-
icantly increases the overall predictive accuracy of
conversion of MCI to AD and supports the hypoth-
esis that CSF A�1−42 and tau are measures of early
AD pathology. In this context, it should be noted that a
long standing issue in AD is the uncertain relationship
between the senile plaque pathology associated with
A� and the neurofibrillary pathology associated with
tau. Recent data have suggested that the A� pathology
is more closely associated with the ApoE genotype and
the predisposition to AD and develops over decades,
while the tau pathology is more closely related to
cognitive function and develops over the course of

dementia [9]. In view of this, the different time courses
of these various biomarkers must be taken into account
when using combined measures to estimate where an
individual lies on the continuum of AD.

Finally, new technologies are on the horizon for
structural imaging in AD, including the routine use
of ultra-high field MRI. Kerchner reviews two AD-
related applications for 7T MRI: direct visualization
of cortical plaques, and high resolution hippocampal
imaging. Together, these tools promise to provide an
ever greater insight for the diagnosis and treatment of
AD.
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Abstract. The aim of the present study was to examine the relationship between cerebral morphological changes and cognitive
deficits as determined by the CERAD neuropsychological test battery in a large group of patients with MCI and with AD and
otherwise healthy elderly controls. Patients were recruited among typical memory clinic referrals and carefully matched for age,
gender and educational level. Optimized voxel based morphometry was used to reveal gray matter differences between groups
and to investigate the association of neuropsychological deficits with brain structural alterations. When compared to controls,
AD patients and, to a lesser extent, patients with MCI showed significant atrophy predominantly in the medial temporal lobe.
Deficits in verbal fluency and word finding were significantly correlated with left fronto-temporal and left temporal (including
the hippocampus) changes, respectively. Decreased scores in immediate and delayed recall and in delayed recognition were
associated with several cortical and subcortical areas including the parahippocampal and posterior cingulate gyrus, the right
thalamus, and the right hippocampus, whereas deficits in constructional praxis and constructional praxis recall referred to
regions in the left thalamus and cerebellum, and the temporal cortices, respectively. These findings lend further support to
medial temporal lobe degeneration in MCI and AD and suggest that cognitive deficits reflect morphological alterations in
widespread cortico-subcortical networks.

INTRODUCTION

Alzheimer’s disease (AD), the most common cause
of dementia, is a neurodegenerative disorder character-
ized by cerebral deposition of neurofibrillary tangles
and senile plaques accompanied by neuron cell loss
in specific brain regions. Longitudinal studies con-
firmed the clinical impression that the majority of
individuals affected by AD undergo a longstanding
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6221 56 1742; E-mail: philipp.thomann@med.uni-heidelberg.de.

preclinical phase where cognitive deficits are still less
obvious before manifest dementia is diagnosed [1].
This transitional phase between health and onset of
AD is generally referred to as mild cognitive impair-
ment (MCI). According to large representative studies,
around 40–60% of MCI patients develop AD within the
first 5 years [2].

The CERAD-NP neuropsychological test battery
was developed by the Consortium for the Etablishment
of a Registry for Alzheimer´s disease in 1986 [3, 4] to
address a broad range of neuropsychological deficits
typically found in MCI and AD: verbal fluency (animal
category), naming, word list immediate/delayed recall,
constructional praxis, constructional praxis recall, and
also includes the Mini Mental State Examination
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(MMSE) [5]. While the CERAD-NP is generally con-
sidered as a easy to use, comprehensive test battery
with good psychometric properties [6–8], its poten-
tial cerebral correlates have so far only scarcely been
addressed. A positron emission tomography (PET)
study with 18F-2-deoxyglucose (FDG) as a tracer,
found measures of episodic memory, verbal fluency,
naming and drawing to be related to a decreased glu-
cose uptake in left-hemispheric temporal, prefrontal
and inferior parietal regions in 30 patients with AD
[9]. However, patients with MCI and mild AD, in
whom neuropsychological assessment is of particu-
lar importance for early diagnosis, were not included.
Most recently, Schmidt-Wilcke et al. [10] conducted
a voxel based morphometry (VBM) study in a small
sample of MCI subjects (n = 18) and demonstrated
impaired CERAD-NP performance to be accompa-
nied by gray matter loss predominantly in the medial
temporal lobe.

The aim of our study was to identify the cerebral cor-
relates of neuropsychological deficits as assessed by
the CERAD-NP test battery in a large sample includ-
ing healthy subjects and both, patients with MCI and
AD.

MATERIALS AND METHODS

Patients and control subjects

Thirty-four patients with mild AD, 60 with MCI and
32 cognitively unaffected controls were consecutively
recruited through the memory clinic of the Sec-
tion of Geriatric Psychiatry at Heidelberg University,
Germany. All subjects were carefully matched for age,
gender, ethnicity and education. Patients fulfilled the
NINCDS-ADRDA criteria for probable AD [11] or the
criteria of aging-associated cognitive decline (AACD)
[1, 12]. The latter consider decline in a broad potential
range of cognitive domains and have been confirmed as
a stable and broad concept for MCI, predictive for the
development of dementia [13, 14]. Clinical evaluation
included ascertainment of personal and family history
and detailed physical and neurological examination.
None of the participants had a lifetime history of neu-
rological or severe systemic illness, head injury or
substance abuse. The investigations were approved by
the local ethics committee. Written informed consent
was obtained from all participants after the procedures
of the study had been fully explained.

Neuropsychological assessment

Cognitive functions were investigated using the
German version of the CERAD-NP test battery. Raw
values were z-transformed by referring to the age and
gender specific norms obtained in a large sample of
healthy Swiss subjects [15]. Further methodological
details are described elsewhere [16, 17].

Magnetic resonance imaging

MRI-data were obtained at the German Cancer
Research Center with a 1.5-T Magnetom Symphony
MR scanner (Siemens Medical Solutions, Erlangen,
Germany). To exclude secondary causes of dementia
and ischemic changes a 2D T2-weighted Fast-
Spin Echo (TR = 4500 ms, TE = 90 ms) sequence was
performed in axial orientation. For structural anal-
ysis, a T1-weighted 3D magnetization prepared
rapid gradient echo (MP-RAGE) sequence was per-
formed with the following parameters: 126 coronar
slices, image matrix = 256 × 256, voxel size = 0.98 mm
× 0.98 mm × 331.8 mm, TR = 10 msec, TE = 4 msec.

Voxel based morphometry

The optimized VBM protocol proposed by Good and
colleagues [18] was applied for the preprocessing of
imaging data. This method minimizes the probability
of misclassifications within the tissue segmentation by
the introduction of additional preprocessing steps prior
to normalization and subsequent segmentation.

Statistical analysis

SPSS for Windows version 14 was used for statis-
tical analysis; p-values less than 0.05 were considered
significant. Analyses of variance with post hoc Dun-
can’s tests were calculated in order to compare the
demographic and clinical data between the diagnos-
tic groups. The gender distribution was analyzed by
the �2-test.

Using the general linear approach as implemented
in the statistical parametric mapping program SPM2
(http://www.fil.ion.ucl.ac.uk/spm), diagnostic groups
were compared for significant gray matter differences.
Subsequently, neuropsychological test performance
was correlated with gray matter density values. This
was done across all three diagnostic groups, since MCI
forms a continuum between healthy aging and mild AD
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Regional correlations between local gray matter
density and cognitive performance were assessed by
a voxel-wise regression analysis containing the results
of each individual (z-values of CERAD subtests,
respectively) as explanatory variables. T-maps were
thresholded for a significance level of p < 0.001 uncor-
rected and a spatial extend of 200 voxels. Finally, these
t-maps were masked with the above mentioned mask
images to exclude all voxels with a gray matter density
distribution significantly correlated with the variables
of no interest. In a second – and statistically more strin-
gent – step, we repeated the aforementioned analysis
by applying a family-wise error correction for multiple
comparisons over the whole brain (p < 0.05).

RESULTS

Demographic and clinical data

The clinical characteristics of the diagnostic groups
are reported in Table 1. As expected, MMSE scores dif-
fered significantly between the three groups while no
significant differences arose with respect to age, gen-
der, and education, respectively. Similarly, all CERAD
subtests showed significant differences with the MCI
patients taking an intermediate position between AD
patients and controls (Table 1, Fig. 1). The largest
differences were obtained for the CERAD subtests
‘delayed recall’, ‘recognition’, and ‘constructional
praxis recall’, respectively.

Morphometric between-group comparisons

When compared with healthy controls, patients with
MCI showed significant gray matter changes in the
gyri temporalis medius and superior bilaterally, the
right insula, left gyrus temporalis superior, left ante-
rior cingulate gyrus, and the left cerebellum. Patients
with AD demonstrated significant lower gray matter
density values in the right gyrus temporalis inferior
and medius, right gyrus precentralis, right cingulate
gyrus, left entorhinal cortex, and left gyrus temporalis
superior than the MCI patients. When contrasted with
the healthy controls, the AD patients were character-
ized by significantly lower gray matter density values
in the right thalamus and cuneus, right gyrus frontalis
superior and inferior, left hippocampus and left gyrus
fusiformis extending to the left gyrus temporalis infe-
rior (Table 2, Fig. 2).

Neuropsychological performance and gray
matter density

Impaired performance in the CERAD subtest ‘ver-
bal fluency’ was correlated with reduced gray matter
density values in the left dorsolateral prefrontal cortex
(including Brodmann area 44), gyrus temporalis supe-
rior, and right thalamus, while performance deficits
in the naming subtest referred to reductions in the
left – and to a lesser extent – right temporal cortex
including the hippocampus (bilaterally). Deficits in
the CERAD subtests ‘immediate recall’ and ‘delayed
recall’ referred to left – and to a somewhat lesser

Table 1
Subject demographics, clinical and neuropsychological characteristics

Variable Controls (1) MCI (2) AD (3) F df p Duncan
(n = 32) (n = 60) (n = 34) test (5%)

Sex 17 F/15 M 34 F/26 M 23 F/11 M 1.636a 2 0.44 n.a.
Age, years 68.69 ± 7.36 70.33 ± 6.32 70.32 ± 5.73 0.775 2,123 0.46 1 = 2 = 3
Education, years 10.15 ± 2.04 9.40 ± 1.59 9.35 ± 1.66 6.049a 2 0.42 n.a
GDeteriorationSb 1.13 ± 0.33 3.00 ± 0.00 3.06 ± 0.23 981.733 2,123 <0.001 1 > 2>3
CDRc 0.00 ± 0.00 0.50 ± 0.00 0.82 ± 0.24 359.918 2,123 <0.001 1 > 2>3
GDepressionSd 2.75 ± 0.95 2.88 ± 0.69 2.62 ± 0.95 1.116 2,123 0.033 1 = 2 = 3
MMSEe 29.22 ± 0.792 26.38 ± 1.78 21.41 ± 2.176 177.285 2,123 <0.001 1 > 2>3
Verbal fluencye 0.57 ± 0.96 –0.58 ± 1.13 –1.44 ± 0.77 30.38 2,123 <0.001 1 > 2>3
BNTe 0.41 ± 0.76 –0.81 ± 1.55 –1.95 ± 2.53 15.17 2,123 <0.001 1 > 2>3
WL immediate recalle 0.16 ± 0.90 –1.67 ± 1.36 –3.59 ± 2.40 43.79 2,123 <0.001 1 > 2>3
WL delayed recalle 0.24 ± 0.88 –1.57 ± 1.37 –3.37 ± 1.58 82.66 2,123 <0.001 1 > 2>3
WL recognitione 0.33 ± 0.43 –1.85 ± 2.81 –5.80 ± 3.56 44.94 2,123 <0.001 1 > 2>3
CPe 0.16 ± 1.47 –0.35 ± 1.49 –1.47 ± 2.02 8.78 2,123 <0.001 1 = 2 > 3
CP recalle 0.57 ± 1.36 –0.96 ± 1.65 –3.50 ± 1.40 47.58 2,123 <0.001 1 > 2 > 3

MCI = Mild cognitive impairment, AD = Alzheimer’s disease; df = degrees of freedom; aPearsons-�2-test; n.a.not applicable; bGlobal Deterio-
ration Scale, cClinical Dementia Rating, dGeriatric Depression Scale, eCERAD test battery (mean z-scores except for MMSE); MMSE = Mini
Mental State Examination; BNT = Boston Naming Test; WL = word list; CP = constructional praxis
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Fig. 1. CERAD-subtest performance in healthy controls, subjects
with MCI and patients with AD.

extend – right temporal lobe changes including the hip-
pocampus, those in the subtest ‘recognition’ to gray
matter reductions in the left hippocampus and dorso-

lateral prefrontal cortex (bihemispheric), respectively.
A reduced performance in the subtest ‘constructional
praxis’ involved changes in the temporal cortices (pre-
dominantly on the left hemisphere), the thalamus and
the cerebellum, while deficits in the subtest ‘construc-
tional praxis recall’ were correlated with changes of
temporal lobes and mediofrontal cortices predomi-
nantly in the left hemisphere (Table 3, Fig. 3).

Subsequently, the respective analyses were repeated
for each diagnostic group separately. Each of these
analyses yielded – though at lower significance lev-
els – similar findings as obtained in the whole group
(data not shown).

DISCUSSION

The aim of the present study was to examine the
relationship between cerebral morphological changes
and cognitive deficits as determined by the CERAD

Table 2
Anatomical structures showing significant differences in gray matter density between the three groups

Comparison Anatomical structure Cluster size (voxels) T-value Peak coordinates (x,y,z)

HC > AD Left hippocampus 327921 (87511) 8.46 –29, –13, –18
Left gyrus fusiformis extending to gyrus temporalis inferior 58041 (2101) 7.74 –33, –13, –38
Right thalamus 2237 (1360) 5.81 8, –16, 0
Right gyrus frontalis inferior 289 (277) 5.43 41, 9, 33

HC > MCI Right gyrus temporalis medius extending to insula 128667 (552) 5.67 42, –7, –8
Left gyrus temporalis superior 708 (124) 5.50 –26, 12, –44

MCI > AD Left entorhinal cortex 5912 5.72 –27, –14, –33
Right gyrus temporalis inferior 444 4.98 29, –13, –34
Right amygdala 311 4.77 22, –2, –15
Left gyrus temporalis medius 251 4.75 –50, –9, –15

Height threshold p < 0.001 uncorrected; extent threshold = 100 voxels. Regions surviving p < 0.05 FWE-correction and corresponding cluster
sizes in bold.

Fig. 2. Brain regions showing significant gray matter differences between the three study groups.
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Table 3
Significant associations between gray matter density and cognitive performance

Test Anatomical structure Cluster size T-value Peak coordinates
(voxel) (x,y,z)

Verbal Left thalamus 1515 5.93 –12, –30, 3
Fluency Left insula 3146 5.36 –41, –5, 8

Left gyrus parahippocampalis 469 5.11 –22, 3, –17
Left gyrus frontalis inferior 217 5.08 –54, 13, 16
Left gyrus temporalis superior 908 5.07 –53, 13, 16
Left gyrus parahippocampalis 211 4.92 –27, –13, –36
Right thalamus 246 4.91 13, –29, 3
Left hippocampus 477 4.69 –27, –11, –16

Boston naming test Left gyrus inferior temporal 11449 6.42 –29, –10, –40
extending to gyrus parahippocampalis

Left hippocampus 314 4.74 –27, –35, –6
Word list immediate recall Right hippocampus 197794 7.59 21, –5, –14

Right thalamus 1769 6.62 11, –28, 2
Left gyrus middle frontalis 4194 5.67 –45, 35, 20
Left precuneus 985 5.50 –10, –70, 26
Right gyrus middle frontalis 573 5.45 30, 33, 43
Right gyrus superior frontalis 883 5.04 28, 52, 28
Right gyrus middle frontalis 242 4.81 39, 12, 51
Right posterior cingulate gyrus 1468 4.69 5, –48, 29

Word list delayed recall Left gyrus parahippocampalis 100362 8.62 –21, 1, –15
Right gyurs parahippocampalis 67074 8.25 22, –4, –14
Left gyrus middle frontalis 6295 6.24 –45, 35, 20
Right gyrus superior frontalis 2784 6.17 35, 52, 22
Left anterior cingulate gyrus 621 5.84 –8, 15, 38
Right thalamus 1580 5.78 13, –28, –2
Left posterior cingulate gyrus 685 5.30 –1, –33, 30
Left cerebellum 4080 5.28 –45, –62, –45

Word list recognition Left hippocampus 7001 6.03 –30, –34, –6
Right precentral gyrus 937 5.69 45, 19, 7
Left gyrus superior temporal 1232 5.47 –56, 0, 2
Right gyrus parahippocampalis 1887 5.62 25, 3, –23
Right gyrus middle frontalis 640 5.27 49, –55, 10
Right gyrus fusiformis 229 5.20 44, –27, –25
Left gyrus inferior frontalis 308 5.05 –49, 10, 21
Left gyrus middle temporalis 410 4.95 –48, –55, 11
Right gyrus inferior temporali 218 4.65 59, –24, –22
Right gyrus supramarginalis 376 4.57 58, –45, 24

Constructional praxis Left thalamus 742 5.00 –11, –22, 12
Left cerebellum 381 4.94 –13, –82, –45

Constructional praxis recall Left hippocampus 9721 7.30 –24, –38, –2
Right gyrus inferior temporalis 3320 5.61 45, –15, –31
Left gyrus middle temporalis 2480 5.86 –54, –27, –13
Left gyrus middle temporalis 517 5.54 –67, –40, –4
Right gyrus parahippocampalis 1318 5.38 20, –4, –15
Left insula 1460 5.28 –40, 11, 0
Right gyrus parahippocampalis 263 5.15 30, –37, –10

Height threshold p < 0.05, FWE-corrected; extent threshold = 100 voxels.

neuropsychological test battery in a large group of
patients with MCI and with AD and otherwise healthy
elderly controls. Patients were recruited among typical
memory clinic referrals and carefully matched for age,
gender and educational levels; the pattern of cogni-
tive deficits is similar to that previously observed in an
independent sample [16]. We analyzed high-resolution
MRI datasets by using optimized VBM which enabled

us to account for potential changes in gray matter den-
sity throughout the entire brain.

Observed between group structural changes were
generally in line with previous findings in that AD
patients and – to a lower extent – individuals with
MCI were characterized by atrophic processes pre-
dominantly in temporal lobe regions when compared
with healthy control subjects [19–21].
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Fig. 3. Brain regions showing significant correlation between gray matter density and CERAD-subtest performance in controls, MCI and AD.
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The association found between reduced verbal flu-
ency and reduced gray matter values in the left
prefrontal and superior temporal cortices is supported
by the results of two previous MRI studies which used
manual segmentation [22, 23]. A recent study which
applied a surface-based computational anatomy tech-
nique in 19 patients with mild AD and 5 MCI patients
found deficits in a verbal fluency task to be signifi-
cantly correlated with predominantly left hemispheric
changes which involved the frontal (including Broca’s
are), parietal and temporal cortices [24]. The seman-
tic verbal fluency task was similar to that used in the
present study. Significant associations between deficits
in verbal fluency and left frontal cortex changes were
also reported in FDG-PET studies [9, 25, 26] and
point towards the functional relevance of the respective
sites including Broca’s region for word generation and
speech.

Deficits in the naming subtest referred to changes
in the temporal lobes including the hippocampi which
predominantly involved the left hemisphere. An asso-
ciation of deficits in naming and left temporal atrophy
was also reported in a previous study of our group
which evaluated the MRI obtained in 50 patients from
all stages of AD by using manual segmentation [23].
The aforementioned MRI study using surface analy-
sis [24] found both temporal cortices to be involved
in naming deficits although a marked lateralization of
findings to the left hemisphere was also evident. These
discrepancies are likely to be accounted for by method-
ological differences, in particular the restrictions to
preselected and often rather large cerebral structures
inherent to manual segmentation. In addition, the stage
of disease has to be considered as another important
factor since AD also involves compensatory mecha-
nisms, such as dedifferentiation of neural functioning
with contralateral sites supporting tasks which were
primarily served by lateralized sites [27]. Actually,
patients investigated here and by Apostolova and col-
leagues were in the early or even preclinical phases of
AD, while the sample of our previous study also com-
prised patients in more advanced stages. Similarly, a
recent FDG-PET study which involved 30 patients in
all stages of AD identified the left temporal posterior
cortex as an important site for naming deficits [9].

Deficits in immediate recall corresponded to
changes in the temporal lobes including their medial
substructures. Changes involved both hemispheres
although they were predominantly associated with the
left side. An association between verbal memory and
hippocampal integrity was reported in one of the early

pioneer studies which investigated the hippocampus
in 20 patients with mild to moderate AD by using
manual segmentation [28]. More recently, immediate
recall of a word list was found to be significantly cor-
related with left entorhinal changes in 18 patients with
moderate AD by using optimized VBM [29]. A cor-
relation between deficits to immediately recall a story
and a decreased glucose uptake in the temporal cortices
was described in a sample of 19 patients with mild-to-
moderate AD [25], while Teipel and colleagues [9]
found associations rather lateralized in the left pre-
frontal and temporal cortices.

Failures in delayed recall were related to bihemi-
spheric atrophic changes in both temporal lobes which
extended to the medial frontal, occipital and pari-
etal cortices. In contrast, the aforementioned study
solely reported significant correlations for left pre-
frontal and temporal cortices [9]. It is generally
accepted that episodic memory should not be con-
ceptualized as reflecting a unitary or highly localized
process but, rather, as involving different stages and
brain regions [30, 31]. Within declarative memory
two critical processes (encoding vs. retrieval) and
two major branches (episodic vs. semantic) are dif-
ferentiated. The cerebral circuitries underlying these
aspects of declarative memory functioning are only
partly understood. According to the model of “hemi-
spheric encoding/retrieval asymmetry” [32], left and
right frontal cortical areas are differentially involved
in encoding into episodic memory and retrieval of
information from episodic memory, respectively. This
hemispheric asymmetry model is generally consis-
tent with PET studies [32–34] in healthy subjects that
revealed an activation of right prefrontal and tempo-
ral areas in episodic memory retrieval. Actually in
AD, reported correlations between regional callosal
atrophy and severity of dementia [35, 36] support the
assumption that interhemispheric cortico-cortical dis-
connection may contribute to the dementia syndrome.

Functional neuroimaging studies indicate that the
lateralization of prefrontal cortex activations tends
to be reduced by aging, a finding which was con-
ceptualized in terms of a model called Hemispheric
Asymmetry Reduction in Old Adults, or HAROLD
[37]. While the HAROLD model was supported by
functional neuroimaging studies in a variety of cogni-
tive domains, including episodic memory retrieval, up
to now it was not related to structural changes. How-
ever, it is generally accepted that recovery of function
after unilateral brain damage frequently involves the
recruitment of the unaffected hemisphere. In healthy
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aging and in MCI, increased bilaterality could help
counteract deficits in a compensatory effort. This sup-
position is corroborated by the association of deficits in
immediate and delayed recall with bihemispheric pre-
frontal and temporal changes as demonstrated in the
present study. According to the compensation hypothe-
sis one may expect hemispheric asymmetry reductions
to be greater for difficult than for easier tasks. This
hypothesis corresponds to our finding of a more later-
alized pattern of structural changes.

An impairment of constructional praxis was related
to reduced thalamic and cerebellar gray matter
densities. From a neuroanatomical standpoint, this
association seems plausible since these regions are
known to be crucial for both visuospatial and fine
motor skills [38, 39]. In contrast, the recall of geomet-
ric figures was significantly associated with structural
alterations in regions typically involved in memory
functioning, namely the hippocampus, the parahip-
pocampal gyrus, the insula, and the inferior and middle
temporal gyrus, respectively.

Age, gender and educational level had to be consid-
ered as potential confounding factors. However, the
correlations obtained between test performance and
density reductions in MRI were corrected for these
variables. The term “MCI” was originally introduced
by Flicker and colleagues to describe a syndrome in
the elderly with impairments in recent and remote
memory, language function, concept formation and
visuospatial praxis which tended to deteriorate at
follow-up [40]. Similarly, AACD criteria consider
deficits in five important cognitive domains. AACD
criteria were developed by a working party of the
International Psychogeriatric Association in 1994 and
compare with the revised MCI criteria proposed by
Winblad and colleagues in 2004 [41]. Recent epidemi-
ological and clinical studies confirm the reliability and
prognostic validity of the AACD criteria [14, 16, 21]
and indicate that “broad” definitions of MCI may
provide better psychometric properties than narrowly
defined criteria.

In conclusion, we found impaired cognitive perfor-
mance as assessed with the CERAD test battery to
be associated with reduced gray matter densities in
a variety of cerebral sites, likely reflecting the fact
that cognitive impairment in AD and in its presumable
precursor MCI is not simple related to degenerative
processes in a few distinct brain regions. The respec-
tive associations are generally in line with findings of
previous functional imaging studies in both healthy
individual and patients with cognitive impairment and

can also facilitate the interpretation of neuropsycho-
logical and MRI findings in clinical practise. However,
for the interpretation of the present results it is impor-
tant to bear in mind that we related cerebral-structural
to individual-cognitive data and hence, drawing brain-
functional conclusions is somewhat speculative. To
overcome these limitations, future studies might com-
bine neuropsychological, brain structural and brain
functional assessments in order to elucidate how they
specifically relate to each other.
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Abstract. Alzheimer’s disease (AD) can be difficult to differentiate clinically from other forms of dementia, such as frontotem-
poral lobar degeneration (FTLD), due to overlapping symptoms. Research studies often base their diagnostic inclusion criteria
on clinical rather than pathological data which may mean some subjects are misdiagnosed and misclassified. Recently, methods
measuring cortical thickness using magnetic resonance imaging (MRI) have been suggested to be effective in differentiating
between clinically-defined AD and frontotemporal dementia (FTD) in addition to showing disease-related patterns of atrophy.
In this study, cortical thickness was measured in 28 pathologically-confirmed AD patients, of which 11 had a typical amnestic
presentation and 17 an atypical presentation during life, 23 pathologically-confirmed FTLD subjects, and 25 healthy controls.
Patients with AD pathology, irrespective of clinical diagnosis, showed reduced cortical thickness bilaterally in the medial tem-
poral lobe, posterior cingulate gyrus, precuneus, posterior parietal lobe, and frontal pole compared with controls. Lower cortical
thickness in the posterior cingulate gyrus, parietal lobe and frontal pole was shown to be suggestive of AD pathology in patients
with behavioural or language deficits. In contrast, lower cortical thickness in the anterior temporal lobe and frontal lobe is
indicative of the presence of FTLD pathology in patients with a clinical presentation of FTD. Reduced cortical thickness in the
posterior cingulate gyrus is characteristic of AD pathology in patients with typical and atypical clinical presentations of AD,
and may assist a clinical distinction of AD pathology from FTLD pathology.

Keywords: Alzheimer’s disease, cortical thickness, pathology, magnetic resonance imaging, FreeSurfer, Frontotemporal lobar
degeneration

INTRODUCTION

Alzheimer’s disease (AD) is characterised by the
presence of extracellular amyloid plaques and intra-
neuronal neurofibrillary tangles [1]. One of the effects
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Queen Square, London WC1N 3BG, UK. Tel.: +44 207 837 3611;
Fax: +44 207 676 2066; E-mail: lehmann@drc.ion.ucl.ac.uk.

of this pathology is tissue loss or atrophy which is
initially localised to temporal lobes and subsequently
spreads to the cortex. Such macroscopic atrophy can be
visualised using magnetic resonance imaging (MRI).
There are now a large number of studies demonstrating
reduced volumes of various structures of the temporal
lobe including hippocampus, entorhinal cortex, amyg-
dala and parahippocampus [2, 3], as well as cingulate
gyrus [4] and whole brain [5]. Furthermore, volume
loss is reflected in expansion of the lateral ventricles in
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individuals with AD compared with healthy controls
[5].

Typically, patients with AD pathology present
with memory deficits which gradually progress to
involve multiple cognitive domains [6]. However, an
increasing number of studies stress the importance
of ‘atypical’ forms of AD, i.e. dementia in which
the underlying pathology is AD, but in which mem-
ory is not the primary deficit [7]. Some patients
with AD pathology may present with visuospatial
and visuoperceptual problems and are diagnosed with
posterior cortical atrophy (PCA) [8]; whilst others
present with marked behavioural features (so called
‘frontal-variant AD’) [9]; yet others have a predomi-
nantly language presentation which often has features
of logopenic progressive aphasia (LPA) [10]. These
atypical behavioural and language presentations of AD
can be difficult to distinguish from patients with Fron-
totemporal lobar degeneration (FTLD) pathology.

FTLD, although less prevalent overall, is almost
as common as AD in patients under the age of 65
years [11, 12]. It is characterized by the presence
of non-AD histopathology, most commonly either
tau-positive inclusions or ubiquitin-positive, TDP-
43-positive inclusions [13]. Clinically, patients with
underlying AD and FTLD pathology may present
with overlapping symptoms. Patients with underlying
FTLD pathology may also present with a range of
different clinical symptoms. The clinical heterogene-
ity of FTLD is enshrined in diagnostic criteria which
explicitly describe different clinical subtypes or vari-
ants. Three main clinical syndromes are distinguished:
behavioural variant frontotemporal dementia (bvFTD),
semantic dementia (SD), and progressive non-fluent
aphasia (PNFA); the latter two are often referred to as
primary progressive aphasia (PPA) [14].

Recent work has included the assessment of cor-
tical thickness as a marker of degenerative disease.
Automated in vivo techniques have been developed
to estimate cortical thickness on MRI [15–18]. These
methods aim to identify differences in the width of
the cortical grey matter on the surface of the brain
and, unlike the relatively laborious region-of-interest
approach, they have the advantage of being more auto-
mated, improving reproducibility and greatly reducing
operator time. Vertex-wise statistical analysis allows
one to derive local patterns of significant atrophy with-
out requiring hypothesized regions of interest [19]. A
number of studies have shown a reduction in corti-
cal thickness in individuals with AD compared with
controls [16, 18], as well as in mild cognitive impair-

ment (MCI) subjects [20]. A study conducted by Du et
al. showed cortical thinning in bilateral frontal, pari-
etal, temporal and occipital regions in AD patients
compared with controls, and thinner cortex in bilat-
eral frontal and temporal regions in behavioural variant
FTLD patients [21].

These patterns of atrophy may aid diagnosis – in vivo
an atrophy ‘signature’ in life may predict the underly-
ing pathology [22]. In many research studies, however,
autopsy confirmation is lacking and ‘clinically diag-
nosed’ patients are included. Clinical prediction of
histopathology is inevitably imperfect; more impor-
tantly there is a risk of circularity. Clinically diagnosed
subjects reflect ‘typical’ presentations of these diseases
as the purpose of clinical criteria is to describe the most
typical presentations to reduce misdiagnosis. Further-
more, future disease-modifying treatments are likely to
target specific pathologies. It is therefore important to
understand atrophy patterns associated with different
pathologies rather than clinical phenotypes.

We investigated atrophy patterns in patients with
pathological confirmation including atypical and typ-
ical clinical presentations of AD and FTLD. We
wished to incorporate non-amnestic presentations of
AD including language and behavioural presentations
which are more likely to overlap with FTLD in terms
of atrophy. The aim of this study was to assess the
commonality of cortical thickness patterns between
patients with AD pathology who presented with either
typical amnestic deficits or atypical non-amnestic
deficits during life. We further investigated patients
clinically diagnosed as FTD to assess whether there
were differences in cortical atrophy patterns between
those who were subsequently found to have AD pathol-
ogy and those with FTLD pathology.

MATERIALS AND METHODS

Subjects

We initially selected 62 patients from a database
of pathologically-confirmed cases: 32 individuals with
a pathological diagnosis of AD and 30 subjects with
pathologically-confirmed FTLD who had undergone
volumetric MR imaging as part of their diagnostic
work-up. Twenty-five healthy controls that had under-
gone MRI assessment were also included. After image
processing, 11 subjects were excluded (see below).
The study therefore included 28 AD patients, 23 with
FTLD, and 25 controls: the demographics of the 76
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Table 1
Subject demographics

N Gender†NS Age in years MMSE at Disease duration Time to death Scanner
at scan± NS scan±∗¥ at scan ±NS from scan± NS†

% male mean (SD) mean (SD) mean (SD) mean (SD) a b c d

Controls 25 68% 64.2 (9.4) 29.3 (0.9) – – 6 15 0 4
Typical AD 11 73% 68.0 (10.5) 14.4 (7.0) 3.6 (2.3) 3.8 (2.7) 4 7 0 0
Atypical AD 17 53% 59.2 (6.5) 17.7 (6.9) 3.7 (1.5) 4.7 (1.7) 0 14 3 0

PPA 9 67% 58.6 (6.9) 16.6 (7.1) 3.8 (1.2) 3.5 (1.3) 0 7 2 0
PCA 6 33% 60.2 (7.5) 22.2 (4.3) 3.4 (2.2) 6.0 (0.9) 0 5 1 0
bvFTD 2 50% 59.0 (1.4) 9.5 (0.7) 4.4 (1.0) 6.6 0 2 0 0

FTLD 23 57% 62.5 (10.1) 23.4 (5.6) 4.3 (2.1) 6.0 (3.4) 0 18 2 3
SD 11 55% 65.9 (6.0) 22.2 (5.6) 4.3 (2.4) 8.0 (3.0) 0 7 1 3
bvFTD 8 50% 58.3 (14.2) 22.7 (5.1) 4.3 (2.3) 3.6 (2.3) 0 7 1 0
PNFA 4 75% 62.8 (6.9) 27.7 (1.2) 4.4 (0.7) 4.0 (2.6) 0 4 0 0

† Fisher’s Exact test;±ANOVA; ∗p < 0.001; †available in 10 typical AD; 13 atypical AD (7PPA, 5 PCA, 1 bvFTD); 21 FTLD (11SD, 7 bvFTD,
3 bvFTD); ¥available in 12 controls; all typical and atypical AD; 20 FTLD (10 SD, 7 bvFTD, 3 PNFA); a, b, c, d – different 1.5 T GE scanners;
NS – not significant.

subjects included are summarized in Table 1. All clin-
ically affected subjects had attended the Specialist
Cognitive Disorders Clinic at the National Hospital for
Neurology and Neurosurgery, London, UK. Informed
consent was obtained from all subjects and the study
had local ethics committee approval. Some of these
patients have been included in previous imaging stud-
ies [23–25]. All patients underwent comprehensive
clinical assessment which included the Mini-Mental

State Examination (MMSE) [26]. We excluded sub-
jects with mixed AD and dementia with Lewy body
pathology.

Pathologically-confirmed AD subjects were divided
into ‘typical’ and ‘atypical’ AD patients based on their
clinical ante-mortem presentation. Typical AD patients
were defined as those who presented with amnestic
deficits during life, whereas atypical patients presented
predominantly with language, behavioural or visuop-

Fig. 1. Overview groups and comparisons. Comparison 1 assessed differences in cortical thickness between patients with underlying AD
pathology but different clinical presentations (‘typical’ amnestic vs. ‘atypical’ non-amnestic), whereas comparison 2 assessed differences in
cortical thickness between patients with a clinic presentation of FTD but different underlying pathologies, i.e. AD pathology (AD-FTD) vs.
FTLD pathology (FTD). PPA – primary progressive aphasia; LPA – logopenic progressive aphasia; PCA – posterior cortical atrophy; SD –
semantic dementia; PNFA – progressive non-fluent aphasia; bvFTD – behavioural variant frontotemporal dementia.
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erceptual and visuospatial deficits (Fig. 1). Of the 11
typical AD subjects, 10 had post-mortem and 1 had
brain biopsy confirmation. All of these AD patients
had been diagnosed ante-mortem with AD according to
NINCDS-ADRDA criteria [6]. Of the 17 atypical AD
subjects, 12 had post-mortem confirmation and 5 had
biopsy confirmation. This group consisted of 9 patients
who had a clinical diagnosis of PPA, 6 patients with
PCA, and 2 patients with bvFTD. The 11 patients with
PPA and bvFTD are collectively referred to as AD-
FTD (see Fig. 1). Of the 23 pathologically-confirmed
FTLD subjects, 20 had post-mortem confirmation and
3 had brain biopsy. The FTLD group comprised 10
tau-positive patients (5 bvFTD, 4 PNFA, 1 atypical
SD) and 13 tau-negative, ubiquitin-positive patients
(10 SD and 3 bvFTD). All FTLD subjects had been
clinically-diagnosed with FTD [14].

MRI acquisition

T1-weighted volumetric MR scans were performed
on 1.5 Tesla Signa units (General Electric, Milwau-
kee) using a volumetric spoiled gradient recalled
(SPGR) sequence with 1.5 mm thick slices covering
the head (except one FTLD subject with 1.7 mm thick
slices).

Image processing

Cortical thickness measurements were made using
the freely-available software FreeSurfer, version 4.0.3.
(http://surfer.nmr.mgh.harvard.edu/). The detailed pro-
cedure for the surface construction has been described
and validated in previous publications [15, 27]. Corti-
cal thickness was smoothed with a 20 mm full-width at
half height Gaussian kernel to reduce local variations
in the measurements for further analysis. Two modi-
fications to the standard FreeSurfer processing stream
were undertaken: a locally-generated brain mask was
used for skull stripping and FreeSurfer ventricular seg-
mentations were added to the white matter mask to
improve cortical segmentation [28].

All images were visually inspected and on aver-
age edited and re-run three times as suggested
(http://surfer.nmr.mgh.harvard.edu/fswiki/FsTutorial/
TroubleshootingData). At this stage, as mentioned
above, four individuals with AD and seven with FTLD
were excluded due to poor image quality causing poor
segmentations.

Statistical analysis

Regional cortical thickness variations between the
patient groups and the control group were assessed
using a vertex-by-vertex general linear model (GLM),
performed with the SurfStat software (http://www.
stat.uchicago.edu/∼worsley/surfstat/). Cortical thick-
ness (C) was modelled as a function of group,
controlling for age, gender and scanner by their inclu-
sion as covariates. We used separate models for the two
comparisons of interest.

Comparison 1 assessed cortical thickness in typ-
ical and atypical AD, and was modelled C = �1
(controls) + �2 (typical AD) + �3 (atypical AD) + �4
age + �5 gender + �6 scanner + � (where � is error),
contrasting �1 vs. �2 (controls vs. typical AD), �1 vs.
�3 (controls vs. atypical AD), and �2 vs. �3 (typi-
cal AD vs. atypical AD; see Fig. 1). Contrasts were
calculated using two-tailed t-tests.

Comparison 2 assessed cortical thickness in AD-
FTD (including the clinically diagnosed PPA and
bvFTD patients with AD pathology) vs. FTLD, and
was modelled C = �1 (controls) + �2 (AD-FTD) + �3
(FTLD) + �4 age + �5 gender + �6 scanner + �, con-
trasting �1 vs. �2 (controls vs. AD-FTD), �1 vs. �3
(controls vs. FTLD), and �2 vs. �3 (AD-FTD vs.
FTLD, see Fig. 1). Maps were produced showing per-
centage differences in average cortical thickness and
statistically significant differences with false discov-
ery rate (FDR) correction at p < 0.05 [29]. Intersection
maps highlight regions which two patient groups com-
pared with controls had in common.

Support vector machine

A linear support vector machine (SVM) was used to
classify subjects [30, 31], implemented with LIBSVM
version 2.89 [32] under MATLAB (version 7.2.0). The
same scans as in the vertex-wise statistical compar-
isons described above were used for this analysis. The
comparison of interest was the classification of the
FTLD and AD-FTD groups (which relates to compar-
ison 2 described above, see Fig. 1), i.e. assessing how
well patients with a clinical diagnosis of FTD who
were subsequently found to have either AD or FTLD
pathology can be classified into their respective group.

Subjects were represented as points in an n-
dimensional space, where n = 299881 is the total
number of vertices in the cortical surface (including
left and right hemispheres, but excluding the medial
wall). SVMs identify an optimal separating hyperplane
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in this space such that subjects from each group lie
as far as possible from the hyperplane, on opposite
sides. Once the hyperplane has been defined scores can
be generated by projecting the points onto the normal
of the hyperplane; the direction of the normal can be
visualised as an image, showing the relative weights
and signs of vertices’ contributions to the classifier
scores. We use the C-SVM formulation, employing
a two-level nested cross-validation to optimize the
misclassification penalty parameter C using a leave-
one-out procedure within the main leave-one-out loop
[33]. This ensures an unbiased estimation of general-
isation accuracy by leaving each scan in turn entirely
out of the training procedure.

RESULTS

Subjects

No significant differences across groups were found
for gender, disease duration and time to death (Table 1).
Age difference across all groups was not significant,
however, the atypical AD group was significantly
younger than controls (p < 0.05). MMSE scores across
patient groups differed significantly (p < 0.05) which
was mainly driven by the high MMSE scores in the
FTLD group which differed from the typical and atyp-
ical AD groups (p < 0.001 and p < 0.01 respectively).

Comparison 1: typical vs. atypical AD

Compared with controls, typical AD showed lower
thickness across the cortex, with the most prominent

reduction bilaterally in the medial and posterior tem-
poral regions, posterior cingulate gyrus, and frontal
lobe regions (Fig. 2A). The atypical AD group showed
reduced cortical thickness bilaterally in the medial
temporal lobe, posterior cingulate gyrus, precuneus,
posterior parietal lobe, and frontal pole (Fig. 2B).
The intersection map shows areas of reduced corti-
cal thickness common to both typical and atypical
AD compared with controls (Fig. 2C) bilaterally in
the medial temporal lobe, posterior cingulate gyrus,
precuneus, posterior parietal lobe, and frontal pole.

The direct comparison of typical and atypical AD
showed lower cortical thickness predominantly in the
left posterior temporal lobe and left occipital lobe
in the typical AD group compared with atypical AD
(Fig. 3A). However, this difference was reduced when
including disease duration as covariate, and disap-
peared completely when correcting for MMSE. No
regions were found to be significantly thinner in
the atypical AD group compared with typical AD.
However, the percent difference maps indicate trends
towards lower cortical thickness bilaterally in the
precuneus and superior parietal lobe in the atypical
compared with typical AD group (Fig. 3B).

Comparison 2: AD-FTD vs. FTLD

Compared with controls, AD-FTD patients showed
lower cortical thickness in the left superior temporal
lobe, as well as bilaterally in the posterior cingulate
gyrus, precuneus, left posterior parietal lobe and bilat-
eral frontal pole (Fig. 4A). The FTLD group showed

Fig. 2. Reduced cortical thickness in typical and atypical AD compared with controls. The figure shows differences in cortical thickness
between A) typical AD and controls, and B) atypical AD and controls. The colour scale represents FDR-corrected p values thresholded at a
0.05 significance level. Red and yellow represent lower cortical thickness in the patient group, whereas blue represents lower cortical thickness
in the control group. C) Intersection map showing regional differences in cortical thickness between typical AD and controls, and atypical AD
and controls. Blue represents areas which are reduced in the typical AD group only, green represents regions which are reduced in atypical AD
only, and orange shows areas which are reduced in both typical and atypical AD compared with controls.
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Fig. 3. Differences in cortical thickness between typical and atypical AD. Differences in cortical thickness between typical and atypical AD are
shown as A) statistical difference map, and B) percent difference map. The colour scale of the statistical difference map represents FDR-corrected
p values thresholded at a 0.05 significance level whereas the colour bar for percent difference represents magnitude of cortical thickness group
difference expressed as a percentage of mean thickness across both groups (adjusted for age, gender and scanner). Red and yellow represent
lower cortical thickness in the typical AD group, whereas blue represents lower cortical thickness in the atypical AD group.

Fig. 4. Reduced cortical thickness in AD-FTD and FTLD compared with controls. Differences in cortical thickness are shown between A)
AD-FTD and controls, and B) FTLD and controls. The colour scale represents FDR-corrected p values thresholded at a 0.05 significance level.
Red and yellow represent lower cortical thickness in the patient group, whereas blue represents lower cortical thickness in the controls. C)
Intersection map showing regional differences in cortical thickness between AD-FTD and controls, and FTLD and controls. Blue represents
areas which are reduced in the AD-FTD group only, green represents regions which are reduced in FTLD only, and orange shows areas which
are reduced in both AD-FTD and FTLD compared with controls.

widespread thinning with the most prominent reduc-
tions found bilaterally in the anterior temporal lobe
(Fig. 4B). The intersection map reveals regions in
which both AD-FTD and FTLD show reduced corti-
cal thickness compared with controls which include
the bilateral posterior cingulate gyrus, left supe-
rior temporal lobe and left medial temporal lobe
(Fig. 4C).

Differences in cortical thickness between AD-FTD
and FTLD in a direct comparison did not reach sta-
tistical significance after FDR correction. However,
percent difference maps show tendencies of reduced
thickness bilaterally in the anterior temporal lobe
and frontal lobe regions in the FTLD group com-
pared with AD-FTD, whereas the AD-FTD group
showed lower cortical thickness in left posterior pari-
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Fig. 5. Differences in cortical thickness between AD-FTD and FTLD. A) Regional differences in cortical thickness between AD-FTD and
FTLD shown as percent difference map. The colour bar represents magnitude of cortical thickness group difference expressed as a percentage of
mean thickness of the two groups. Red and yellow represent lower cortical thickness in the FTLD group, whereas blue represents lower cortical
thickness in the AD-FTD group. B) Classification map showing regions that were most influential in making a classification between AD-FTD
and FTLD. Red represents areas where low cortical thickness indicates FTLD, whereas blue shows areas where lower cortical thickness indicates
AD-FTD.

etal regions, bilaterally in the precuneus, posterior
cingulate gyrus and frontal pole compared with FTLD
(Fig. 5A).

The classification analysis produced a classifica-
tion accuracy of 79.4% with 95% confidence intervals
[62.1%, 91.3%]. Of the AD-FTD patients 54.5%
[23.4%, 83.3%] were correctly classified (sensitivity),
whereas 91.3% [72.0%, 98.9%] of the FTLD patients
were correctly classified (specificity). The area under
the receiver operating characteristic (ROC) curve is
0.87 (Fig. 6). Areas in which reduced cortical thickness
contributed most to the classification of AD-FTD were
shown bilaterally in the posterior cingulate gyrus, pos-
terior parietal lobe, precuneus, medial temporal lobe,
and frontal pole (Fig. 5B). In contrast, regions which
contributed most towards a classification of FTLD
were shown bilaterally in frontal lobe regions and the
lateral temporal lobe.

DISCUSSION

This study describes patterns of cortical thinning
in pathologically-confirmed AD and FTLD patients.
Patients with AD pathology and a typical amnestic pre-
sentation during life showed reduced cortical thickness
bilaterally in the medial temporal lobe, posterior cin-

Fig. 6. ROC curve for comparison of AD-FTD vs. FTLD classifica-
tion. Shown is the tradeoff between sensitivity and specificity. The
receiver operating characteristic (ROC) curve is plotted by vary-
ing the decision threshold. The low sensitivity reported in the main
results arises from unbalanced group numbers, which allow high
accuracy from high specificity. The ROC curve shows that relatively
high sensitivity and specificity are simultaneously achievable if the
threshold is altered. AUC – area under the curve, acc – accuracy.

gulate gyrus, precuneus, posterior parietal regions, and
frontal lobe. The association of an amnestic presen-
tation of AD with medial temporal lobe atrophy was
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expected [2, 21, 34]. The finding of prominent thinning
in the posterior cingulate cortex and precuneus con-
curs with increasing recognition that atrophy as well
as hypometabolism in these regions is characteristic of
AD [24, 35]. However, frontal pole involvement was
less expected.

A similar pattern of cortical thinning, compared with
controls, was found in patients with AD pathology who
had a different ante-mortem clinical diagnosis; how-
ever, thinning was less widespread, perhaps reflecting
the mix of ‘focal’ presentations of AD in this group.
A direct comparison between the two patient groups
revealed greater loss in left posterior temporal lobe and
left occipital lobe in the typical AD group compared
with atypical AD. The fact that this difference is dimin-
ished after correcting for disease duration and MMSE
may suggest that these differences simply reflect sever-
ity differences. However, mean disease duration was
almost identical between groups. Disease progression
in typical and atypical forms of AD may vary which
means that disease duration is not a very accurate
marker of disease severity. MMSE is also an imperfect
indicator of disease severity in dementias with different
cognitive profiles, and the high mean MMSE in atypi-
cal AD subjects is largely driven by the PCA subjects
included.

The intersection analysis illustrates the common-
ality of cortical thinning in typical and atypical AD.
Cortical thickness was reduced in both the typical and
atypical AD groups, compared with controls, bilater-
ally in the medial temporal lobe, posterior cingulate
gyrus, precuneus, posterior parietal lobe and frontal
pole. Cortical thinning in these regions appears to
indicate the presence of AD pathology irrespective of
clinical presentation. Cortical thinning in the medial
temporal lobe in typical and atypical AD is consistent
with the presence of memory deficits at the time of scan
in both groups. Our general AD-specific findings are in
accordance with previous imaging studies which inves-
tigated differences in cortical thickness [18, 21] and
grey matter volume using voxel-based morphometry
[36, 37] in typical forms of AD.

A strong involvement of the posterior cingulate
gyrus in AD has been shown in a number of struc-
tural [4, 24, 36, 38] and functional imaging studies
[39]. Most functional imaging studies (PET, SPECT
and fMRI) have reported reduced activity in this region
in early stages of the disease [40–42]. The regions
showing reduced cortical thickness in pathologically-
confirmed AD patients in our study are consistent with
those associated with the ‘default mode’ network [43].

Our finding adds to the growing number of studies
suggesting that functional imaging findings are not as
dissociated from atrophy as was once thought; tempo-
ral associations, however, remain unclear [44].

The involvement of the frontal lobe in AD, and more
specifically of the prefrontal cortex and frontal pole,
remains controversial. A number of studies have shown
reduced cortical thickness [18, 21] and grey matter
volumes [36, 37, 45] in this region. However, a num-
ber of studies have failed to show involvement of any
frontal areas [for an overview see 46]. Our study with
the advantage of pathology confirmation does support
frontal pole atrophy in AD. There is always the the-
oretical possibility that this could be an artefact of
the analysis technique, however, after careful visual
inspection of this area in each subject we could not see
any signal drop off or any kind of fault in the FreeSurfer
surfaces which would explain reduced cortical thick-
ness in this region.

The second subject group comparison revealed that
patients with AD pathology and a clinical diagnosis of
FTD during life (either behavioural or language vari-
ant) had, despite their atypical presentation, a thinner
cortex in the medial temporal lobe, posterior parietal
regions, posterior cingulate gyrus and frontal pole than
patients with FTLD pathology. In contrast, patients
with FTLD pathology showed reduced cortical thick-
ness predominantly in anterior temporal and frontal
lobe regions. The highly significant reduction in the
anterior temporal lobe in the FTLD group is possibly
driven by the high proportion of semantic dementia
patients in this group who are known to have marked
atrophy in this region [38, 47, 48]. The patterns of corti-
cal thinning observed in the FTLD group are consistent
with previous histopathological and volumetric MRI
studies [46, 48–50].

Although differences in the direct comparison
between AD-FTD and FTLD did not reach statistical
significance, tendencies of cortical thinning as shown
in the percent difference maps are consistent with the
patterns observed in the control comparisons. Thinner
cortex in the posterior cingulate gyrus, parietal lobe
and frontal pole suggests the presence of AD pathol-
ogy, whereas cortical thinning in the anterior temporal
lobe and frontal lobe regions suggests the presence of
FTLD pathology. Our classification algorithm showed
that subjects could be correctly classified on the basis
of the MRI scans alone in 79% of cases despite hav-
ing had similar (FTD) clinical diagnoses in life. The
ROC curve illustrates that although the original sensi-
tivity is relatively low, this is probably driven by the
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imbalance in subject numbers between the two groups.
The high area under the curve reveals that the classifier
performs well, and a more favourable balance of sen-
sitivity and specificity could be obtained by altering
the threshold. The pattern of cortical thinning shown
to separate the two patient groups best was consistent
with that observed in the direct comparison between
AD-FTD and FTLD.

One strength of this study is that all AD and FTLD
cases had pathological confirmation. This is partic-
ularly important considering that accuracies for the
clinical diagnosis of AD can vary between 60-90% [51,
52]. Consequently, a number of individuals included in
studies of AD and FTLD will inevitably have a differ-
ent type of pathology. A post-mortem study further
revealed 30% of patients diagnosed with a language
subtype of FTLD (i.e. PNFA, SD) had AD pathology
[53]. It is noteworthy, however, that the inclusion of
only pathologically-confirmed cases inevitably limits
subject numbers, reducing the power to detect differ-
ences between disease groups. Pathology confirmation
was not obtained for the whole control group and it
may be that some controls had a neurological condi-
tion but were asymptomatic. This is, however, unlikely
and would only have reduced our ability to detect dif-
ferences.

Another limitation is the variety in image acquisi-
tion which has been shown to affect thickness measures
[54]. We therefore adjusted for scanner type in our sta-
tistical models. It should also be noted that there was
an imbalance in scanner type between groups, with
scanner A being present only in the control and typ-
ical AD group. However, excluding subjects imaged
using scanner A from the analysis gave very similar
results. Our groups were matched for disease duration,
but not for disease severity as measured by MMSE. As
expected, MMSE scores varied significantly between
individual groups owing to the weighting of questions
towards memory and orientation.

In summary, this study describes patterns of cortical
thickness in patients with AD pathology but different
clinical presentations. Common areas of lower cortical
thickness were found in patients with AD pathol-
ogy despite different clinical symptoms. These areas
included the medial temporal lobe, posterior cingulate
gyrus, precuneus, posterior parietal cortex and frontal
pole. In contrast, lower cortical thickness in the anterior
temporal lobe and frontal lobe regions is indicative of
the presence of FTLD pathology in patients with a clin-
ical presentation of FTD. Furthermore, patients with a
frontal presentation during life and AD pathology at

post-mortem show lower cortical thickness in poste-
rior regions than patients with FTLD pathology. These
findings suggest that atrophy not only in the medial
temporal lobe but also in the posterior cingulate gyrus
might be indicative of the presence of AD pathology
irrespective of clinical diagnosis. Assessing atrophy in
this and other posterior regions might therefore aid the
differential diagnosis between AD and FTLD.

ACKNOWLEDGMENTS

This work was undertaken at UCLH/UCL who
received a proportion of funding from the Depart-
ment of Health’s NIHR Biomedical Research Centres
funding scheme. The Dementia Research Centre is an
Alzheimer’s Research UK Co-ordinating Centre and
has also received equipment funded by the Alzheimer’s
Research UK. ML is supported by the Alzheimer’s
Society; NCF is supported by an MRC (UK) Senior
Clinical Fellowship and holds a National Institute for
Health Research (NIHR) senior investigator award;
JR is supported by a Brain Exit Scholarship; JB is
supported by an Alzheimer’s Research UK Research
Fellowship with the kind help of the Kirby Laing Foun-
dation; MC is supported by a TSB grant M1638A,
and RS is supported by the Cure Huntington’s Disease
Initiative.

REFERENCES

[1] Braak H, Braak E (1991) Neuropathological staging of
Alzheimer related changes. Acta Neuropathol 82(4), 239-259.

[2] Teipel SJ, Pruessner JC, Faltraco F, Born C, Rocha-Unold M,
Evans A, Moller HJ, Hampel H (2006) Comprehensive dis-
section of the medial temporal lobe in AD: measurement of
hippocampus, amygdala, entorhinal, perirhinal and parahip-
pocampal cortices using MRI. J Neurol 253(6), 794-800.

[3] Du AT, Schuff N, Kramer JH, Ganzer S, Zhu XP, Jagust WJ,
Miller BL, Reed BR, Mungas D, Yaffe K, Chui HC, Weiner
MW (2004) Higher atrophy rate of entorhinal cortex than
hippocampus in AD. Neurology 62(3), 422-427.

[4] Jones BF, Barnes J, Uylings HBM, Fox NC, Frost C, Wit-
ter MP, Scheltens P (2006) Differential regional atrophy of
the cingulate gyrus in Alzheimer disease: A volumetric MRI
study. Cereb Cortex 16(12), 1701-1708.

[5] Fox NC, Freeborough PA, Rossor MN (1996) Visualisation
and quantification of rates of atrophy in Alzheimer’s disease.
Lancet 348(9020), 94-97.

[6] McKhann G, Drachman D, Folstein M, Katzman R, Price
D, Stadlan EM (1984) Clinical diagnosis of Alzheimer’s dis-
ease: report of the NINCDS-ADRDA work group under the
auspices of Department of Health and Human Services Task
Force on Alzheimer’s disease. Neurology 34(7), 939-944.

[7] Galton CJ, Patterson K, Xuereb JH, Hodges JR (2000)
Atypical and typical presentations of Alzheimer’s disease: a



66 M. Lehmann et al. / Cortical Thickness in Typical and Atypical AD

clinical, neuropsychological, neuroimaging and pathological
study of 13 cases. Brain 123, 484-498.

[8] Benson F, Davis J, Snyder BD (1988) Posterior cortical atro-
phy. Arch Neurol 45, 789-793.

[9] Johnson JK, Head E, Kim R, Starr A, Cotman CW (1999)
Clinical and pathological evidence for a frontal variant of
Alzheimer disease. Arch Neurol 56(10), 1233-1239.

[10] Gorno-Tempini ML, Brambati SM, Ginex V, Ogar J, Dronkers
NF, Marcone A, Perani D, Garibotto V, Cappa SF, Miller
BL (2008) The logopenic/phonological variant of primary
progressive aphasia. Neurology 71(16), 1227-1234.

[11] Harvey RJ, Skelton-Robinson M, Rossor MN (2003) The
prevalence and causes of dementia in people under the age
of 65 years. J Neurol Neurosurg Psychiatry 74(9), 1206-
1209.

[12] Ratnavalli E, Brayne C, Dawson K, Hodges JR (2002) The
prevalence of frontotemporal dementia. Neurology 58(11),
1615-1621.

[13] Cairns NJ, Bigio EH, Mackenzie IR, Neumann M, Lee VM,
Hatanpaa KJ, White CL III, Schneider JA, Grinberg LT,
Halliday G, Duyckaerts C, Lowe JS, Holm IE, Tolnay M,
Okamoto K, Yokoo H, Murayama S, Woulfe J, Munoz DG,
Dickson DW, Ince PG, Trojanowski JQ, Mann DM (2007)
Neuropathologic diagnostic and nosologic criteria for fron-
totemporal lobar degeneration: consensus of the Consortium
for Frontotemporal Lobar Degeneration. Acta Neuropathol
114(1), 5-22.

[14] Neary D, Snowden JS, Gustafson L, Passant U, Stuss D, Black
S, Freedman M, Kertesz A, Robert PH, Albert M, Boone K,
Miller BL, Cummings J, Benson DF (1998) Frontotempo-
ral lobar degeneration – a consensus on clinical diagnostic
criteria. Neurology 51(6), 1546-1554.

[15] Fischl B, Sereno MI, Dale AM (1999) Cortical surface-based
analysis – II: Inflation, flattening, and a surface-based coor-
dinate system. Neuroimage 9(2), 195-207.

[16] Thompson PM, Mega MS, Woods RP, Zoumalan CI, Lind-
shield CJ, Blanton RE, Moussai J, Holmes CJ, Cummings
JL, Toga AW (2001) Cortical change in Alzheimer’s disease
detected with a disease-specific population-based brain atlas.
Cereb Cortex 11(1), 1-16.

[17] MacDonald D, Kabani N, Avis D, Evans AC (2000) Auto-
mated 3-D extraction of inner and outer surfaces of cerebral
cortex from MRI. Neuroimage 12(3), 340-356.

[18] Lerch JP, Pruessner JC, Zijdenbos A, Hampel H, Teipel
SJ, Evans AC (2005) Focal decline of cortical thickness
in Alzheimer’s disease identified by computational neu-
roanatomy. Cereb Cortex 15(7), 995-1001.

[19] Worsley KJ, Taylor JE, Carbonell F, Chung ML, Duerden
E, Bernhardt B, Lyttelton O, Boucher M, Evans AC (2009)
SurfStat: A Matlab toolbox for the statistical analysis of uni-
variate and multivariate surface and volumetric data using
linear mixed effects models and random field theory. Neu-
roimage 47(Supplementary 1), S102.

[20] Singh V, Chertkow H, Lerch JP, Evans AC, Dorr AE,
Kabani NJ (2006) Spatial patterns of cortical thinning in mild
cognitive impairment and Alzheimer’s disease. Brain 129,
2885-2893.

[21] Du AT, Schuff N, Kramer JH, Rosen HJ, Gorno-Tempini ML,
Rankin K, Miller BL, Weiner MW (2007) Different regional
patterns of cortical thinning in Alzheimer’s disease and fron-
totemporal dementia. Brain 130, 1159-1166.

[22] Likeman M, Anderson VM, Stevens JM, Waldman AD,
Godbolt AK, Frost C, Rossor MN, Fox NC (2005) Visual
assessment of atrophy on magnetic resonance imaging in the

diagnosis of pathologically confirmed young-onset demen-
tias. Arch Neurol 62(9), 1410-1415.

[23] Kloppel S, Stonnington CM, Chu C, Draganski B, Scahill RI,
Rohrer JD, Fox NC, Jack CR, Ashburner J, Frackowiak RS
(2008) Automatic classification of MR scans in Alzheimer’s
disease. Brain 131(Pt 3), 681-689.

[24] Barnes J, Godbolt AK, Frost C, Boyes RG, Jones BF, Scahill
RI, Rossor MN, Fox NC (2007) Atrophy rates of the cingulate
gyrus and hippocampus in AD and FTLD. Neurobiol Aging
28(1), 20-28.

[25] Rohrer JD, Warren JD, Modat M, Ridgway GR, Douiri A,
Rossor MN, Ourselin S, Fox NC (2009) Patterns of corti-
cal thinning in the language variants of frontotemporal lobar
degeneration. Neurology 72(18), 1562-1569.

[26] Folstein MF, Folstein SE, Mchugh PR (1975) Mini-mental
state – practical method for grading cognitive state of patients
for clinician. J Psychiatr Res 12(3), 189-198.

[27] Dale AM, Fischl B, Sereno MI (1999) Cortical surface-based
analysis – I. Segmentation and surface reconstruction. Neu-
roimage 9(2), 179-194.

[28] Lehmann M, Crutch SJ, Ridgway GR, Ridha BH, Barnes
J, Warrington EK, Rossor MN, Fox NC (2009) Cortical
thickness and voxel-based morphometry in posterior cortical
atrophy and typical Alzheimer’s disease. Neurobiol Aging, in
press, doi:10.1016/j.neurobiolaging.2009.08.017.

[29] Genovese CR, Lazar NA, Nichols T (2002) Thresholding of
statistical maps in functional neuroimaging using the false
discovery rate. Neuroimage 15(4), 870-878.

[30] Vapnik V (1995) The nature of statistical learning theory,
Springer, New York.

[31] Vapnik V (1998) Statistical learning theory, John Wiley and
Sons, New York.

[32] Chang CC, Lin CJ (2001) Training nu-support vector
classifiers: Theory and algorithms. Neural Comput 13(9),
2119-2147.

[33] Wilson SM, Ogar JM, Laluz V, Growdon M, Jang J, Glenn
S, Miller BL, Weiner MW, Gorno-Tempini ML (2009)
Automated MRI-based classification of primary progressive
aphasia variants. Neuroimage 47(4), 1558-1567.

[34] Ridha BH, Barnes J, Bartlett JW, Godbolt A, Pepple T, Rossor
MN, Fox NC (2006) Tracking atrophy progression in familial
Alzheimer’s disease: a serial MRI study. Lancet Neurol 5(10),
828-834.

[35] Nestor PJ, Caine D, Fryer TD, Clarke J, Hodges JR (2003) The
topography of metabolic deficits in posterior cortical atrophy
(the visual variant of Alzheimer’s disease) with FDG-PET. J
Neurol Neurosurg Psychiatry 74(11), 1521-1529.

[36] Baron JC, Chetelat G, Desgranges B, Perchey G, Landeau
B, De La Sayette V, Eustache F (2001) In vivo mapping
of gray matter loss with voxel-based morphometry in mild
Alzheimer’s disease. Neuroimage 14, 298-309.

[37] Busatto GE, Garrido GEJ, Almeida OP, Castro CC, Camargo
CHP, Cid CG, Buchpiguel CA, Furuie S, Bottino CM (2003) A
voxel-based morphometry study of temporal lobe gray matter
reductions in Alzheimer’s disease. Neurobiol Aging 24(2),
221-231.

[38] Boxer AL, Rankin KP, Miller BL, Schuff N, Weiner M,
Gorno-Tempini ML, Rosen HJ (2003) Cinguloparietal atro-
phy distinguishes Alzheimer disease from semantic dementia.
Arch Neurol 60(7), 949-956.

[39] Lustig C, Snyder AZ, Bhakta M, O’Brien KC, McAvoy M,
Raichle ME, Morris JC, Buckner RL (2003) Functional deac-
tivations: change with age and dementia of the Alzheimer
type. Proc Natl Acad Sci USA 100(24), 14504-14509.



M. Lehmann et al. / Cortical Thickness in Typical and Atypical AD 67

[40] Johnson KA, Jones K, Holman BL, Becker JA, Spiers
PA, Satlin A, Albert MS (1998) Preclinical prediction of
Alzheimer’s disease using SPECT. Neurology 50(6), 1563-
1571.

[41] Matsuda H (2001) Cerebral blood flow and metabolic abnor-
malities in Alzheimer’s disease. Ann Nucl Med 15(2), 85-92.

[42] Minoshima S, Giordani B, Berent S, Frey KA, Foster NL,
Kuhl DE (1997) Metabolic reduction in the posterior cingulate
cortex in very early Alzheimer’s disease. Ann Neurol 42(1),
85-94.

[43] Greicius MD, Srivastava G, Reiss AL, Menon V (2004)
Default-mode network activity distinguishes Alzheimer’s dis-
ease from healthy aging: evidence from functional MRI. Proc
Natl Acad Sci USA 101(13), 4637-4642.

[44] Villain N, Desgranges B, Viader F, De La Sayette V, Mezenge
F, Landeau B, Baron JC, Eustache F, Chetelat G (2008)
Relationships between hippocampal atrophy, white matter
disruption, and gray matter hypometabolism in Alzheimer’s
disease. J Neurosci 28(24), 6174-6181.

[45] Davatzikos C, Resnick SM, Wu X, Parmpi P, Clark CM
(2008) Individual patient diagnosis of AD and FTD via high-
dimensional pattern classification of MRI. Neuroimage 41(4),
1220-1227.

[46] Whitwell JL, Jack CR Jr. (2005) Comparisons between
Alzheimer disease, frontotemporal lobar degeneration, and
normal aging with brain mapping. Top Magn Reson Imaging
16, 409-425.

[47] Chan D, Fox N, Scahill R, Crum W, Whitwell J, Cipolotti
L, Rossor MN (2001) Patterns of temporal lobe atrophy in
semantic dementia and Alzheimer’s disease. J Neurol Neuro-
surg Psychiatry 70(2), 276.

[48] Rosen HJ, Gorno-Tempini ML, Goldman WP, Perry RJ,
Schuff N, Weiner M, Feiwell R, Kramer JH, Miller BL (2002)
Patterns of brain atrophy in frontotemporal dementia and
semantic dementia. Neurology 58(2), 198-208.

[49] Broe M, Hodges JR, Schofield E, Shepherd CE, Kril JJ,
Halliday GM (2003) Staging disease severity in pathologi-
cally confirmed cases of frontotemporal dementia. Neurology
60(6), 1005-1011.

[50] Grossman M, McMillan C, Moore P, Ding LJ, Glossner G,
Work M, Gee J (2004) What’s in a name: voxel-based morpho-
metric analyses of MRI and naming difficulty in Alzheimer’s
disease, frontotemporal dementia and corticobasal degenera-
tion. Brain 127, 628-649.

[51] Brayne C, Richardson K, Matthews FE, Fleming J, Hunter
S, Xuereb JH, Paykel E, Mukaetova-Ladinska EB, Huppert
FA, O’Sullivan A, Dening T (2009) Neuropathological cor-
relates of dementia in over-80-year-old brain donors from the
population-based Cambridge city over-75 s cohort (CC75C)
study. J Alzheimers Dis 18(3), 645-658.

[52] Jellinger KA (2006) Clinicopathological analysis of demen-
tia disorders in the elderly–an update. J Alzheimers Dis 9(3
Suppl), 61-70.

[53] Knibb JA, Xuereb JH, Patterson K, Hodges JR (2006) Clinical
and pathological characterization of progressive aphasia. Ann
Neurol 59(1), 156-165.

[54] Han X, Jovicich J, Salat D, van der Kouwe A, Quinn B, Czan-
ner S, Busa E, Pacheco J, Albert M, Killiany R, Maguire P,
Rosas D, Makris N, Dale A, Dickerson B, Fischl B (2006)
Reliability of MRI-derived measurements of human cere-
bral cortical thickness: The effects of field strength, scanner
upgrade and manufacturer. Neuroimage 32(1), 180-194.



This page intentionally left blank 



Handbook of Imaging the Alzheimer Brain
J.W. Ashford et al. (Eds.)
IOS Press, 2011
© 2011 The authors and IOS Press. All rights reserved.
doi:10.3233/978-1-60750-793-2-69

69

Volumetry of the Olfactory Bulb and Tract:
Relation to Medial Temporal Lobe Atrophy
and to Cognitive Performance in MCI and
AD

Philipp A. Thomanna,b,∗, Vasco Dos Santosb, Torsten Wüstenbergc, Ulrich Seidlb, Elmar Kaiserb,
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Abstract. Neuropathological research consistently revealed that the olfactory bulb and tract (OBT) is subjected to degenerative
processes in Alzheimer’s disease (AD). In the present study, we assessed OBT volumes in individuals with mild cognitive
impairment (MCI), in patients with probable AD, and in healthy comparison subjects using high-resolution magnetic resonance
imaging. In both MCI and AD patients OBT volumes were significantly lower compared to controls with atrophy being most
prominent in the AD group. In the patient group, lower mean OBT volumes were associated with a decreased gray matter density
in the MTL bilaterally. Further, OBT volumes in patients were significantly correlated with cognitive performance. Our findings
suggest the OBT volume as a potentially useful marker of AD and MCI related neurodegeneration.

INTRODUCTION

The term ‘mild cognitive impairment’ refers to cog-
nitive deficits in the elderly which exceed age-related
cognitive decline but do not fulfill criteria of dementia.
Affected subjects are assumed to be at higher risk for
development of dementia, particularly of Alzheimer’s
disease (AD) as the most common cause of dementia
beyond the age of 65 years.

Neuropathologically, AD is characterized by neu-
ronal loss and deposition of amyloid plaques and
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neurofibrillary tangles (NFT) in the cerebral cortex. As
demonstrated in post-mortem studies, this destructive
process generally follows a specific regional pattern,
with the substructures of the medial temporal lobe
(MTL) to be the earliest affected, even before the onset
of any clinical symptoms [1, 2].

There is increasing evidence that the olfactory bulb
and tract (OBT) is – besides the MTL – a primary focus
of AD typical histopathological changes [3–7]. The
olfactory bulb is the main relay station in the olfactory
pathways. It is located on the cribriform plate of the
ethmoid and beneath the inferior surface of the frontal
lobe. The olfactory tract constitutes the caudal outflow
pathway of the olfactory bulb.

Structural magnetic resonance imaging (MRI)
enables us to study morphological brain changes
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in-vivo. While significant atrophy of the MTL in AD
and, to a lower extent, in mild cognitive impairment, is
a well established finding [8–12], potential alterations
of the OBT have so far only scarcely been addressed,
although this structure can be reliably ascertained on
appropriate MR images [13–17]. In a first MRI study
of our own group, manually determined OBT vol-
umes were significantly reduced in AD patients when
compared to healthy comparison subjects [18], a find-
ing likely reflecting the neurodegenerative changes
described above. Since these alterations appear to be
a feature of incipient or even preclinical AD, the pur-
pose of the present study was to examine whether OBT
atrophy can already be detected in subjects with mild
cognitive impairment and thus might have potential
value as a new surrogate marker in AD. In a second
step, we tested for the association of OBT atrophy
with morphological changes in other cerebral sites
by using voxel based morphometry (VBM), an unbi-
ased and almost fully automated imaging technique
that is not restricted to predefined specific regions but
allows examining the entire brain. Given the anatomi-
cal and functional connectivity between the OBT and
the MTL, and their involvement early in the course of
the disease, we hypothesized that there might be cor-
relations between atrophic changes in the OBT and the
MTL in mild cognitive impairment and AD.

MATERIALS AND METHODS

Patients and control subjects

This analysis includes data from 86 individuals
consecutively recruited at the Section of Geriatric Psy-
chiatry, University of Heidelberg, Germany, between
2003 and 2004: Twenty-nine patients with mild cog-
nitive impairment defined according to the concept of
aging-associated cognitive decline (AACD) [19], 27
patients with probable AD (NINCDS-ADRDA crite-
ria) [20], and 30 healthy controls. The AACD concept
considers decline in a broad potential range of cogni-
tive domains, namely memory and learning, attention
and concentration, abstract thinking, language, and
visuospatial functioning. Subjects with AACD were
identified according to the following criteria:

(i) Performance of at least 1 standard deviation
below the age-adjusted norm on a standardized
test of cognition, involving at least one of the
aforementioned domains

(ii) Exclusion of any medical, neurological or psy-
chiatric disorder that could lead to cognitive
deterioration as determined by history and/or
clinical examination

(iii) Normal activities of daily living
(iv) Exclusion of dementia.

Particular care was taken to exclude any subject with
ICD 10 mild cognitive disorder which refers to cog-
nitive changes secondary to cerebral disorders other
than AD. This was done by thorough clinical and neu-
ropsychological investigation, MRI, and if clinically
necessary, CSF analyses (including tau and phospho-
tau concentrations).

All investigations were approved by the local Insti-
tutional Review Board. Depending on the level of
cognitive impairment, written informed consent was
obtained from either participants or caregivers after
the planned procedures had been fully explained by a
geriatric psychiatrist who was not involved in the study.

Clinical evaluation

The clinical evaluation of all subjects included ascer-
tainment of personal and family history as well as
physical, neurological and neuropsychological exam-
ination. Global cognitive deficits were assessed using
the Mini Mental State Examination (MMSE) [21].
Cognitive performance was investigated with the
German version of a standardized extensive neuropsy-
chological test battery (CERAD) [22].

Magnetic resonance imaging

The MRI-data were obtained at the German Cancer
Research Center with a 1.5-T Magnetom Symphony
MR scanner (Siemens Medical Solutions, Erlangen,
Germany). To exclude secondary causes of demen-
tia and ischemic changes a 2D T2-weighted Fast-Spin
Echo (TR = 4500 ms, TE = 90 ms) sequence was per-
formed in axial orientation. For structural analysis, a
T1-weighted 3D magnetization prepared rapid gradi-
ent echo (MP-RAGE) sequence was performed with
the following parameters: 126 coronar slices, image
matrix = 256 × 256, voxel size = 0.98 mm × 0.98 mm
× 1.8 mm, TR = 10 msec, TE = 4 msec.

Manual segmentation

Measurements of the OBT were obtained using
the manual segmentation function of BRAINS2 soft-
ware [23]. Delineation was performed in coronal view
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Fig. 1. Coronal T1-weighted MRI scan with arrows pointing to the
olfactory bulbs.

(Fig. 1). The olfactory bulb was identified at the ante-
rior cribriform plate and traced on consecutive slices;
posteriorly, the olfactory tract extends to enter the brain
below the rostral part of the corpus callosum. The rater
(V.D.S.) was blind to the diagnoses. A sufficient inter-
and intrarater reliability of the applied protocol has
been established previously [18].

Voxel based morphometry

SPM2 software (http://www.fil.ion.ucl.ac.uk/spm)
was used for voxel based analysis. Before pre-
processing, all structural images were checked for
artefacts and realigned regarding midsagittal plane and
anterior–posterior commissure line.

The VBM protocol proposed by Good et al. [24]
was applied for preprocessing of MRI data in order to
minimize the probability of misclassifications within
the tissue segmentation.

Statistical analysis

SPSS for Windows version 14 was used for statis-
tical analysis; p-values less than 0.05 were considered
significant. To address inter-individual differences in
head size, the OBT volumes were corrected by divid-
ing them by each subject’s intracranial volume. The
latter was estimated by the SPM2-derived sum of gray
matter, white matter and cerebrospinal fluid volumes.
Analyses of variance with post hoc Duncan’s tests were
calculated in order to compare the demographic, clin-
ical and morphometric data between the diagnostic
groups. The gender distribution was analyzed by the
χ2-test.

In the patient group, regional correlations between
corrected mean OBT volumes and local GM density
values were assessed with a voxel-wise regression
analysis including potential confounding factors, i.e.
age, gender, and education as nuisance covariates. In
order to control for the rate of false-positive results,
t-maps were thresholded at p < 0.05, corrected for mul-
tiple comparisons (family-wise error correction over
the whole brain as defined in SPM), with an extent
threshold of 100 voxels.

The relationship between mean OBT volume and
global cognitive performance (as determined by the
MMSE score) was assessed by using Pearson’s correla-
tion coefficient. The sensitivity of OBT measurements
in distinguishing the three clinical groups (healthy con-
trols, AD, AACD) was calculated at a fixed specificity
of 80%.

RESULTS

Demographics, clinical characteristics and OBT
measures are summarized in Table 1. According to
statistical analysis, there were no significant differ-
ences between the three groups (controls, AACD, AD)
with respect to age, gender distribution, and level of
education. As expected, neuropsychological measures
(mean MMSE scores and other CERAD subtests) dif-
fered significantly among all three groups with the
AACD subjects ranking in between AD patients and
healthy controls. Analyses of variance yielded no sig-
nificant differences for the intracranial volume, but for
the right, left and mean OBT volume, the latter differ-
entiating among all three groups with highest values in
controls and lowest values in AD patients.

In patients with AACD and AD, VBM revealed
lower mean OBT volumes to be significantly cor-
related with a reduced gray matter density in the
left-hemispheric amygdala, hippocampus and parahip-
pocampal gyrus, and in the right-sided amygdala and
parahippocampal gyrus, respectively (Figs 2 and 3 A
and B, Table 2). In patients, mean OBT volumes were
furthermore significantly associated with the MMSE
score according to Pearson’s moment correlation
(whole patient group: r = 0.59, p < 0.01 (Fig. 4); AACD
group: r = 0.59, p < 0.01; AD group: r = 0.61, p < 0.01).

OBT related measures of sensitivity at a fixed speci-
ficity of 80% and of diagnostic accuracy were as
follows: controls vs. AD: 78% and 79%, controls vs.
AACD: 50% and 65%, and AACD vs. AD: 46% and
63%, respectively.

http://www.fil.ion.ucl.ac.uk/spm
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Table 1
Subject demographics, clinical characteristics and morphometric measures

Variable Controls (1) (n = 30) AACD (2) (n = 29) AD (3) (n = 27) F df p Duncan test (5%)

Sex 14 F / 16 M 16 F / 13 M 15 F / 12 M n.sig.a

Age, years 70.50 ± 5.48 71.38 ± 6.14 71.44 ± 3.94 0.29 2, 83 0.75 1 = 2=3
Education, years 9.97 ± 1.71 10.21 ± 1.88 9.70 ± 1.68 0.57 2, 83 0.57 1 = 2=3
MMSEb 29.17 ± 0.75 26.17 ± 1.63 20.85 ± 3.07 123.57 2, 83 <0.001 1 > 2>3
Verbal fluencyb 0.61 ± 0.98 −0.71 ± 1.29 −1.47 ± 0.81 28.62 2, 83 <0.001 1 > 2>3
BNTb 0.51 ± 0.66 −0.92 ± 1.68 −1.73 ± 1.76 17.79 2, 83 <0.001 1 > 2>3
WL immediate recallb 0.17 ± 0.92 −1.66 ± 1.36 −3.69 ± 2.66 33.85 2, 83 <0.001 1 > 2>3
WL delayed recallb 0.26 ± 0.91 −1.77 ± 1.22 −3.32 ± 0.90 88.20 2, 83 <0.001 1 > 2>3
WL recognitionb 0.38 ± 0.35 −2.06 ± 2.63 −5.57 ± 3.84 36.23 2, 83 <0.001 1 > 2>3
CPb 0.13 ± 1.52 −0.36 ± 1.46 −1.40 ± 1.85 6.55 2, 83 0.002 1, 2 > 3
CP recallb 0.51 ± 1.37 −0.84 ± 1.63 −3.02 ± 1.34 42.27 2, 83 <0.001 1 > 2>3
ICV (dm³) 1.39 ± 0.09 1.35 ± 0.09 1.34 ± 0.10 2.24 2, 83 0.11 1 = 2=3
Right OBTc 95.69 ± 10.08 91.16 ± 9.40 85.95 ± 8.35 7.74 2, 83 0.001 1, 2 > 3
Left OBTc 95.76 ± 9.68 90.46 ± 9.24 85.89 ± 8.07 8.50 2, 83 <0.001 1 > 2, 3
Mean OBTc 95.73 ± 9.77 90.81 ± 9.27 85.92 ± 8.18 8.21 2, 83 0.001 1 > 2>3

AACD = aging-associated cognitive decline; AD = Alzheimer’s disease; df = degrees of freedom; n.sig.=not significant; a = χ2-test; b = CERAD
test battery (mean z-scores except for MMSE); MMSE = Mini Mental State Examination; BNT = Boston Naming Test; WL = word list;
CP = constructional praxis; ICV = intracranial volume; OBT = olfactory bulb and tract; c = corrected by intracranial volume

SPM{T51}

R

R

Fig. 2. Brain regions showing significant correlation between gray matter density and olfactory bulb and tract volume in subjects with mild
cognitive impairment/AACD and patients with AD (height threshold p < 0.05, corrected for multiple comparisons; extent threshold = 100 voxels).
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Table 2
Anatomical structures showing significant correlation between OBT volume and gray matter density in patients with mild cognitive impair-

ment/AACD and AD

Anatomical structure Cluster size (voxel) T Peak coordinates (x, y, z)

Left amygdala, extending to hippocampus and parahippocampal gyrus 994 5.69 −26, −6, −14
Right amygdala, extending to parahippocampal gyrus 823 5.60 19, −8, −13

Height threshold p < 0.05, corrected for multiple comparisons; extent threshold = 100 voxels.
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DISCUSSION

Our study assessed OBT volumes in individuals with
mild cognitive impairment according to AACD crite-
ria [19], in patients with probable AD, and in healthy
comparison subjects using high-resolution MRI. We
yielded three major findings:
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Fig. 4. Association of olfactory bulb and tract volume with MMSE
score in subjects with mild cognitive impairment/AACD and patients
with AD.

(i) In both AACD and AD patients OBT volumes
were significantly lower compared to controls
with atrophy being most prominent in the AD
group.

(ii) In the patient group, lower mean OBT volumes
were associated with a decreased gray matter
density in the MTL bilaterally.

(iii) In patients, the OBT volume was significantly
correlated with cognitive performance.

Neuropathological research consistently revealed
that the OBT is subject to degenerative processes
in AD [3, 5, 7]. According to these studies, the
respective changes (i.e. deposition of amyloid plaques
and NFT) are not restricted to the advanced stages,
but appear very early in the course of AD. Based
on histopathological findings, the traditional ‘Braak
model’ differentiates three main stages during the
clinical course of AD [1]: In the earliest and almost
symptom-free transentorhinal stage (Braak stages 1
and 2), morphological changes selectively affect the
parahippocampal regions. The destructive process then
spreads into additional structures of the MTL/limbic
system, mainly involving the hippocampal formation
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(Braak stages 3 and 4). Eventually, the pathological
alterations encroach the isocortex until major parts of
the temporal, parietal, and frontal cortical areas are
affected (Braak stages 5 and 6). In their post-mortem
study on 93 individuals, Tsuboi et al. [7] found olfac-
tory tau pathology in one-third of the cases with Braak
stage 2. A similar result (NFT in the OBT of 36.4%
of the Braak stages 2) was reported by Attems and
Jellinger [3] after examination of 273 autopsy cases.
In a post-mortem study by Kovacs et al. [5], AD pathol-
ogy was present in the OBT even without any affection
of the entorhinal area. Taken together, these findings
clearly emphasize that the OBT is a primary focus of
AD pathology. Hence, our result of significant OBT
atrophy in mild cognitive impairment likely reflects
the neurodegenerative changes described above.

In both, AD and AACD patients, lower mean OBT
volumes were significantly associated with poorer
MMSE performance. This result indicates that atro-
phy of the OBT might be related to disease severity,
likely reflecting the histopathological finding of NFT
density increasing with higher Braak stages [3, 5, 7].
With a sensitivity and an overall correct classification
of approximately 80%, OBT volume appeared to be a
good measure for distinguishing controls and patients
with AD. On the other hand, its contribution to an
accurate diagnosis of mild cognitive impairment was
rather poor and inferior to MRI measurements derived
from the MTL [25–27]. However, for the interpreta-
tion of the latter result it is relevant to have in mind
that it might underlie numerous potential confounding
factors such as age, education, patients’ disease state,
sample size, mode of recruitment and classification,
or image acquisition and analysis. Thus, future studies
should volumetrically assess both MTL subregions and
the OBT concomitantly in order to determine compara-
ble measures of sensitivity, specificity, and diagnostic
accuracy, respectively.

VBM analysis revealed that reduced OBT volumes
in AD and AACD patients are related to reduced
gray matter densities in the right- and left-hemispheric
MTL, while there are no associations with other brain
regions. Within the MTL, correlation with OBT vol-
umes was most significant for the amygdala bilaterally.
One might assume that this finding is at least partly
related to the given anatomical connectivity between
the olfactory bulb and the amygdala, with anterior
olfactory nucleus neurons projecting to the amygdala
[28]. Histopathological evidence that neurodegenera-
tion in these two anatomical regions is linked comes
from a study by Fujishiro et al. [29], who found

significant correlations between tau and �-synuclein
pathology in the olfactory bulb and the amygdala in
AD.

The olfactory bulb constitutes the first synaptic relay
in the olfactory pathway [30]. Olfactory processing
is mediated by many of the same MTL areas of the
brain that have been implicated in incipient AD. Cor-
respondingly, the hypothesis that AD patients develop
an olfactory dysfunction early in the course of the dis-
ease gains support by an increasing body of research
[31]. Olfactory deficits increase with disease sever-
ity [6, 32–34], aid in discriminating AD from major
depression [35], and predict future development of
manifest dementia in individuals with mild cogni-
tive impairment [36]. It is generally assumed that
impaired olfaction in AD refers to the appearance
of neurofibrillary tangles and accompanying atrophic
changes in olfactory-related brain regions. However,
this assumption has still to be confirmed in neu-
ropathological studies. With respect to neuroimaging,
a first structural MRI study in 13 patients with AD
and 22 age-matched controls revealed that deficits in
olfaction correlate with atrophy in MTL regions [37],
indicating that the grade of olfactory behavioral impair-
ment indeed reflects the degree of neuronal damage
in AD. This hypothesis is indirectly supported by our
finding that OBT atrophy is associated with reduc-
tions of grey matter densities in the MTL. However,
since the present study did not assess olfactory func-
tion, this interpretation is highly speculative and the
link between impaired olfaction and neurodegenera-
tive alterations in OBT and MTL regions in patients
with mild cognitive impairment and AD has yet to be
established.

In summary, the results confirm our prior finding
of a significant OBT atrophy in manifest AD [18].
Since this atrophy was, to a lower extent, already
present in mild cognitive impairment, and correlated
with morphological changes in MTL regions, our find-
ings suggest that the OBT volume might be a useful
marker of neurodegeneration. Future studies, combin-
ing measures of olfactory function with neuroimaging
may provide important additional insights on the inter-
action of these factors and thus facilitate the early and
accurate diagnosis of AD.
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Abstract. The presence of an ApoE ε4 allele (ε4+) increases the risk of developing Alzheimer’s disease (AD). Previous studies
support an adverse relationship between ε4+ status and brain structure and function in mild cognitive impairment and AD; in
contrast, the presence of an ε2 allele may be protective. Whether these findings reflect disease-related effects or pre-existing
endophenotypes, however, remains unclear. The present study examined the influence of ApoE allele status on brain structure
solely during middle-age in a large, national sample. Participants were 482 men, ages 51–59, from the Vietnam Era Twin Study
of Aging (VETSA). T1-weighted images were used in volumetric segmentation and cortical surface reconstruction methods to
measure regional volume and thickness. Primary linear mixed effects models predicted structural measures with ApoE status
(ε3/3, ε2/3, ε3/4) and control variables for effects of site, non-independence of twin data, age, and average cranial vault or
cortical thickness. Relative to the ε3/3 group, the ε3/4 group demonstrated significantly thinner cortex in superior frontal and
left rostral and right caudal midfrontal regions; there were no significant effects of ε4 status on any temporal lobe measures.
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The ε2/3 group demonstrated significantly thicker right parahippocampal cortex relative to the ε3/3 group. The ApoE ε4 allele
may influence cortical thickness in frontal areas, which are later developing regions thought to be more susceptible to the natural
aging process. Previous conflicting findings for mesial temporal regions may be driven by the inclusion of older individuals,
who may evidence preclinical manifestations of disease, and by unexamined moderators of ε4-related effects. The presence of
the ε2 allele was related to thicker cortex, supporting a protective role. Ongoing follow-up of the VETSA sample may shed light
on the potential for age- and disease-related mediation of the influence of ApoE allele status.

Keywords: Magnetic resonance imaging, cerebral cortex, brain, frontal lobe, apolipoproteins E, apolipoprotein E2, apolipoprotein
E3, apolipoprotein E4, genetic association studies, aging

INTRODUCTION

The ApoE ε4 allele is studied within imaging genet-
ics as the most common polymorphism associated with
late-onset Alzheimer’s disease (AD) [1–4]. ApoE is
thought to play a role in lipoprotein transport and cell
maintenance and repair, including amyloid clearance,
and is bound to senile plaques and neurofibrillary tan-
gles [5–7]. Of the three alleles (ε2, ε3, ε4), the ε3/3
pairing is the most common phenotype in the U.S.
population (∼60%), while the presence of ε2 and ε4
alleles is less frequent [8]. There is an increased preva-
lence of the ε4 allele in disease populations relative to
healthy controls [1, 4, 9–12], and individuals carrying
at least one ε4 allele (ε4+) are at an increased risk for
developing AD [13–15]. In contrast, the presence of
an ε2 allele may impart protection from AD-related
neurodegeneration [8, 15–21].

In combination with the risk conferred by ApoE
allele status, neuroimaging biomarkers may improve
the identification of individuals at risk for AD and
the potential for successful intervention in the earliest
stages. Studies in AD and mild cognitive impairment
(MCI) often demonstrate more significant mesial tem-
poral lobe (MTL) atrophy in ε4+ individuals relative
to non-carriers [22–29]. In a positron emission tomog-
raphy (PET) study using a marker of amyloid and tau
proteins (FDDNP), ε4+ MCI demonstrated abnormally
high binding in the MTL [30]. Neuropathological stud-
ies of ε4 carriers support earlier and greater amyloid
deposition in AD, as well as in MCI and in older healthy
individuals [20]. Further evidence of an earlier and
faster rate of cognitive decline also has been demon-
strated in MCI and AD ε4+ individuals [15]. These
and other studies support strong disease-related effects
within ε4+ MCI and AD individuals.

Studying individuals earlier in life, prior to the
development of MCI or AD, is critical to understand-

ing the influence of ApoE allele status. PET studies
have shown glucose metabolism reductions in ε4+
late-middle-aged individuals with a positive family
history for AD [31, 32] and an accelerated rate of
decline in regional cerebral blood flow for ε4 carri-
ers [33]. The affected areas overlap with AD-related
regions supporting the potential for a pre-symptomatic
endophenotype. Of particular interest, however, a
recent PET FDDNP study [30] found higher amyloid
and tau binding in frontal areas for ε4+ relative to ε4-
healthy individuals, in contrast to an increased tempo-
ral lobe binding in the ε4+ MCI group [30]. Structural
neuroimaging studies also have been somewhat
inconsistent, with reports of smaller MTL structures,
including the hippocampus [34–36] and entorhinal
cortex [37, 38], in ε4+ carriers, alongside other reports
of no significant ε4-related effect in these or other
areas [24, 37, 39]. Studies beyond the MTL that have
included younger-old and middle-aged individuals
are varied, reporting thickening of small cortical areas
[40], thinning in medial orbitofrontal areas [24], and
lower gray matter density in small anterior frontal and
temporal regions [36]. Several reports, however, have
suggested that such effects may be driven by older
individuals in the samples, rather than reflecting an
early ε4-related endophenotype [35, 41].

Fewer studies have examined the potential protec-
tive influence of the ε2 allele, particularly in healthy
individuals, in part due to the lower prevalence of
this allele in the U.S. population. Previous work has
provided neuropathological evidence for less cortical
amyloid and fewer plaques and neurofibrillary tangles
in ε2 carriers (ε2+) [16–18, but see 21]. In addition,
ε2 carriers may evidence a reduced rate of cognitive
decline [8, 15, 19–21] and fewer are diagnosed with
AD [8]. Neuroimaging corroboration for such a protec-
tive effect is rarer. A recent study of older individuals
reported larger cortical gray matter volume and smaller
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ventricles in MCI and AD but found no significant
effect related to the ε2 allele in healthy older individ-
uals; the sample sizes for ε2 carriers, however, were
quite small across all groups studied [42]. A study of
adolescents suggested a tendency for thicker mesial
temporal and medial orbitofrontal cortex in a larger
ε2+ group [38]. An investigation of the ε2 allele in
a large community sample may provide complemen-
tary insight into the potentially opposing influences of
ApoE ε4 and ε2 alleles.

The present study examined the influence of ApoE
allele status on brain structure solely during middle age
in a national sample from the Vietnam Era Twin Study
of Aging (VETSA). This cohort captures individuals
in their 6th decade of life likely prior to the onset of
AD or other age-related complications [43]. We exam-
ined a priori AD-related regions of interest (ROIs)
as well as regions expected to be influenced by nor-
mal aging, which tend to follow an anterior–posterior
gradient, exhibiting the greatest rates of decline in
frontal areas [44, 45]. Relative to ε3/3 carriers, we
expected the ε3/4 group to show the smallest and
thinnest MTL areas, most affected in AD, and we also
proposed that this group would demonstrate thinner
frontal cortex, associated with normal aging. In con-
trast, the ε2/3 group may evidence larger, thicker MTL
areas, supporting a potential protective effect. Contin-
uous surface maps were also generated to explore the
extent of effects without the constraints of predefined
boundaries.

MATERIALS AND METHODS

Participants

Data were obtained in the first wave of VETSA,
a longitudinal study of cognitive and brain aging
beginning in midlife [46]. Participants were randomly
sampled from over 3,300 Vietnam Era Twin (VET)
Registry twin pairs with the constraint that they were
in their 50s at the time of recruitment into VETSA.
The VET Registry is a nationally distributed sample of
male-male twin pairs who served in the U.S. military
sometime between 1965 and 1975; descriptions of the
composition and method of ascertainment have been
reported elsewhere [47]. Importantly, these are Viet-
nam era, not necessarily Vietnam, veterans; the large
majority did not serve in combat. In comparison to
census data, VETSA participants are similar in demo-
graphic and health characteristics to American men

in their age range [48]. Aside from standard exclu-
sion criterion for MRI studies (e.g., metal in the body),
there were no additional eligibility requirements for
selection into the MRI component.

Participants traveled either to Boston University or
the University of California, San Diego (UCSD) for
a series of physical, psychosocial, and neurocognitive
assessments. Informed consent was obtained from all
participants prior to data collection, and the scanning
protocol was approved of by the Institutional Review
Boards at UCSD, Boston University, and the Mas-
sachusetts General Hospital (MGH).

A subset of the 1237 VETSA participants under-
went structural MRI, and the present non-twin analyses
include data from 482 participants for whom neu-
roimaging data and APOE genotyping were adequate
and available. The dataset included 205 twin pairs
(119 monozygotic and 86 dizygotic twin pairs) and 72
unpaired individuals with an average age of 55.7 years
(sd = 2.6; range 51–59). Participants in this MRI study
were similar to the larger VETSA sample with respect
to education (mean=13.8; sd=2.1), ethnicity (85.7%
Caucasian), employment (75% employed full-time),
and self-reported health status.

ApoE genotype was determined from blood samples
using established methods [49, 50]. All genotypes were
independently determined twice by laboratory person-
nel at the VA Puget Sound Healthcare System who
were blind to the initial genotype and the identity of the
co-twin. Of the 482 participants, 2 (0.4%) possessed a
ε2/2 genotype, 67 (13.9%) ε2/3, 18 (3.7%) ε2/4, 288
(59.8%) ε3/3, 94 (19.5%) ε3/4, and 13 (2.7%) ε4/4
(Table 1). These rates are roughly equivalent to those
found in the general population [14, 51]. Because the
proportion of individuals with ε2/2, ε2/4, and ε4/4 par-
ings were small, these cases were not included in the
primary models, however, a secondary overall analy-
ses comparing ε4+ and non-ε4 carriers was completed
using all available data.

Participants studied for the primary model were clas-
sified as ε2/3, ε3/3, or ε3/4 (see Table 1). These groups
did not differ on age (F=1.4, p>.05). General cognitive
ability was assessed by the Armed Forces Qualifica-
tion Test (AFQT), a well-validated test that also was
given to VETSA participants in early adulthood [52].
The mean for the entire sample was 63.1 (sd=20.8);
this AFQT score is slightly above the mean and would
be comparable to an average IQ of approximately 105.
The mean across the three primary groups was 63.2
(sd=20.6) and the means did not differ between these
groups (Table 1; F < 1.0, p > .05).
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Table 1
Participant characteristics. For all ApoE allele pairings, sample size, mean age in years, and mean Armed Forces Qualifications Test (AFQT)
score are provided, along with the standard deviation (sd) and range. The primary model considered the first three groups (ε2/3, ε3/3, ε3/4)

with sufficient power to examine influence on brain structure

ε2/3 ε3/3 ε3/4 ε2/2 ε2/4 ε4/4

n 67 288 94 2 18 13
age 56.2 (2.5) 55.7 (2.6) 55.5 (2.8) 55.0 (4.2) 55.1 (2.5) 56.2 (2.6)

52–59 51–59 51–59 52–58 52–58 51–58
AFQT (%) 63.2 (22.7) 62.8 (19.8) 64.4 (21.5) 71.5 (27.6) 55.0 (24.4) 70.9 (18.9)

15–97 4–95 15–98 52–91 14–94 28–89

MR Image Acquisition

As described previously [53], images were acquired
on 1.5 Tesla scanners (255 at UCSD; 227 at MGH).
Sagittal T1-weighted MPRAGE sequences were
employed with TI=1000ms, TE=3.31ms, TR=2730ms,
flip angle=7degrees, slice thickness = 1.33 mm, voxel
size 1.3 × 1.0 × 1.3 mm. Raw DICOM MRI scans (two
T1 volumes per case) were transferred to MGH for
image processing. These raw data were reviewed for
quality, registered, and averaged to improve signal-to-
noise.

Image processing

As described elsewhere [53], we employed vol-
umetric segmentation [54] and cortical surface
reconstruction [55–57] methods based on the publicly
available FreeSurfer software package (http://surfer.
nmr.mgh.harvard.edu/fswiki; Version 3.0.1b). The 3D
whole-brain segmentation procedure [54] uses a prob-
abilistic atlas and applies a Bayesian classification rule
to assign a neuroanatomical label to each voxel. The
atlas consists of a manually-derived training set created
by the Center for Morphometric Analysis (http://www.
cma.mgh.harvard.edu/) from 20 unrelated, randomly
selected VETSA participants. Use of this study-
specific atlas produced more accurate measurements
than more commonly used atlases [53]. Estimated total
cranial vault (eTIV) volume was calculated to control
for differences in head size for volumetric measures.
Based on Buckner et al. [58], FreeSurfer provides an
eTIV volume derived from the atlas scaling factor
on the basis of the transformation of the full brain
mask into atlas space. Although this estimate is not
a direct volume, this eTIV measure has been shown
to correlate well with other cranial vault volumes
incorporating T2-weighted information, including
manual tracings in controls and individuals with
Alzheimer’s Disease (r=0.93) [58] and multi-channel
tissue segmentations [as in 44] in older controls and

individuals with Alzheimer’s disease (r=0.87) [59].
The primary volumetric ROI was the hippocampus;
exploratory ROIs included amygdala, caudate nucleus,
putamen, nucleus accumbens, and thalamus.

The cortical surface was reconstructed to measure
thickness at each surface location, or vertex [described
in 53, 55, 56]. The explicit reconstruction of the cortical
surface requires inhomogeneity corrections, creation
of a normalized intensity image, and removal of non-
brain. The resulting surface is covered with a polygonal
tessellation and smoothed to reduce metric distor-
tions. The gray/white boundary surface is deformed
outwards to obtain a representation of the pial sur-
face; the surface model is manually reviewed and
edited for technical accuracy in alignment with stan-
dard, objective editing rules. Each individual surface
is non-rigidly aligned to an atlas in a spherical surface-
based coordinate system and divided into distinct
ROIs [57], with each vertex assigned a neuroanatom-
ical label [60], to estimate average thickness in each
ROI. Primary cortical thickness ROIs included mesial
temporal (entorhinal, parahippocampal); lateral tem-
poral (inferior, middle, and superior temporal); and
frontal (caudal and rostral middle; superior; infe-
rior; orbitofrontal) cortex (Fig. 1). Exploratory ROIs
included superior and inferior parietal, supramarginal,
lingual, fusiform, cingulate, and precuneus cortex.
Cortical thickness was also estimated over continuous
maps on the surface with no predefined regional bound-
aries as described in Statistical Analysis; smoothing of
volumes was done prior to the vertex-wise analyses
using a 30 mm FWHM Gaussian kernel.

Statistical analysis

Although the study participants were twins, all anal-
yses in this article are non-twin analyses. Derived ROI
values (thickness in mm or volume in mm3) were sub-
mitted to linear mixed effects models with fixed effects
of site, ApoE allele status (ε2/3 and ε3/4 were com-
pared to ε3/3), and age. Importantly, site was included

http://surfer.nmr.mgh.harvard.edu/fswiki
http://surfer.nmr.mgh.harvard.edu/fswiki
http://www.cma.mgh.harvard.edu/
http://www.cma.mgh.harvard.edu/
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Fig. 1. Cortical region of interest parcellation (30). Primary ROIs
include superior frontal (teal), rostral (purple) and caudal (brown)
mid frontal, parahippocampal (green), entorhinal (red), and medial
orbitofrontal (rose) cortex. Additional exploratory ROIs include
fusiform (yellow), supramarginal (olive green), and lingual (pink)
gyrus. Top row: lateral views; bottom row: medial views.

in the model to control for effects related to differences
in scanner hardware, known to differentially influence
morphometric measures of volume and thickness [e.g.,
59, 61–63]. Because twins within pairs are not inde-
pendent observations, it is necessary to adjust for this
non-independence when performing non-twin analy-
ses in a twin sample. Therefore, the “family ID” of each
member of a twin pair was entered as a random effect in
the model. Doing so adjusts the degrees of freedom and
makes it more difficult to attain statistical significance.
Finally, to adjust for individual differences in overall
head size or thickness of the cortical ribbon, an addi-
tional fixed effect was included in each model: eTIV
for volumetric measures and average cortical thickness
for thickness measures.

Planned comparisons included ROIs implicated in
AD: hippocampus, entorhinal cortex, parahippocam-
pal cortex, and lateral temporal gyri; and regions
susceptible to the effects of normal aging: superior
frontal gyrus, middle frontal gyrus (rostral and cau-
dal), inferior frontal (pars opercularis, pars orbitalis
and pars triangularis), and orbitofrontal cortex (medial
and lateral). Planned comparisons were limited to
these predefined ROIs driven by prior work, and we
employed an alpha level of 0.05. Effect sizes were
calculated by ROI using Cohen’s d and were based
on estimated marginal means resulting from the full
model. In general, a Cohen’s d of 0.2–0.3 is considered
a small, 0.5 a medium, and 0.8 a large effect size.

In a secondary analysis, the same model was mod-
ified to utilize the entire cohort of 482 participants to
compare ε4+ (n=125) and non-ε4 (n=357) carriers, as
has been done in some previous studies. That is, the
variables for ApoE allele status were replaced by ApoE
ε4 allele status. Given the small sample of homozygous
ε4/4 genotype, a dose effect of ε4 (0, 1, or 2 alleles)
was not examined due to insufficient power.

To further explore the statistical findings based
on our a priori ROI analyses, the same model was
implemented at each vertex, or point on the cortical
surface, resulting in a continuous surface map of corti-
cal thickness without the predefined constraints of ROI
boundaries. The resulting map is exploratory in nature
and provides guidance for future studies.

RESULTS

There was no significant effect of ApoE allele sta-
tus on eTIV or average cortical thickness (all t≤1.0,
p>0.05). Relative to the ε3/3 group, the ε3/4 group
demonstrated significantly thinner cortex in bilateral
superior frontal, left rostral midfrontal, and right cau-
dal midfrontal regions (Table 2; Fig. 2). Although
the right rostral midfrontal and left caudal midfrontal
ROIs tended to be thinner, these effects were not sig-
nificant (Table 2). No temporal areas or any other
frontal regions were significantly related to ε4 status.
Analysis of the entorhinal cortex did not reveal any
significant influence of ε4 status, although the vari-
ability of thickness in this area was larger than in
other ROIs (Table 2). Exploratory cortical analyses
suggested thicker fusiform cortex in the ε3/4 group
(Table 2, bottom). Primary volumetric analyses did not
reveal any significant effect of ε4 status on the hip-
pocampus (Table 2). Exploratory volumetric analyses
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Table 2
Effect of ApoE allele status by Regions of Interest. Controlling for other variables in the model, the estimated marginal mean (in mm for cortical
thickness and in mm3 for volumetric ROIs) and standard deviation (sd) are reported by ROI for each primary ApoE allele group. Based on
results of the full statistical model, within which the ε3/4 and ε2/3 groups were compared to the ε3/3 group, the resultant t-value, level of
significance, and the associated effect size (Cohen’s d) are reported. Negative t-values reflect an effect thinner or smaller than the ε3/3 group;

positive t-values reflect thicker or larger effects relative to the ε3/3 group

Region of Interest Hemi-sphere ε3/3 mean (sd) ε3/4 mean (sd) t value d ε2/3 mean (sd) t value d

Superior Frontal Gyrus right 2.204 (0.080) 2.179 (0.087) –2.80** –0.30 2.202 (0.085) <1ns –0.02
left 2.195 (0.084) 2.173 (0.091) –2.42* –0.26 2.189 (0.089) <1ns –0.07

Rostral Mid Frontal Gyrus right 1.819 (0.080) 1.803 (0.090) –1.73ns –0.19 1.820 (0.088) <1ns 0.01
left 1.851 (0.075) 1.833 (0.085) –1.95* –0.21 1.859 (0.083) <1ns 0.11

Caudal Mid Frontal Gyrus right 2.052 (0.121) 2.018 (0.133) –2.49* –0.27 2.023 (0.129) –1.80ns –0.23
left 2.042 (0.112) 2.028 (0.126) –1.12ns –0.12 2.029 (0.122) <1ns –0.11

Entorhinal Cortex right 2.800 (0.385) 2.883 (0.426) +1.89ns 0.20 2.816 (0.415) <1ns 0.04
left 2.553 (0.336) 2.574 (0.378) <1ns –0.06 2.628 (0.367) +1.68ns 0.21

Hippocampal Volume right 4216 (444) 4168 (479) <1ns –0.11 4289 (466) +1.28ns 0.16
left 3988 (399) 3954 (430) <1ns –0.08 4067 (419) +1.54ns 0.19

Parahippocampal Gyrus right 1.901 (0.242) 1.922 (0.266) <1ns –0.09 1.967 (0.259) +2.10* 0.27
left 1.900 (0.260) 1.894 (0.288) <1ns –0.02 1.916 (0.280) <1ns 0.06

Medial Orbitofrontal right 1.847 (0.159) 1.838 (0.175) <1ns –0.06 1.851 (0.170) <1ns 0.02
left 1.849 (0.156) 1.838 (0.175) <1ns –0.06 1.882 (0.170) +1.59ns 0.20

Fusiform Gyrus right 2.011 (0.101) 2.035 (0.114) +2.04* 0.22 2.000 (0.110) <1ns –0.11
left 1.975 (0.106) 2.000 (0.119) +1.88ns 0.20 1.968 (0.115) <1ns –0.06

Putamen Volume right 5002 (558) 4846 (582) –2.60∗ –0.27 5010 (567) <1ns 0.01
left 4942 (582) 4788 (598) –2.50∗ –0.26 4868 (582) –1.04ns –0.13

Supramarginal Gyrus right 2.085 (0.110) 2.089 (0.124) <1ns 0.04 2.054 (0.120) –2.08* –0.26
left 2.071 (0.099) 2.076 (0.112) <1ns 0.05 2.071 (0.109) <1ns 0.00

Lingual Gyrus right 1.703 (0.093) 1.715 (0.104) +1.12ns 0.12 1.700 (0.101) <1ns –0.03
left 1.654 (0.095) 1.655 (0.105) <1ns 0.01 1.630 (0.102) –1.97* –0.25

**p < 0.01, *p < 0.05, ns = p > 0.05

suggested a significantly smaller putamen volume in
ε4 carriers (Table 2, bottom).

In the secondary ROI analyses utilizing the entire
482 datasets, a comparison of all ε4+ with all non-ε4
carriers provided similar results. Given the significant
pattern of effects in the ROI analyses, we reviewed the
influence of ε4 allele status on the continuous cortical
surface map to explore effects without the predefined
constraints of ROI boundaries. Continuous maps of
the cortical surface supported a broad distribution of
thinner lateral and mesial superior frontal, and thicker
fusiform cortex in the ε4+ relative to the non-ε4 group
(Fig. 3). In the context of Fig. 1, Fig. 3 shows that
some regional effects (e.g., left middle frontal area) fall
across the confines of predefined ROIs. The thinnest
areas (in orange/yellow) may lie across the intersec-
tion of a number of ROIs, to include the more lateral,
inferior extent of the caudal midfrontal gyrus, poste-
rior rostral midfrontal gyrus, posterior inferior frontal
gyrus, and inferior portions of the pre-central gyrus.
With respect to the unexpectedly thicker regions in the
ε4+ group suggested by exploratory ROI analyses, pos-
terior regions may be more broadly affected. This map
provides guidance for future studies.

Relative to the ε3/3 group, our investigation of the
ε2/3 group demonstrated significantly thicker right
parahippocampal cortex (Table 2; Fig. 2) and non-
significant tendencies towards thicker left entorhinal
cortex, left medial orbitofrontal cortex, and hippocam-
pal volumes (Table 2). Exploratory analyses suggested
significantly thinner right supramarginal and left lin-
gual gyri (Table 2, bottom).

DISCUSSION

This study of a large, community-dwelling sam-
ple provides a comprehensive view of the influence
of ApoE allele status on brain structure in men. Few
previous studies have captured such a broad descrip-
tion particularly within a solely middle-aged sample.
The findings suggest that carriers of the ε4 allele on
average have thinner frontal cortices in middle age,
without direct evidence of any significant ε4 effect on
MTL regions commonly affected in AD. These frontal
effects were widespread, although the effect sizes were
small, suggesting that studies with smaller sample sizes
may not have sufficient power to reliably detect such
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Fig. 2. Cortical thickness in ROIs with significant effects of ApoE allele status. Estimated marginal means (with standard error bars), controlling
for all variables in the full model, are shown for cortical thickness (mm) in frontal and temporal ROIs that demonstrated a significant effect of
ApoE allele status. Significance levels are reported in Table 2 and denoted in the graph with ** for p<.01 and * for p<.05.

effects. Exploratory analyses also suggested thicker
fusiform cortex in ε4+ carriers, in line with a pre-
vious study [40]. Potential protective effects of the
ε2/3 genotype were supported in part by thicker left
parahippocampal cortex and broader MTL and medial
orbitofrontal tendencies towards thicker cortex, rela-
tive to the ε3/3 group.

Our findings of ε4-related differences in superior
and middle frontal cortical thickness are relatively
unique and of interest in the context of normal aging.
One cross-sectional study including middle-aged and
older individuals suggested accelerated age-related
thinning in ε4 carriers in the superior medial frontal
gyrus; however, the majority of the participants were
over the age of 60, limiting the inference of effects in
middle age [40]. Within Shaw et al.’s study of children
and adolescents [38], there were potential ε4 status
effects in frontal regions, with continuous maps show-
ing small areas of thinner orbitofrontal cortex in the

ε4+ group. While the present study does not show
significant orbitofrontal ROI effects, the continuous
surface maps (Fig. 3) further explore patterns without
the predefined constraints of ROI boundaries, which
may be relatively arbitrary with respect to the under-
lying cellular, functional, or developmental aspects of
the brain. The maps support widespread frontal effects,
and the potential influence on frontal cortex develop-
ment into the adult age range may inform these regional
differences.

The ε4-related effects on frontal cortical thickness
are bolstered by findings from other modalities and
disorders. Amyloid and tau binding PET studies in
healthy individuals suggest that binding is higher for
ε4+ carriers in frontal areas, as opposed to commonly
reported increased temporal lobe binding in ε4+ MCI
individuals [30]. In addition, ε4 status may influence
dendritic density and complexity in the cortex [64],
and may differentially influence cortical patterns of
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Fig. 3. Continuous surface maps of the estimated ApoE allele sta-
tus effect on cortical thickness. Using the entire available sample
(n=482), the t-statistic for the effect of carrying the ε4 allele, from
the full statistical model, was applied vertex-wise on the pial surface.
The color scale denotes effects for the ε4+ relative to the non-ε4
group as follows: thinner cortex in orange/yellow areas (larger neg-
ative t-values) and thicker cortex in areas with bright blue (cyan)
(larger positive t-values). Both left (left column) and right (right
column) hemispheres are presented.

thinning based on mediating factors. In a study of
AD and frontotemporal dementia, cortical atrophy was
greater in both ε4+ subgroups; however, the pattern
of thinning in AD represented known neuropatholog-
ical areas such as the mesial temporal lobe, whereas
in frontotemporal dementia, the ε4+ group evidenced
greater frontal atrophy [65]. The broad, frontal find-
ings support the relationship between the ε4 allele and
increased amyloid deposition in these areas with nor-
mal aging, although any progressive nature of such
effects must be demonstrated in a longitudinal study,
currently underway.

The lack of significant MTL ε4 related effects is not
unexpected given conflicting previous reports and may
reflect studies including a low proportion of individu-
als in a preclinical phase of AD and, importantly, other
mediating influences on the impact of ε4 status, such as
gender and hormones. While substantial support exists
for ε4-related MTL effects in MCI and AD, findings
in healthy individuals are inconsistent, even in older
adults [23, 37, 39, 40, 66]. There is some evidence sug-
gesting the influence of ε4 status on MTL structures in
middle age [34] and in children and adolescents [38];
however, other studies including middle-aged individ-
uals have not found the same effects [35, 40] or have
found that effects across a broad age range were driven
by individuals over 60 or 65 years of age [35]. Some of

these older individuals may demonstrate poor cogni-
tive performance relative to their non-ε4 counterparts
and some may be in the prodromal stages of AD.
Indeed, a recent study of cognition suggests that family
history of AD and ε4 status may be additive factors,
and that, with the removal of individuals known to con-
vert to AD, only individuals with both a positive family
history of AD and ε4+ status demonstrate a more rapid
cognitive decline [67]. The present sample represents
individuals in their 6th decade of life, when few are
likely to be affected by dementia, although we do not
have data on family history at this time. In contrast,
the unique study of children and adolescents (n=174
non-ε4, n=65 ε4+; 8–21 years) provides support for the
thinner left entorhinal cortex for ε4+ individuals [38],
although these effects were subtle and the variability
in thickness was slightly larger within the ε4+ relative
to the non-ε4 group, similar to the present study. These
findings together support the hypothesis that additional
factors likely mediate the influence of ε4 status on brain
structure.

Other studies have demonstrated differences in ε4-
related effects by gender and report potential mediating
or moderating factors such as hormones. There may
be an interaction between gender and ApoE ε4 status
[68] such that, in general, females are more influenced
by ε4 status than males. In MCI, female ε4+ carriers
have a higher risk of developing AD than men of the
same genotype [14]. A neuroimaging study reported
that female, but not male, ε4+ carriers had signifi-
cantly smaller hippocampal volumes relative to non-ε4
individuals; the authors suggested the potential for hor-
monal mediation of the influence of ε4 status [69]. It
is possible, then, that in the present male sample, ε4-
related MTL effects may be reduced and/or obscured
by other factors. In fact, a study of VETSA participants
revealed a significant interaction between testosterone
and ε4 status indicating that ε4+ men who also had
low levels of testosterone have smaller hippocampal
volumes [70]. A similar interaction between ε4 status
and cortisol levels or patterns also has been observed
with respect to cognition in older adults [71].

The present study also included a larger sample, rel-
ative to published reports [e.g., 42], that allowed for a
characterization of the influence of carrying an ε2 allele
in middle-aged individuals. In contrast to ε4 status, the
ε2 allele appears to have a subtle impact on thickness in
MTL and medial orbitofrontal areas. The significantly
thicker right parahippocampal cortex and broader ten-
dencies for thicker cortex in these areas lend support to
findings in adolescents [38] and corroborate the protec-
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tive influence of ε2 demonstrated in neuropathological
and cognitive studies [8, 15–21]. Exploratory analyses
suggesting thinner right supramarginal and left lingual
cortex are intriguing but require further replication.

The unique VETSA cohort provided significant
power to examine the influence of ApoE allele sta-
tus, although the study presents some limitations to
generalizability. Because our sample was solely male
and largely Caucasian, we cannot be certain of the
generalizability of these findings to women or ethnic
minorities. Furthermore, although the sample is quite
similar in health and demographics to comparably-
aged men in the U.S., a minority of them did experience
varying amounts of combat exposure 35 years ear-
lier. Thus, concerns might be raised as to the effect of
combat exposure or possible posttraumatic stress dis-
order (PTSD) on the results. As of their mid-40s, 7.7%
had a lifetime diagnosis of PTSD, slightly higher than
the 5.0% prevalence for men nationally [72]. Impor-
tantly, this is unlikely to be create a confound in the
present study because previous co-twin control find-
ings indicate that smaller hippocampal volume may be
a risk factor for PTSD, rather than a consequence [73].
Another potential limitation of our study is that, with
T1-based image processing approaches, it is difficult
to distinguish tentorium cerebelli from cortex in some
mesial and inferior temporal regions. That is, while we
have made every effort to separate cortical gray matter
from tentorium, thickness estimates in these regions,
such as the entorhinal cortex, may be more variable
than in other areas. Such an increase in variability
may result in less power to detect significant effects
of ApoE allele status on thickness, although we would
not expect differential effects across ApoE groups.

CONCLUSION

This study of middle-aged men suggests that the
presence of the ApoE ε4 allele may influence corti-
cal thickness in frontal areas, later developing regions
thought to be more susceptible to natural aging. In
contrast, previous conflicting findings of ε4 effects on
MTL regions may be driven by the inclusion of older
individuals who may evidence preclinical manifesta-
tions of neurodegenerative disease, and by moderators
of ε4-realted effects, such as hormone levels. The find-
ing of unexpectedly thicker fusiform cortex in the
ε4+ group needs to be explored further and repli-
cated. The examination of the ε2 allele supports a
protective role, suggesting tendencies for thicker cor-

tex in some MTL and orbitofrontal areas, although
some exploratory areas were thinner. Whether these ε2
and ε4 related findings reflect pre-existing endopheno-
types or early neurodegeneration is not clear in these
cross-sectional data. Ongoing follow-up studies of the
VESTA sample may shed light on the potential for
age- and disease-related mediation of the influence of
ApoE allele status, as these participants enter the age
range within which normal age-related neurodegener-
ation along with memory decline in ε4+ individuals
may accelerate [43, 74].
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Abstract. The medial temporal lobe is affected early on in Alzheimer’s disease (AD), and the presence of medial temporal
atrophy can be used in the differential diagnosis of AD. However, the hippocampus has a complex structure, and subregions of
the hippocampus are differentially affected in different dementia types. We used high resolution (0.3 mm in-plane) coronal 3T
MR imaging of the medial temporal lobe in 16 subjects with Alzheimer’s disease (AD), 16 with dementia with Lewy bodies
(DLB) and 16 similarly aged healthy subjects to investigate differences in the hippocampus subregions. On the anterior section
of the hippocampus body, regions of interest were manually drawn blind to diagnosis on the CA1, CA2 & CA3/4 subregions,
and the width of the subiculum and entorhinal cortex was measured.

Controlling for intracranial volume, age and years of education, we found the subiculum thickness was significantly reduced
in AD (2.03 ± 0.29 mm) compared to both control (2.37 ± 0.28 mm, p = 0.008) and DLB (2.35 ± 0.24 mm, p = 0.001) subjects.
The area of CA1 was likewise reduced in AD compared to controls and DLB.

In the hippocampus images, a hypointense line is visible between CA1 and CA3/4. This line was significantly less distinct
in AD, suggesting disease related changes to this region. Future studies should investigate whether subiculum thickness or the
hypointense line could be a diagnostic feature to help discriminate AD from DLB.

Keywords: Alzheimer’s disease, dementia with Lewy bodies, hippocampus, MRI, subiculum

INTRODUCTION

Alzheimer’s disease (AD) is characterised by exten-
sive tissue loss in the medial temporal lobe region,
especially in the hippocampus and entorhinal cortex.
However, the hippocampus has a complex anatomical
structure, and is not uniformly affected in disease.

∗Correspondence to: Michael J. Firbank, Institute for Ageing and
Health, Newcastle University, Wolfson Research Centre, Campus for
Ageing and Vitality, Newcastle upon Tyne NE4 5PL. Tel.: +0191 248
1319; Fax: +0191 248 1301; E-mail: m.j.firbank@ncl.ac.uk.

A number of MRI studies using T1 weighted imaging,
and approximately isotropic 1 mm3 voxels, have shown
that, along with the entorhinal cortex, atrophy in AD is
largely confined to the CA1 and subiculum regions of
the hippocampus [1, 2], consistent with the major site
of pathology observed at autopsy [3]. However, these
studies have not directly visualised subfields but relied
on inferring the location of the subregions from the
known anatomy of the hippocampus surface. Using a
high in plane resolution coronal T2 weighted sequence
at 4T, Mueller and colleagues have shown it is possible
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to differentiate the hippocampal subregions directly in
both control [4] and AD [5].

Previous MR imaging studies in dementia with
Lewy bodies (DLB) have shown that the degree of
hippocampal atrophy is less in DLB than in AD [6–8].
Using shape analysis on hippocampi manually traced
from T1 weighted images, a study [9] also found
less atrophy in DLB compared to AD. The distri-
bution of atrophy was somewhat different, affecting
more anterior regions in DLB, and posterior regions
in AD, consistent with more CA2 and CA3 atrophy
in DLB. Kenny [10] measured the entorhinal cortex
using a region of interest on T1 weighted images,
and found comparable atrophy in AD and DLB.
Neuropathological studies have found Lewy body neu-
rites preferentially in the CA2 and CA3 region [11,
12], though Harding [13] found no difference bet-
ween control and DLB in any hippocampal subregion
volume.

The purpose of this study was to investigate atro-
phy of the subfields of the anterior part of the body of
the hippocampus, using high resolution coronal imag-
ing of the medial temporal lobe. We hypothesised that
there would be more atrophy of the CA1 and subicu-
lum in AD, with more atrophy of the CA2 or CA3/4
region in DLB and that these changes may be helpful
for differentiating AD from DLB.

MATERIALS AND METHODS

Subjects

We recruited 16 people with Alzheimer’s disease
and 16 with dementia with Lewy bodies, from clinical
Old Age Psychiatry, Geriatric Medicine and Neurology
Services. Sixteen healthy subjects of similar age were
also recruited.

All subjects were aged over 60, and did not have
contra-indications for MRI. Subjects with demen-
tia had mild to moderate severity (MMSE > 10).
All Alzheimer’s disease subjects fulfilled criteria for
probable AD according to NINCDS/ADRDA [14].
Dementia with Lewy body cases all met criteria for
probable DLB according to the consensus criteria [15]
(i.e. they met two or more of the core features of
fluctuating cognition, visual hallucinations and parkin-
sonism). Nine of the DLB subjects had a 123I-FP-CIT
SPECT scan, all of whom demonstrated reduced
dopamine transporter uptake in the basal ganglia.
All diagnoses were made by consensus between two
experienced clinicians, a method we have previously

validated against autopsy diagnosis [16]. Diagnoses
were made independent of MRI scanning. Routine
clinical workup for dementia included detailed physi-
cal, neurological and neuropsychiatric examinations,
including screening blood tests and CT scan. Pres-
ence of diabetes and hypertension were determined
through a combination of medical records, interview
with subject, and examining medications. Additional
assessments performed were of cognition (Cambridge
Cognitive Examination (CAMCOG)) [17], mood (Cor-
nell depression scale) [18], neuropsychiatric features
(Neuropsychiatric inventory (NPI)) [19], clinical fluc-
tuation (Clinical Assessment of Fluctuation scale) [20],
memory (Rey auditory verbal learning test [21]) and
motor features of parkinsonism (UPDRS subsection
III) [22].

Exclusion criteria included severe concurrent illness
(apart from dementia for patients), space occupying
lesions on imaging, history of stroke and contraindi-
cations to MRI. In addition, controls had no history of
psychiatric illnesses.

The study was approved by the local ethics commit-
tee, and all subjects gave signed informed consent for
participation.

MRI acquisition

Subjects were scanned on a 3T MRI system (Intera
Achieva scanner; Philips, Eindhoven, the Nether-
lands). Images acquired included a T1 weighted volu-
metric sequence covering the whole brain (MPRAGE,
sagittal acquisition, slice thickness 1.2 mm, voxel size
1.15 × 1.15 mm; TR = 9.6 ms; TE 4.6 ms; flip angle
= 8o; SENSE factor = 2).

We used a high resolution T2 weighted turbo
spin echo coronal imaging sequence based on pre-
vious work at 4T [4]. Prior to commencing the
study, we attempted to optimize the high resolution
sequence using a range of TR (2500–5000 ms) and
TE (19–80 ms) on a 42 year old volunteer. On the
first 13 subjects we used the following sequence:
turbo factor 15; 24 slices; slice thickness 2 mm, field
of view 210 × 167; pixel resolution 0.41 × 0.52 mm;
TR 2568 ms; TE 19 ms; flip angle 90o. This scan
was repeated to collect 2 datasets – acquisition
time = 2*2:50.

After the first 13 subjects (5 Control, 7 AD, 1 DLB)
one of the high resolution acquisitions was replaced
(see results for explanation of reasons) by 3 acqui-
sitions of a sequence with the following parameters
altered (12 slices; pixel resolution 0.27 × 0.35 mm; TR
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3852 ms; 3 acquisitions – acquisition time = 3*2:07).
The number of acquisitions was increased to maintain
SNR in the face of smaller voxels. The first 13 sub-
jects were not rescanned with the new sequence. Data
were acquired using multiple acquisitions to allow cor-
rection of patient motion prior to averaging to increase
signal to noise ratio. This approach was found to main-
tain highest resolution in pilot studies compared with
direct averaging by the scanner. The coronal images
were positioned for each subject so they were angled
perpendicular to the main axis of the hippocampus.
This was achieved by angling the image plane at 25◦
relative to a line joining the inferior aspect of the
genu and splenium of the corpus callosum. This line
is similarly oriented to the standard anterior-posterior
commissure orientation. We have previously found this
to be a reliable and repeatable method to give a good
angulation in the temporal lobe.

MRI processing

We used the FLIRT image registration tool [23]
(part of FSL http://www.fmrib.ox.ac.uk/fsl/) to regis-
ter all the high resolution images from each subject
together, and interpolate with linear interpolation to
0.27 × 0.27 mm resolution. A higher signal to noise
ratio image was then created by summing together all

the registered high resolution images. For the initial 13
subjects in which two datasets were collected, these
datasets were averaged together. For the subsequent
subjects where four datasets were collected, an image
was produced by averaging all four images (three
images with 0.27 × 0.35 mm resolution and one with
0.41 × 0.52 mm) together. This was found by visual
inspection to optimise contrast to noise.

Regions of interest (ROI) were manually drawn on
coronal T2 weighted images of the hippocampus sub-
regions CA1,CA2 and CA3/4 according to the method
of Mueller [4] starting on the slice on which the head of
the hippocampus was no longer visible, and the 2 slices
posterior to that. This method uses the hypointense line
visible on the coronal T2 weighted images in the hip-
pocampus to determine the boundary between CA1
and CA3/4 (see Fig. 1). All regions were drawn with
the temporal lobe presented with its medial aspect on
the right of the screen. Figure 1 depicts the regions.
The external boundary of CA1 was drawn starting with
a line perpendicular to the subiculum cortex surface
where it meets the CA3/4 region, and following the
boundary of the hippocampus round to the CA2 region.
The hypointense line was used to differentiate CA3/4
from CA1, and from the inferior portion of CA2. The
fimbria was excluded. The medial border of CA2 was
positioned halfway laterally across the hippocampus,

Fig. 1. Close up of hippocampi from one subject in the high resolution T2 weighted coronal sequence. (The left hippocampus has been flipped
left-right so that the hippocampus has the same relative orientation). Bottom image shows the regions drawn CA1 (red) CA3/4 (blue) and CA2
(green). The thickness measurement of entorhinal cortex and subiculum is shown as a yellow line. (For reference to colour, see the online version
of the image). R = right, and L = left.
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measured from the superficial hippocampal sulcus.
CA2 was then drawn as a square angled according
to the superior surface of the hippocampus, whose
height was determined by the distance between the
hypointense line and the superior surface. We calcu-
lated the area of each ROI and then averaged values
over the three slices on which they were defined to
give an average area for each structure. An average
hippocampus area was defined by summing together
the values for CA1,CA2 & CA3/4. All regions were
drawn using the freely available itk-snap package [24]
(http://www.itksnap.org/pmwiki/pmwiki.php) by the
same operator (MJF), blinded to diagnosis. Images
were displayed with linear interpolation, and image
display settings were determined by viewing the image
intensity histogram – window levels were set from
the width of the main bell-shaped histogram curve at
approximately 10% of its height. This display setting
enhanced the grey/white matter contrast.

Since the length of the subiculum and entorhinal
cortex varied, and because it is known that thickness
rather than area measurements are more consistent
in these structures [25], we measured the thickness,
rather than area, of the subiculum and entorhinal cor-
tex. The imageJ (http://rsb.info.nih.gov/ij/index.html)
image viewing package was used for distance measure-
ment. This was performed by determining the length of
a manually drawn line on the coronal images on three
adjacent slices, and calculating the average length. The
orientation of the line was drawn (by eye) perpendic-
ular to the surface at the point of measurement. The
subiculum thickness was measured on the same three
slices as the CA1 region, where the medial border of
the hippocampus joined the subiculum (see Fig. 1). The
entorhinal cortex thickness was measured on the start-

ing slice of the CA1 measurement, and the two anterior
slices. Position of entorhinal thickness measurement is
also shown in Fig. 1. We also measured the thickness of
the CA2 region on the same three slices as the region
of interest was drawn, as a potentially more reliable
measurement. Since we had no hypothesis regarding
laterality, we averaged all left and right measurements.

Reliability was assessed by repeating the region
drawing and distance measurement on 6 subjects (=12
hippocampi) chosen at random (2 control, 2 AD &
2 DLB) at least a month after initial region draw-
ing. From these, we calculated intraclass correlation
coefficient (ICC), percent difference, and (for region
measurements) percent overlap. These were defined
as

Percent difference = |V2 − V1|/(V2 + V1) × 200

Percent overlap = (V1 ∩ V2)/(V2 + V1) × 200.

Where V1 is first measurement, V2 second mea-
surement, and V1∩V2 the overlap between V1 and
V2.

Reliability measures for the manual region drawing
for repeat measurements on the 6 subjects are presented
in Table 1, and are comparable with those of Mueller
[4] showing that we can obtain good depiction of the
internal structure of the hippocampus at 3T. Interrater
reliability was assessed by a second trained observer
(EJB) performing the analysis on the 6 cases, and
results are also presented in Table 1. In order to com-
pare the two different image protocols, on the 4 of these
6 subjects who had both coronal image sequences,
we repeated the segmentations using just the lower
resolution image (0.4 × 0.5 mm) and compared these
to the segmentations performed on the averaged image

Table 1
Reliability measures of hippocampal area/thickness, performed on 6 subjects (12 medial temporal lobes). Final column is agreement between
the image with resolution 0.41 × 0.52 mm and the average of four images (3 with resolution 0.27 × 0.36 mm and 1 with 0.41 × 0.52 mm), and
these data are from the 4/6 of the subjects who had both sequences. Percent difference is absolute difference in area as percentage of average

area, and percent overlap is area in common as a percentage of average area. Values are mean (95% Confidence interval)

Within observer comparison Between observer comparison Initial vs. final sequence comparison

Percent Percent ICC Percent Percent ICC Percent Percent ICC
difference overlap difference overlap difference overlap

CA1 7.7 (5–10) 90 (88–91) 0.98 16 (9–23) 76 (72–29) 0.91 5.2 (2–8) 81 (76–86) 0.98
CA2 24 (15–32) 68 (62–75) 0.62 20 (10–29) 34 (25–46) 0.23 20 (11–29) 59 (48–70) 0.20
CA3/4 7.3 (3–11) 90 (88–91) 0.95 22 (15–29) 79 (76–82) 0.80 13 (7–19) 84 (80–88) 0.74
Thicknesses:
Entorhinal 13.2 (7–20) 0.72 11 (5–16) 0.78 13 (10–15) 0.68
Subiculum 8.0 (4–12) 0.84 11 (7–15) 0.78 10 (7–13) 0.90
CA2 7.0 (4–10) 0.74 19 (11–26) 0.57 12 (9–14) 0.72
Clarity 0.97 0.80 0.58

ICC = intraclass correlation coefficient.
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Fig. 2. Example hippocampi with visual rating for clearness. The
visual rating is indicated in the top right of each hippocampus. The
scale was based on the visibility of the dark line separating CA1
from CA3/4. Rating of 5 = line clearly visible on all slices; 3 = line
partly visible; 1 = line not at all visible.

from all four acquisitions (lower resolution plus three
higher resolution image). The comparison data are
shown in the table. There is good agreement between
measurements on the sequences, apart from the CA2
area.

As described above, we followed the method of
Mueller et al. [4] which uses the location of the
hypointense line in the hippocampus to determine the
boundary between CA1 and CA2 & CA3/4 (see Fig. 1).
Since we observed considerable variability in how
clearly this line could be visualised between subjects,
each hippocampus was assigned a score (1 to 5) accord-
ing to how clearly the hippocampus internal structure
was depicted throughout the 3 slices examined. On this
scale, 5 = line clearly visualised throughout, 4 = most
of the line clearly visualised, 3 = line semi clearly
defined, 2 = line mostly not clearly defined, but recog-
nisable, 1 = line not visualised at all (see Fig. 2 for
example of each category). This was done at the same
time as the region of interest drawing by the same inves-
tigator, again blinded to diagnosis. Reliability of the
rating scale was assessed on the same cases as the hip-
pocampus regions, and results are also presented in
Table 1. The intrarater reliablility of the visual rating
was also assessed separately on the first and second
imaging sequences, and there was no significant dif-
ference in the visual rating reliability between imaging
sequences.

We also obtained on all subjects a T1 weighted
whole brain scan. We processed this scan to seg-
ment into grey and white matter and CSF using SPM
5 (http://www.fil.ion.ucl.ac.uk/spm/) from which the
total intracranial volume (ICV) was determined by
the sum of these three components. This was then
used to control for differences in head size between
individuals. We also used a previously validated auto-
mated segmentation technique [26] to determine the
volume of left and right hippocampi from the T1
weighted image. This procedure uses the grey matter
segmentation from SPM5, along with a standard hip-
pocampus template to segment the hippocampus. The
SPM grey/white matter & hippocampus segmentions
were visually checked for any gross errors.

Statistics

We tested all variables for normality using the
Kolmogorov Smirnov test. All apart from education,
UPDRS and Rey scores were normally distributed.
The Levene test was then used to compare homogene-
ity of variance, and, apart from MMSE, CAMCOG
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and Fluctuation all had equal variances across groups.
Education was dichotomised at 11 years (ie those who
left school aged 16). Fisher’s exact test was used to
compare sex and post-16 education. We used ANOVA
to compare normally distributed demographic factors
and the Kruskal-Wallis test for the non-normally dis-
tributed variable between groups, followed by post hoc
tests using Mann-Whitney, with a Bonferroni correc-
tion (p = 0.05/3 = 0.016) for multiple comparisons.

Since education varied between groups, it was
included as a covariate in the analysis of the imag-
ing data. Differences in hippocampal area between
groups were examined with a three group ANCOVA
with covariates of age, ICV and the binary variable of
post-16 education, followed by Tukey post-hoc tests.
To test the discriminant power, we used discriminant
analysis with cross validation (leave one out). Wilks’
Lambda test was used to assess the significance of the
discriminant model. We investigated the relationship
between memory function (Rey delayed recall and Rey
total item score) and those hippocampus measurements
which showed a group difference using a Spearman
correlation within each group separately.

All p values quoted are two sided. Results were
regarded as significant if p < 0.05. All statistical anal-
ysis was performed with Minitab 15 (Minitab inc,
Pennsylvania, USA).

RESULTS

Subject and image characteristics

Demographic data is summarised in Table 2. There
were no differences between groups in age or sex,
presence of hypertension or diabetes, but the DLB sub-
jects had fewer years of education than both control
and AD subjects. Intracranial volumes did not differ
between groups and there was no difference between
AD and DLB groups in MMSE, CAMCOG, or dura-
tion of dementia. As would be expected, the UPDRS
and NPI scores were higher in DLB subjects, as was
the Rey delayed recall score – the latter indicative of
better preserved memory function that is characteristic
of DLB subjects.

Images were generally of good quality, with only
one high resolution MR (from a DLB subject) not
usable due to motion. However, early on in the
study, we noticed that in those subjects with atrophied
hippocampi, the hypointense band which divides CA1
from CA3/4 was not consistently visible. To try to
improve visibility of substructures, after the first 13
subjects (5 Control, 7 AD, 1 DLB), we added a
sequence with increased coronal resolution (from 24
coronal slices with resolution 0.4 × 0.5 to 12 slices
with 0.27 × 0.35 resolution - see Fig. 3 for a compar-

Table 2
Subject demographics.

Control N = 16 AD N = 16 DLB N = 16

Age in years 76.3 (8.2) [61–93] 77.3 (8.9) [64–94] 81.0 (5.9) [70–88] §F = 1.6; p = 0.2
Sex (Female : Male) 7 : 9 8 : 8 6 : 10 †p = 0.9
Education in years 11.5 [9–18] 10.5 [9–16] 9.0 [8–10] b,c ‡H = 18; p = 0.001
Education post 16 (Yes : No) 8 : 8 5 : 11 0 : 16 b,c †p = 0.004
MMSE 29 [26–30] 21.5 [16–27] a 18 [15–27] c ‡H = 31; p < 0.001
Duration dementia (months) – 40.4 (25) [6–72] 43.7 (24) [3–96] t = 0.16; p = 0.9
UPDRS 2.0 [0–14] 5.5 [1–13] a 17.5 [9–33] b,c ‡H = 32; p < 0.001
CAMCOG 97 (3.5) 69 (11.4) a 67.4 (14.0) c ‡H = 32; p < 0.001
NPI total – 8.5 (11.8) 24.1 (11.7) b t = 3.6; p = 0.001
Rey total trials 1–5 (max 75) 42 [30–61] 21 [5–31] a 18 [4–36] c ‡H = 31; p < 0.001
Rey delayed recall (max 15) 8 [5–14] 0.0 [0–3] a 1.0 [0–8] b,c ‡H = 35; p < 0.001
Fluctuation score 0 [0] (n = 4) 0 [0–9] 7 [0–16] b,c ‡H = 13; p = 0.002
Hypertension Yes : No 7 : 9 6 : 10 6 : 10 †p = 0.7
Diabetes Yes : No 1 : 15 2 : 14 0 : 16 †p = 0.3
Intracranial volume (mL) 1504 (150) 1449 (159) 1472 (140) §F = 0.56, p = 0.6

Values in the table are mean (SD) or median [range]; Post hoc p < 0.05 (a) AD vs Control; (b) DLB vs AD; (c) DLB
vs Control; §ANOVA; †Fisher’s exact test; ‡Kruskal-Wallis (H is the Kruskal-Wallis test statistic); MMSE = mini men-
tal state exam; CAMCOG = Cambridge cognitive exam; UPDRS = Unified Parkinson’s disease rating scale (subsection
3); NPI = Neuropsychiatric inventory; Rey = Rey auditory verbal learning test; Fluctuation score = Clinical Assessment
of Fluctuation scale; Education post 16 and sex–Fisher’s exact test; Post Hoc (Mann Whitney): Education: Con > DLB
p < 0.001; AD > DLB p = 0.001; MMSE: Con > AD p < 0.001; Con > DLB p < 0.001; CAMCOG: Con > AD p < 0.001;
Con > DLB p < 0.001; UPDRS Con < AD p = 0.008; Con < DLB p < 0.001; AD < DLB p < 0.001; Rey 1–5: Con > AD
p < 0.001; Con > DLB p < 0.001; Rey delayed: Con > AD p < 0.001; Con > DLB p < 0.001; AD < DLB p = 0.001; Fluctua-
tion: Con > DLB p = 0.01; AD > DLB p = 0.006.
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Fig. 3. Left column – hippocampus imaging in first 13 subjects (with resolution of 0.41 × 0.52 mm), right column – imaging used in subsequent
subjects, with higher image resolution (0.27 × 0.35 mm). Note the hypointense line (indicated by an asterisk) in the hippocampus is more clearly
depicted in the higher resolution image, allowing better definition of the subfield boundaries.

ison in a normal subject). There were no significant
differences (p > 0.2) in any hippocampal measure-
ments between images from the two sequences in any
group.

Hippocampus measurements

Table 3 summarises the hippocampal measurements
on the three groups in the 6 mm thick anterior portion
of the hippocampus body that we examined. Control-
ling for age, ICV and post-16 education, we found the
subiculum thickness was significantly reduced in AD
compared to both control and DLB (p < 0.01). The area
of CA1 was also reduced in AD relative to both control
and DLB. Entorhinal cortex thickness was reduced in
AD compared to controls, with DLB not being signif-
icantly different to either group. There was, however,
no difference between any of the groups in CA2 or
CA3/4. Table 3 also shows values from the automated
segmentation of the whole hippocampus from the T1
weighted image. Both the AD and DLB groups had sig-

nificantly smaller hippocampi than the control group,
and there was no difference between AD and DLB
in hippocampal volume. Adding a binary variable of
MRI sequence (0.4 × 0.5 mm vs 0.27 × 0.35 mm) to
the ANCOVA model in Table 3 did not change the
significance of any of the comparisons.

Visual rating

As mentioned above, we noticed that the defini-
tion of the hippocampus subregions was less clear in
some scans, suggesting structural changes potentially
relating to the underlying disease process. We there-
fore visually rated the clearness of the scan on a 1–5
scale for the three slices on which the hippocampus
regions were drawn. Typical scan data illustrating hip-
pocampi with each of the 5 scores are shown in Fig. 2.
Figure 4 shows the relationship to hippocampal size
and diagnostic group. In a general linear model, pre-
dictors of the visual rating were diagnosis (F = 7.7;
p = 0.002), hippocampus area (F = 11.9; p = 0.001) but
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Table 3
Comparison of hippocampal measurements in the three groups. Values quoted are the average of the left and right side measurements made
on three adjacent image slices. The hippocampus volume is from automated segmentation of the T1 weighted MPRAGE sequence. ANCOVA
differences between AD/control/DLB controlling for age, intracranial volume and post 16 education. All values are mean (SD) [95% Confidence

interval].

Control AD DLB ANCOVA F; p

CA1 area mm2 26.7 (3.1) [25–28] 22.6 (3.9) [21–25] a,b 23.8 (3.0) [22–25] F = 6.3; p = 0.004
CA2 area mm2 1.53 (0.31) [1.36–1.70] 1.45 (0.33) [1.27–1.62] 1.53 (0.38) [1.33–1.75] F = 0.1; p = 0.9
CA2 thickness mm 1.36 (0.15) [1.28–1.43] 1.30 (0.19) [1.20–1.40] 1.32 (0.19) [1.21–1.42] F = 0.3; p = 0.7
CA3/4 area mm2 17.2 (2.2) [16.1–18.4] 15.5 (3.0) [13.9–17.1] 16.0 (2.4) [14.7–17.3] F = 1.4; p = 0.3
Entorhinal thickness mm 2.25 (0.18) [2.16–2.35] 1.87 (0.24) [1.74–2.00] a 1.96 (0.27) [1.81–2.11] F = 9.9; p < 0.001
Subiculum thickness mm 2.37 (0.28) [2.22–2.52] 2.03 (0.29) [1.87–2.18] a,b 2.35 (0.24) [2.22–2.48] F = 9.1; p = 0.001
Hippocampus area mm2 45.4 (5.2) [43–48] 39.5 (6.5) [36–43] a 41.3 (4.8) [39–44] F = 4.2; p = 0.022
Subfield visual clarity 4.0 (0.9) [3.6–4.6] 2.4 (0.8) [1.9–2.8] a,b 3.3 (1.1) [2.7–3.9] F = 16; p < 0.001
Hippocampus volume mm3 2878 (333) [2700–3055] 2163 (551) [1870–2457] a 2078 (616) [1737–2419] c F = 8.6; p = 0.001

Post hoc p < 0.05 (a) AD vs Control; (b) AD vs DLB; (c) DLB vs Control; Post hoc comparisons (Tukey); CA1 area: Control > AD p = 0.007;
AD < DLB p = 0.043; Subiculum thickness: Control > AD p = 0.006; AD < DLB p = 0.002; Entorhinal thickness: Control > AD p < 0.001; Hip-
pocampus area: Control > AD p = 0.03; Subfield clarity: Control > AD p < 0.001; AD < DLB p < 0.001; Hippocampus volume: Control > AD
p < 0.001; Control > DLB p = 0.01.

not intracranial volume (p = 0.4) or imaging sequence
(0.4 × 0.5 mm vs 0.27 × 0.35 mm: F = 2.8; p = 0.1).

Removing the 3 subjects (2 AD, 1 DLB) with the
worst hippocampus clearness rating did not alter the
significance of any of the findings.

Predictive diagnostic ability

To investigate the potential discriminating power of
the hippocampal measurement, we performed a lin-

Fig. 4. Graph of average of left and right hippocampus visual clarity
rating vs. average hippocampus area. Data acquired with the two dif-
ferent T2 weighted imaging protocols are shown (1st seq - resolution
of 0.41 × 0.52 mm; 2nd seq - resolution of 0.27 × 0.35 mm).

ear regression to find the best predictors, with group
(AD vs DLB) as the dependent variable, age, ICV
and education as fixed covariates, and all of the hip-
pocampal measurements added to the model in a
stepwise fashion. This produced a model (F = 12.3;
p < 0.001) in which subiculum thickness (p = 0.005),
visual clearness (p = 0.001) and hippocampus volume
(p = 0.024) independently predicted group member-
ship. We then performed discriminant analysis with
cross validation to estimate discriminating power with
subiculum, clearness, and hippocampal volume to clas-
sify group (AD vs DLB). This correctly classified 81%
(14 AD and 11 DLB; p = 0.007). Hippocampal volume
by itself did not classify subjects above chance (61%
correct; p = 0.7), while using just subiculum and clear-
ness correctly classified 74% of subjects (11 AD and
12 DLB; p = 0.005), and either variable by itself per-
formed almost as well: clearness 71% (12 AD & 10
DLB; p = 0.015) subiculum 71% (9 AD & 13 DLB;
p = 0.002).

Memory function

To see if the hippocampus measurements related
to memory function, we performed a Spearman
correlation in each group of CA1, subiculum, entorhi-
nal cortex, hippocampal area, hippocampus volume
(from automated segmentation), and visual clear-
ness against Rey delayed recall and Rey total items.
In the DLB group, there were significant correla-
tions between Rey delayed score and hippocampus
area (r = 0.7; p = 0.004), hippocampus volume (r = 0.8;
p < 0.001), CA1 area (r = 0.7; p = 0.011) and visual
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Fig. 5. Graph of average hippocampus area vs. Rey delayed memory
score in the three groups.

clearness (r = 0.6 p = 0.03). There were no significant
correlations in the AD or control group. Figure 5 shows
the Rey delayed memory score plotted against average
hippocampus area. As Fig. 5 shows, the lack of cor-
relation in the AD group is due to floor effects in the
memory test for that group.

Motor function

As expected, controlling for diagnosis, there were no
significant correlations in the dementia group between
UPDRS score and any of the hippocampus measures.

DISCUSSION

The main finding of the study was that on high
field strength hippocampal MR imaging, in DLB, the
subiculum and CA1 areas in the anterior portion of
the hippocampus body were significantly less atro-
phied than in AD. The entorhinal cortex was smaller
in AD, with DLB being intermediate between control
and AD, whilst there was no difference in the CA2
and CA3/4 regions. These data add to previous studies
in AD and DLB which assessed overall hippocampal
atrophy [6–8] and further support the hypothesis that
the medial temporal lobe is differentially affected in
the two dementias.

Adachi, using high resolution coronal diffusion
imaging of the hippocampus also observed CA1 and
subiculum atrophy in AD, with no CA3/4 atrophy
compared to control subjects. [27] Using a compara-
ble coronal sequence to the one in this study at 4T,
Mueller et al. [5] found CA1, CA2, entorhinal cortex
and subiculum reduced in AD compared with controls,
whilst the CA3/4 area was only reduced in those with
the Apo e4 allele. Burggren, [25] in (asymptomatic)
Apo e4 carriers using a similar imaging sequence,
found only differences in entorhinal cortex and subicu-
lum, not CA1, CA2 or CA3/4. They also found that
thickness measurements were more reliable than area.
We did not have information on Apo e status of our sub-
jects, and hence could not investigate its relationship
to hippocampus atrophy.

The majority of studies using T1 weighted imag-
ing and subregions inferred from the hippocampus
surface have also found CA1 and subiculum, but not
CA2 or CA3/4 atrophy relative to controls. [1, 2, 28]
The study of Sabattoli [9] with such a 1 mm3 resolu-
tion T1 weighted sequence, found atrophy in DLB vs
AD mostly confined to the head of the hippocampus,
whereas the regions of greater atrophy in AD were
largely in the tail, but also CA1 and subiculum of the
hippocampal body. We found relatively little atrophy of
the entorhinal and subiculum regions of DLB, whereas
the total hippocampus volume measured from the T1
weighted images was of similar magnitude in AD and
DLB. This suggests that either the body or tail of the
hippocampus was smaller in DLB, which would be
in keeping with Sabattoli’s findings. [9] Most studies
have found some degree of overall hippocampus atro-
phy in DLB [6–8] and Burton et al. found that medial
temporal atrophy was a good predictor of postmortem
diagnosis of Alzheimer’s disease, but had only a mod-
est relationship with tau pathology [29] suggesting that
while some of the variability in hippocampal size may
be due to AD pathology, other factors associated with
volume loss need to be determined.

It is possible that our lack of significant difference
in CA2 was due to the increased variability in measur-
ing this structure, due to its small size, and difficulty
discerning its boundaries within the hippocampus.
However, in an attempt to increase reliability, we mea-
sured both area and thickness of the structure, and in
neither case was there any indication of a significant
difference between the groups. The high variability
of the CA2 region both between raters, and within
rater on the two different sequences used does limit
the interpretation of our finding of no difference in
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CA2 between groups. Unfortunately, we did not dis-
cover any means of reliably identifying CA2 medial
and lateral borders. The entorhinal cortex measure-
ment also had greater intra-rater variability, which may
have made it more difficult to find differences between
DLB and AD or control groups. We used the thickness
rather than area of the subiculum and entorhinal cor-
tex rather than area due to large variations in the length
of these structures. Although this gave a more precise
measurement, it does mean that we were not sensitive
to changes in the overall shapes.

The CA1 region was differentiated from the CA3/4
region by determining the location of a hypointense
line on the image. This line is likely to represent fibres
in the hippocampal layers of stratum moleculare, stra-
tum lacunosum and stratum radiatum [30, 31]. We
found that the visibility of this line in the anterior
portion of the hippocampus body varied considerably
between cases, and was less clear in AD subjects and
those with smaller hippocampi. This variable visibility
either represents changes in the MR relaxation prop-
erties of these layers, or loss of the underlying tissue
itself. In either case it potentially represents disease
related changes in the internal structure of the hip-
pocampus. A study by Kantarci [32] used diffusion
weighted imaging and found that increased diffusivity
in the hippocampus of MCI subjects predicted conver-
sion to AD, indicating early loss or damage to neuronal
bodies in the hippocampus. Hippocampal atrophy has
been found to relate to changes in WM of the cingulum
which connects the hippocampus to the posterior cin-
gulate [33, 34] suggesting that breakdown of the white
matter in and connecting the hippocampus is associated
with atrophy, a notion supported by our findings.

We saw correlations in the DLB group between
memory function and CA1 and overall hippocampus
area, suggesting that hippocampal atrophy (possibly
due to concomitant Alzheimer pathology) is related to
worsening short term memory, as would be expected.
We did not see any correlations in the Alzheimer group,
probably due to floor effects – the maximum score on
the Rey delayed test was 3/15 in the AD group (see
Fig. 5). Due to the relatively small numbers in each
group, these results should be considered tentative.

We found reasonable predictive ability of the subicu-
lum thickness to distinguish AD from DLB, with 71%
of cases correctly classified. In this study it was better
than any other hippocampal measurement, including
overall area or volume. In the revised international
consensus criteria for clinical diagnosis of DLB [15]
a visual rating of overall hippocampal atrophy can be

used as a supportive feature for diagnosis. Possibly
subiculum thickness could provide additional diagnos-
tic information and further studies on larger numbers of
subjects should investigate whether subiculum thick-
ness provides a more specific diagnostic discriminator.
This is important as another putative specific marker
for AD, atrophy of the entorhinal cortex, did not dif-
ferentiate between AD and DLB, similar to findings
from a previous study using more standard 1.5T imag-
ing [10]. Previous studies have found similar levels for
discriminating AD from DLB on hippocampus vol-
ume. Data from Whitwell et al. [7] suggest a diagnostic
accuracy of 65%, while Barber et al. [35] had an accu-
racy of 74% for DLB vs AD. However in our study,
the hippocampus area and volume by themselves did
not distinguish between AD and DLB, suggesting that
the subiculum and visual rating might provide addi-
tional diagnostic information which is complementary
to measurement of overall hippocampus atrophy. Scans
using the dopamine transporter tracer FPCIT have
been shown in a large multicentre study to have a
very good (85%) accuracy for distinguishing DLB
from non-DLB dementia [36]. However, MRI has the
advantage that information can also be acquired in
the same scanning session about other pathologies eg
vascular.

Strengths of the study include high resolution hip-
pocampus imaging, careful ROI measurements. The
cohort was well defined, with all dementia subjects ful-
filling criteria for either probable AD or probable DLB,
using a clinical diagnostic method we have previously
validated against postmortem findings and utilising
dopaminergic imaging in 9 DLB subjects. Weaknesses
are that only a 6 mm portion of the hippocampus body
was examined, and (as noted by Mueller et al. [5])
the boundaries of CA2 are somewhat arbitrary. We
used two different imaging protocols, as we tried to
improve the image resolution during the study, and the
initial 13 subjects were not rescanned. Although this is
a potential confounder, we obtained good agreement
between the area and thickness measurements made
on the two sequences, and controlling for the type of
sequence used in the analysis did not alter the results.
Detection of hippocampal substructures requires suf-
ficient in-plane resolution and image contrast between
individual structures. Although our sequences were
based largely on the study of Mueller et al. [4] which
was performed at higher field (4 Tesla), we conducted
preliminary investigations varying sequence parame-
ters (TR and TE) and did not obtain any significant
improvement in contrast.
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An important limitation of the study was that the
measurement of subiculum and entorhinal cortex was
not validated by an established technique. Following
Mueller et al., our working definition for the medial
boundary of CA1 was to use the superficial hip-
pocampal sulcus. Whilst this is a consistent and easily
identified boundary, it does mean that the CA1 region
will include some of the subiculum, and hence our CA1
findings will be slightly influenced by any subiculum
changes.

We did not have autopsy confirmation of the diag-
noses in the subjects, however we used a consensus
clinical diagnosis, which we have previously shown to
have good accuracy against autopsy.[16] In addition,
all 9 of our DLB subjects who had dopamine trans-
porter imaging had abnormal scans consistent with
DLB as the diagnosis. It is quite possible that the DLB
subjects had some degree of concomitant Alzheimer’s
pathology, which contributed to the hippocampus atro-
phy. A CT image was used as part of the clinical
diagnosis, and this does have the potential to bias the
sample towards AD having greater hippocampal atro-
phy. We do not feel this was a major issue, since the
hippocampus volume did not differ between the AD
and DLB groups. For the hippocampus volume mea-
surement, we used an automated technique. This is not
as accurate as the gold standard of manually tracing,
(though much quicker) and may give incorrect results
in subjects with abnormalities/severe atrophy. How-
ever, we have previously shown good reliability with
this method in a dementia population [26] and feel the
results should be representative.

The fact that we observed less clear definition of
hippocampal structures in Alzheimer’s disease was
interesting in that it indicated internal breakdown of the
hippocampus. But it also will have limited the accuracy
of delimiting the subregions. However, the analysis
did not change on excluding those with the least clear
hippocampi. The subiculum thickness measurement
was relatively clear on all subjects as its upper sur-
face was the ventricle, and lower surface, the temporal
lobe white matter, and it showed good intra-rater reli-
ability (ICC was 0.8). If replicated in a larger study,
the subiculum thickness could be a simply measured
useful additional diagnostic feature of AD vs. DLB.
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Abstract. We examine morphological changes in cortical thickness of patients with Alzheimer’s disease (AD) using image
analysis algorithms for brain structure segmentation in order to automatic detect AD patients using cortical and volumetric
data. Cortical thickness of 14 AD patients was measured using FreeSurfer software package in T1 weighted MRI images and
compared with 20 healthy subjects. An automated classifier based on Support Vector Machine (SVM) was applied over the
volumetric measurements of subcortical and cortical structures to separate AD patients from controls. Besides the volumetric
classification we noticed that the cortical thickness group analysis showed cortical thickness reduction in the superior temporal
lobe, parahippocampal gyrus, and enthorhinal cortex in both hemispheres. We also found cortical thinning in the isthmus of
cingulate gyrus and middle temporal gyrus at the right hemisphere, as well as a reduction of the cortical mantle in areas
previously shown to be associated with AD. Automatic classification algorithms using SVM can be helpful to distinguish AD
patients from healthy controls. Moreover, the same areas implicated in the pathogenesis of AD were the main parameters driving
the classification algorithm. While the patient sample used in this study was relatively small, we expect that using a database of
regional volumes derived from MRI scans of a large number of subjects will increase the SVM power of AD patient identification.

Keywords: Alzheimer’s disease, FreeSurfer, magnetic resonance imaging, support vector machine, surface based methods

INTRODUCTION

Alzheimer’s disease (AD) is the most prevalent
cause of dementia in elderly people [1]. In the
last two decades, the comprehension of the under-
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lying mechanisms of elderly dementia and AD have
been enlightened by evidence emerging from different
research fields, perhaps with more contribution arising
from neuropathology, genetics [2], and neuroimaging
[3] data.

Current literature from neuropathology and neu-
roimaging studies shows evidence that common
changes can be found in AD patients, but unfortunately,
these are neither specific nor diagnostic at an individ-
ual level. The most celebrated anatomical finding is
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a volumetric reduction in the hippocampal formation
and parahippocampal gyrus [4, 5]. However, in ear-
lier stages of the disease, there is no evidence that this
finding can be used as a diagnostic criterion. Rather,
volumetric assessment of the hippocampal formation
seems to be more specific at an individual level when
analyzing temporal progression [6]. Imaging data can
provide insights of how the disease progresses in time
at each brain structure from a macroscopic view-
point.

The high variability of AD phenotypes, a broad
range of clinical presentations, and the role of cognitive
reserve in disease progression are confounding factors
in creating a generic neuroimaging criterion for AD
diagnosis. A promising approach is to study groups of
AD patients showing common patterns (old age, mild
cognitive impairment, high education, apolipoprotein
E (ApoE) �4 carriers, etc.) in order to access the power
of specific techniques in differentiating patients from
healthy volunteers—then proceed with further steps to
design diagnostic tests that can be applied in all types
of AD patients.

Some studies have explored artificial intelligence
and machine learning methods to detect cerebral
changes and discriminate normal aging from AD
[7–11]. This marker (obtained from MRI data alone) is
neither fully conclusive nor predictive of the outcome,
in spite of the frequently reported correlation between
cerebral atrophy and symptoms. Nevertheless, some
studies showed that machine learning methods are a
reliable tool for indicating the presence of probable
AD, even compared to conventional radiological anal-
ysis [12].

However, new methods for early detection and early
estimation of treatment outcome are needed [13] as
specific treatment drugs for dementia aimed to delay
the progression of disease (in terms of brain degen-
eration effects) [1, 14] are emerging on a daily basis.
Perhaps the combination between surrogate markers
(laboratory, genetic, and quantitative neuroimaging
data) with automated classification algorithms may
play an important role in detecting subtle changes pre-
ceding AD clinical manifestations.

Support vector machines (SVM) are a broad term
to refer to a group of supervised learning methods
that attempt to maximize the distance of a hyper-
plane or hypersurface separating two classes [15].
Machine learning techniques have been applied in sev-
eral science fields, including neuroscience [16, 17].
SVM allows classification of both linear and non-linear
separable data. It has been used to detect AD using

mostly voxel-based morphometry (VBM) and some-
times VBM with auxiliary data (ApoE �4 mutation,
PET) [8, 10]. One study used SVM in conjunction
with surface based analysis to separate AD patients
from healthy controls [11], and another recent study
used the same technique to classify AD using cortical
parcelation data [18].

In this study, our aim is to: 1) use surface based
morphometry techniques to study cortical thickness
differences between healthy controls and AD patients;
2) use SVM classifiers based on parameters extracted
from MR images to separate patients with AD from
healthy controls; and 3) compare this multivariate
method with a single variable classifier.

MATERIAL AND METHODS

Study groups

Fourteen patients with AD from an outpatient
unit in the city of São Paulo, Brazil (Department
of Psychiatry, University of São Paulo) were inter-
viewed with the Cambridge Mental Disorders of
the Elderly Examination (CAMDEX) [19]. All met
NINDS/ADRDA criteria for probable AD [20]. They
also passed screening laboratory examinations includ-
ing complete blood count; liver, renal, and thyroid
function tests; and Vitamin B12 and folate levels. The
exclusion criteria included positive syphilis serology,
a Hachinski Ischemic score ≥ 4, Parkinson’s disease,
non-neuroleptic induced Parkinson-like syndrome,
hyperthyroidism, hyperparathyroidism, diabetes mel-
litus, other psychiatric disorders (schizophrenia, obses-
sive compulsive disorder), claustrophobia, chronic use
of neuroleptics, and previous use of cholinesterase
inhibitor. The same exclusion criteria were used to
select a control group of normal elderly subjects
(n = 20). They were free of symptoms suggestive of
physical or mental disorder based on the CAMDEX
interview, general medical questioning, and physical
and neurological examination.

The overall severity of cognitive impairment
was rated with the Mini-Mental State Examination
(MMSE) [21]. The average MMSE in patients was
21.5 ± 2.27 and in the control group average MMSE
was 27.9 ± 1.44. The average onset time of the symp-
toms in AD group was 22.5 ± 11.4 months. Further
details are shown in Table 1.
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Table 1
Clinical, demographic and neuropsychological characteristics of AD subjects (n = 14) and healthy controls
(n = 20). Age (p = 0.027).

Code Gender Age Diagnosis Education Family MMSE Symptom Onset
(years) History for AD (months)

ALZ01 M 78 AD 17 N 24 28
ALZ02 F 77 AD 12 N 26 12
ALZ03 F 70 AD 4 N 19 24
ALZ04 M 68 AD 9 S 21 36
ALZ05 F 80 AD 4 N 20 12
ALZ06 M 74 AD 10 N 21 36
ALZ07 M 77 AD 4 N 22 24
ALZ08 F 76 AD 4 N 22 18
ALZ09 F 76 AD 8 N 21 18
ALZ10 F 74 AD 4 S 18 24
ALZ11 M 84 AD 7 N 24 8
ALZ12 F 79 AD 12 S 24 18
ALZ13 M 79 AD 9 N 21 10
ALZ14 M 75 AD 4 S 19 48
CTL01 F 80 CTL 8 N 28 N/A
CTL02 F 74 CTL 4 N 28 N/A
CTL03 F 75 CTL 15 N 27 N/A
CTL04 M 76 CTL 11 N 28 N/A
CTL05 M 76 CTL 4 N 26 N/A
CTL06 F 72 CTL 16 N 29 N/A
CTL07 F 70 CTL 5 N 26 N/A
CTL08 M 80 CTL 4 N 26 N/A
CTL09 F 68 CTL 8 N 29 N/A
CTL10 M 71 CTL 16 N 29 N/A
CTL11 M 75 CTL 8 N 27 N/A
CTL12 M 75 CTL 4 N 25 N/A
CTL13 M 68 CTL 11 N 30 N/A
CTL14 M 73 CTL 11 N 29 N/A
CTL15 M 75 CTL 4 N 27 N/A
CTL16 F 74 CTL 16 N 29 N/A
CTL17 F 75 CTL 15 N 29 N/A
CTL18 F 66 CTL 16 N 30 N/A
CTL19 F 66 CTL 15 N 29 N/A
CTL20 F 70 CTL 4 N 27 N/A

Summary

AGE Education MMSE

AD Patients 76.21 (SD 4.04) 7.71 (SD 4.07) 21.5 (SD 2.28)
Controls 72.95 (SD 4.03) 9.75 (SD 5.00) 27.9 (SD 1.45)

M – male F – female; AD –Alzheimer’s disease, CTL - Control; N – Not present; Y – Present; N/A – Not
applicable

MRI acquisition

Images were acquired using a 1.5 T GE Horizon LX
8.3 scanner (General Electric Medical Systems, Mil-
waukee). A series of contiguous 1.6 mm thick coronal
images across the entire brain were acquired, using
a T1-weighted fast field echo sequence (TE = 9 ms,
TR = 27 ms, flip angle = 30º, field of view = 240 mm,
256 × 256 matrix), acquired perpendicular to the main
temporal axis.

Image analysis

Cortical reconstruction and volumetric segmen-
tation was performed with the FreeSurfer image
analysis suite (version 4.3.0), which is docu-
mented and freely available for download online
(http://surfer.nmr.mgh.harvard.edu/). The technical
details of these procedures are described in pre-
vious publications [22–28]. Briefly, this processing
includes removal of non-brain tissue using a hybrid

http://surfer.nmr.mgh.harvard.edu/
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watershed/surface deformation procedure [29], auto-
mated Talairach transformation, segmentation of the
subcortical white matter and deep gray matter volu-
metric structures (including hippocampus, amygdala,
caudate, putamen, ventricles) [26, 27], intensity
normalization [30], tessellation of the gray matter
white matter boundary, automated topology correction
[28, 31], and surface deformation following inten-
sity gradients to optimally place the gray/white and
gray/cerebrospinal fluid (CSF) borders at the location
where the greatest shift in intensity defines the transi-
tion to the other tissue class [22, 23].

Once the cortical models are complete, a number of
deformable procedures can be performed for further
data processing and analysis including surface infla-
tion [24]; registration to a spherical atlas which utilized
individual cortical folding patterns to match cortical
geometry across subjects [32]; parcellation of the cere-
bral cortex into units based on gyral and sulcal structure
[25, 33]; and creation of a variety of surface based data
including maps of curvature and sulcal depth.

This method uses both intensity and continuity infor-
mation from the entire three dimensional MR volume
in segmentation and deformation procedures to pro-
duce representations of cortical thickness, calculated
as the closest distance from the gray/white boundary to
the gray/CSF boundary at each vertex on the tessellated
surface [22]. The maps are created using spatial inten-
sity gradients across tissue classes and are therefore not
simply reliant on absolute signal intensity. The maps
produced are not restricted to the voxel resolution of
the original data thus are capable of detecting submil-
limeter differences between groups. Procedures for the
measurement of cortical thickness have been validated
against histological analysis [34] and manual measure-
ments [35, 36]. FreeSurfer morphometric procedures
have been demonstrated to show good test-retest reli-
ability across scanner manufacturers and across field
strengths [37].

To verify the quality of the processed data, two of
the authors (PPMOJ, EA) visually inspected and even-
tually manually corrected the segmentation for each
individual. Only one individual required such inter-
vention.

Statistical analysis

Step 1: The group analysis of cortical thickness was
performed using mri glmfit from FreeSurfer, using
a general linear model over a common spherical
coordinate system [32] to produce a surface map of

cortical thickness difference comparing controls and
AD patients. We do not use this step for classifica-
tion but to visualize where the cortex of AD patients is
thinner than controls.

Step 2: The volume measurement of cortical and
subcortical structures obtained from FreeSurfer was
used to train a multivariate classifier: a support vector
machine (SVM) using a radial basis function (RBF)
kernel [k (x, x’) = exp (�|x-x’|2)].

Cost and �, for the RBF were estimated using the
grid-search algorithm: pairs of (Cost, �) are tried and
the one producing the best cross-validation accuracy is
chosen [38].

Step 3: The training step was used to detect and
remove the volume structures not relevant to discrim-
inate patients with AD from controls. This feature
selection, over volumetric measures, was performed
in a software developed by one of the authors [PPM]
using LibSVM [38]. The software executes the follow-
ing procedure:

1. To train SVM using all features: (Volume of 45
areas, each volume is a feature)

2. Compute cross validation leave-one-out accuracy
for step 1.

3. From the 45 areas, eliminate the features whose
F-Score is lower than 10% of the largest F-Score.

4. For each of all combination of the remaining
areas execute:

a. To train the SVM using only the subset of
the combination’s features

b. Compute cross validation leave-one-out for
step 3 a

c. Save the feature subset if the value of 3 b is
equal the value of step 2 and the number of
features is smaller than previously obtained.

Step 4: A ROC curve for the volume of each individ-
ual brain structure was constructed to verify whether a
multivariate classifier was needed.

RESULTS

The group analysis of cortical thickness among
patients with AD and the healthy aged-matched control
group showed areas of cortical reduction (p < 0.01, cor-
rected for multiple comparisons with false discovery
rate) in the superior temporal lobe, parahippocampal
gyrus, and enthorrinal cortex in both hemispheres. In
the right hemisphere, we also found the reduction in
isthmus of cingulate gyrus and middle temporal gyrus.
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In both hemispheres, there is a small area of cortical
thinning in AD patients in superior frontal lobe (Fig. 1).

The volume from the 45 brain areas calculated with
FreeSurfer automatic segmentation and volume esti-
mation (Table 2) has been used as an input to train a
SVM with RBF kernel (�=0.0078125 and Cost = 8.0).
This technique produced a discriminating power of

88.2% [CI95%; 72.5%-96.7%] (Sensitivity = 92.8%
[CI95%; 66.1%-99.8%], Specificity = 85.0% [CI95%;
62.1%-96.8%]) using cross validation with leave-one-
out.

When analyzing the classification provided by each
of the 45 areas alone, left and right hippocampi, as well
as overall cortical thickness were the most relevant fea-

Fig. 1. Comparison of cortical thickness of patients with AD versus healthy elderly controls using age as a covariate. Left and right hemisphere
of group analysis showing thinning in AD patients are displayed in Lateral (L) and Medial (M) views. Colors are mapped to p-values using the
color scale attached.

Table 2
Volumetric Structures used in the SVM classification model

Right Cerebellum White Matter Right Ventral Diencephalon
Right choroid plexus Left Putamen
Left Amygdala Left Cerebral White Matter
Left Cerebellum White Matter Corpus Callosum Medial Anterior
Right Thalamus Proper Right Putamen
Right Pallidum Left Accumbens area
Left Ventral Diencephalon Right Amygdala
Right Accumbens area Left Thalamus Proper
Right Cerebral White Matter Left Cerebellum Cortex
Corpus Callosum Medial Posterior Left Lateral Ventricle
Right Lateral Ventricular Horn Right Cerebellum Cortex
Corpus Callosum Central Left vessel
Brain Stem Left choroid plexus
Right Hippocampus Left Caudate
Right Caudate Left Lateral Ventricular Horn
Corpus Callosum Posterior Left Cerebral Cortex
Corpus Callosum Anterior Right Cerebral Cortex
Right Lateral Ventricle Right vessel
Left Hippocampus Optic Chiasm
Left Pallidum 4th Ventricle
3rd Ventricle 5th Ventricle
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Fig. 2. ROC (receiver operating characteristic). Curve of the variables used in SVM classification showing that the multivariate classifier used
has more accurate results than using any of the variables alone. SVM ROC has been created with distinct trainings using distinct weights in the
cost function.

Table 3
Volumetric Structures useful to SVM prediction, ordered by importance in SVM model

Anatomic Region Volume Patients (mm3) Volume Control (mm3)

Right Lateral Ventricular Horn 1360 mm3 ± 989 570 mm3 ± 267
Left Hippocampus 2581 mm3 ± 499 3271 mm3 ± 452
Right Hippocampus 2862 mm3 ± 615 3596 mm3 ± 508
Left Cerebral Cortex 194093 mm3 ± 14 x103 212592 mm3 ± 19 x103

Right Cerebral Cortex 193095 mm3 ± 12 x103 212620 mm3 ± 19 x103

Corpus Callosum Posterior 1771 mm3 ± 72.03 877 mm3 ± 100
Corpus Callosum Anterior 596 mm3 ± 87.42 751 mm3 ± 122

tures, to classification using ROC areas. Nevertheless,
SVM outperforms the classification produced from
each feature alone (Fig. 2).

The feature selection in the SVM revealed areas rel-
evant to discriminate AD patients and normal controls
comprising anterior and posterior corpus callosum
volume, left and right hippocampus, right lateral
ventricular horn size, and right gray matter volume
(Table 3).

The scatter plot matrix showing from this multi-
dimensional data shows a variable power for each
parameter contributing to the classification, as well as
individual patients and groups produced (Fig. 3).

DISCUSSION

We show that a group of patients with AD compared
to a matched population have a reduction in cortical
thickness when analyzing MRI data using a surface
based method. The cortical surface analysis findings in
our AD sample replicate previous reports in the neu-
roimaging literature [4, 39–41]. The cortical thinning

in temporal, limbic, and enthorrinal cortex confirms
the previous literature on cortical thickness analysis
and surface based volumetric analysis of AD [40, 41].
In addition, the findings in AD with mild to moderate
impairment or recent onset [4, 39] regarding cortical
volume decrease occurring centered on medial tem-
poral lobes, are confirmed in this study. However, our
results have some differences from previous reports:
parietal cortex did not show significant thinning in AD
compared to controls, and the right brain hemisphere
showed more alteration both in surface based and vol-
umetric measurement techniques. We have also shown
that the SVM analysis showed a good performance
to classify AD patients and healthy controls as well
in identifying anatomic structures that have a reduced
volume in AD patients.

In imaging studies of AD, it is usual to find differ-
ences either metabolic or volumetric in parietal cortex
[5]. We did not find evidence of a parietal cortex
involvement, maybe due to the lack of statistical power.
However, this finding is consistent with the hypothe-
sis that in this particular group of older patients with
recent onset, there is less involvement of the parietal
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Fig. 3. Scatter plot matrix of the eight volumetric features used in SVM classification. This figure helps visualizing the multidimensional data
used to classify between AD patients and healthy controls. Blue squares represent AD patients and red dots represent healthy controls. The
volumes of brain structures are given in mm3 (for black and white version). Scatter plot matrix of the eight volumetric features used in SVM
classification. This figure helps visualizing the multidimensional data used to classify between AD patients and healthy controls. White squares
represent AD patients and dark dots represent healthy controls. The volumes of brain structures are given in mm3.

lobe. Other studies with groups with mild to moderate
impairment [39] showed that the predominant differ-
ences are in the temporal lobe. A hypothesis is that
these patients may have developed AD symptoms later
in life simply because of particular disease mecha-
nisms, which per se could induce to a more delayed
progression with less cortex involvement.

The findings presented here reinforce the impor-
tance of image studies of AD in all subgroups.
Previous reports have concentrated on findings from
mild impairment [3, 39], but these actually may reflect
changes specific to a subgroup of patients, and there-
fore the alterations at this initial phase can be difficult
to detect if one only looks for a predetermined pattern.

Patients with recent symptoms, late or early onset, high
or low education level, or positive ApoE4 mutation [41,
42] may provide distinct features to be pursued in order
to discriminate mechanisms of AD damage in nervous
system.

The differences between cortical thinning from right
to left hemispheres are not easy to explain. One pos-
sible theory for these findings is that degeneration
is distinct in the dominant hemisphere [43]. Another
possible explanation is the progressive degeneration
pattern affecting language in a later stage, after the
usual initial compromise found in olfaction and mem-
ory. However, this finding requires further study to
determine whether it is a constant feature of AD or an
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artifact produced by the methodology used, data out-
liers, or a small sample. Further studies are required to
analyze this effect properly.

We have also introduced the use of SVM as a
trained classifier to detect AD based only in the vol-
ume of subcortical structures and cerebral cortex with
data obtained using a surface based approach. Simi-
lar techniques have been also studied with voxel based
morphometry (VBM) [9, 44], combining VBM with
ApoE �4 marker [10], with cortical thickness [11],
using VBM with a cortical parcelation atlas [18],
and combining VBM with PET data [45]. Most of
the results presented here confirm the previous pub-
lished papers regarding classification of AD patients
using machine learning techniques [9–11, 44]. Also
the classification accuracy in this present study is simi-
lar with the above mentioned publications, considering
the sample size used. However, we noticed very inter-
esting converging results emerging from a completely
different image analysis approach, free from the for-
malisms of classic statistical assumptions, and with the
power of providing patterns emerging from data behav-
ior, without a priori constraints. We believe that our
results help to add information related to the robust-
ness of findings in specific cortical regions. If this
marker is reproducible at an individual level, it rep-
resents another tool that is able to provide parameters
to guide neurologists’ decisions about when to start
any available medical treatment.

One possible issue regarding the SVM results pre-
sented in this paper is whether they are novel results
or lack originality compared to previously published
studies. We believe the differences of our work to the
cited papers are, among others:

(i) Use of a surface based method software in order
to generate automatically the measures.

(ii) Use of subcortical structures volumes as a clas-
sifier feature.

(iii) Study cortical thickness difference between the
two groups to ensure that the data is comparable
with other cortical thickness studies.

The paper from Lerch and colleagues [11] indeed
uses surface based methods, however, it relies on cor-
tical thickness only as an input feature to the classifier
while we used the volume of gray matter, white matter,
and subcortical structures to train the SVM.

The results shown here were obtained with a very
recent version of FreeSurfer, optimized to estimate the
volumes of cortical and sub-cortical structures. This
software is a freeware, has a sound reliability, and has

been used in many published articles [37]. We believe
the SVM approach shown here can be used to compare
classification performance in different populations and
subtypes of the disease in multicentre studies.

Another point worth mentioning is that our findings
are in the same line as results from recent neuropatho-
logical studies [46], pointing out that a diagnosis of AD
is virtually impossible on a routine basis—thus making
the search for a biomarker for AD very challenging. At
the same time, clinical evaluation is a subjective esti-
mate and prone to errors, not to mention that there
is no clear-cut estimate of patient prognosis from a
structured diagnostic criterion. SVM and other special-
ized statistical classification methods based on image
are promising techniques to improve the diagnosis and
monitor the progression of AD.

Another fair concern would be whether the age
matching was adequate (Table 1). We believe this study
would provide better evidence if the two groups had a
better age matching. However using age as confound
factor did not altered the results.
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Abstract. Manual segmentation from magnetic resonance imaging (MR) is the gold standard for evaluating hippocampal
atrophy in Alzheimer’s disease (AD). Nonetheless, different segmentation protocols provide up to 2.5-fold volume differences.
Here we surveyed the most frequently used segmentation protocols in the AD literature as a preliminary step for international
harmonization. The anatomical landmarks (anteriormost and posteriormost slices, superior, inferior, medial, and lateral borders)
were identified from 12 published protocols for hippocampal manual segmentation ([Abbreviation] first author, publication year:
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[B] Bartzokis, 1998; [C] Convit, 1997; [dTM] deToledo-Morrell, 2004; [H] Haller, 1997; [J] Jack, 1994; [K] Killiany, 1993;
[L] Lehericy, 1994; [M] Malykhin, 2007; [Pa] Pantel, 2000; [Pr] Pruessner, 2000; [S] Soininen, 1994; [W] Watson, 1992). The
hippocampi of one healthy control and one AD patient taken from the 1.5T MR ADNI database were segmented by a single
rater according to each protocol. The accuracy of the protocols’ interpretation and translation into practice was checked with
lead authors of protocols through individual interactive web conferences. Semantically harmonized landmarks and differences
were then extracted, regarding: (a) the posteriormost slice, protocol [B] being the most restrictive, and [H, M, Pa, Pr, S] the
most inclusive; (b) inclusion [C, dTM, J, L, M, Pr, W] or exclusion [B, H, K, Pa, S] of alveus/fimbria; (c) separation from
the parahippocampal gyrus, [C] being the most restrictive, [B, dTM, H, J, Pa, S] the most inclusive. There were no substantial
differences in the definition of the anteriormost slice. This survey will allow us to operationalize differences among protocols
into tracing units, measure their impact on the repeatability and diagnostic accuracy of manual hippocampal segmentation, and
finally develop a harmonized protocol.

Keywords: Hippocampus, manual segmentation protocol, harmonization, anatomical landmark, Alzheimer’s disease, manual
tracing, medial temporal lobes, atrophy, degeneration, MRI

INTRODUCTION

Hippocampal volumetry is a marker sensitive to
disease state and progression in Alzheimer’s disease
(AD). The proposal for revised diagnostic criteria [1]
posits that, even in the preclinical stages of the disease,
the presence of hippocampal atrophy on magnetic res-
onance imaging (MR) is a marker suggestive of AD,
the others being temporo-parietal hypometabolism
on FDG PET, abnormal CSF tau and Abeta42 pro-
teins, cerebral amyloidosis on molecular PET imaging.
Currently, hippocampal volumetry is included as a sec-
ondary outcome measure in several clinical trials of
disease modifying drugs to support the claim of disease
modification [2].

Manual outlining on MR images by trained raters
is presently the most accurate, validated and used pro-
cedure to measure hippocampal volumes [3–6], and
the gold standard for the validation of automated seg-
mentation algorithms [7–12]. However, a large number
of protocols for the manual segmentation of the hip-
pocampus is available and adopted in different fields
of neuroscience research, including those investigating
a variety of psychiatric and neurodegenerative con-
ditions [13, 14]. These segmentation protocols differ
in their definition of anatomical boundaries and trac-
ing procedures, thus originating hippocampal volume
estimates that cannot be straightforwardly compared.
Indeed, the mean volume for a normal hippocampus
can range from 2 to 5.3 cm3 [14] across laboratories
worldwide. Even if individual differences in head size
are taken into account, this range is far too broad to

accept hippocampal volumetry as a valid marker for
any neurological condition. Although these differences
are in part caused by heterogeneities in image acquisi-
tion and preprocessing, heterogeneities in the landmark
definitions are major contributors. Heterogeneity was
found in the definition of the most rostral and most cau-
dal slices, in the criteria for inclusion or exclusion of
hippocampal white matter (alveus and fimbria), in the
definition of boundary lines with adjacent anatomical
structures [13, 14].

This heterogeneity prevents a direct comparison of
the outcome of different studies, and slows down the
transfer of the marker from the research laboratory to
the clinical setting. Standard operational procedures
(SOPs) are clearly required for manual hippocampal
volumetry to be transferred to routine diagnostic set-
tings and gain status as a surrogate outcome in clinical
trials for disease modifying drugs. SOPs will promote
the large use of hippocampal atrophy measurements for
the early diagnosis of AD and allow the comparison of
the effect of different drugs in clinical trials. More-
over, the automated approaches need to be validated
using a gold standard, for a given clinical population.
SOPs may represent the gold standard for the many
automated algorithms aiming to extract hippocam-
pal volume with minimal or no human input that are
presently under development [15, 16].

The aim of this study is to survey a selection
of the most popular protocols for hippocampal seg-
mentation used in AD research, in order to extract
commonalities and differences. Importantly, we sought
explicit input from protocol authors to check for proper
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understanding of their work. This survey is the first step
of a larger project aiming to develop an internationally
harmonized protocol for hippocampal segmentation.

MATERIALS AND METHODS

In this work we surveyed the landmark definitions
provided for the manual segmentation of the hip-
pocampus from MR images. A pilot survey was first
carried out on 5 protocols belonging to the reper-
toire routinely used at LENITEM as tracing criteria,
or for study purposes. The study design was then
extended to a wider set of protocols including all of
the most commonly used ones within the AD litera-
ture (see ‘Selection of segmentation protocols’ below).
Hippocampal manual segmentation was performed by
a single tracer on the left hippocampus of two sub-
jects based on each protocol (see ‘Selection of scans
for the prototypical tracings’, ‘Image processing’, and
‘Prototypical tracings’ sections below), and tracings
were then checked for correctness with the lead authors
of the protocols (‘Authors’ check’) to obtain certified
segmentations. We then extracted differences among
protocols through the semantic harmonization of
terms (see ‘Extraction of similarities and differences’
below).

Selection of segmentation protocols

The pilot survey was carried out on five protocols
routinely used in our laboratory for learning and as
tracing criteria [17–21]. In the experimental phase, the
selection was expanded to include all the most widely
cited protocols in the AD literature (Table 1).

The protocols mentioned in the two available
reviews on manual segmentation of the hippocam-
pus were examined first [13,14]. Original protocols
were drawn from the recent paper by Konrad and
colleagues [13] and the review by Geuze and col-
leagues [14]. The review by Konrad and colleagues’
included 71 protocols for hippocampal segmentation.
Of these, 50 protocols provided an original descrip-
tion of landmarks for segmentation and were retained
in the present survey, while the remaining 21 redirected
the reader to previously published protocols and, thus,
were excluded from this survey. All but one [22] of
the protocols reviewed by Geuze and colleagues were
included among these 50; the one that was not [22] was
retained in the present survey.

Two of the 5 protocols of the pilot study [19,20] were
not among those reviewed by Konrad and colleagues or

Geuze and colleagues, and were retained in the present
survey.

In order to ascertain whether the 53 protocols
retained in the present survey included all of the most
cited protocols for hippocampal segmentation in the
AD literature, we repeated the same search carried
out by Konrad, using the key-words “Alzheimer*”,
“AD” or “dementia” instead of Konrad’s “depres-
sion”, “major depression” or “unipolar depression”.
This search lead to the inclusion of 3 more protocols
[23–25] with a high rate of citations in the AD literature
(Table 1), leading to a total of 56 protocols retained in
the present survey.

To be selected for harmonization, protocols had to
satisfy five criteria, considered in the following hierar-
chical order: i) Number of citations in the AD literature
greater than 40. Literature citations of the 56 protocols
were identified using the ISI Web of Science portal,
and the keywords “(Alzheimer* OR dementia) AND
hippo*” were used to compute citations only within the
AD literature (Table 1, “Citation in the AD literature”).
Papers with less than 40 citations on December 31,
2009 were excluded; ii) at least the head and body of the
hippocampus were included in the segmentation; iii)
adjacent structures such as the amygdala, the choroid
plexus, and major portions of the parahippocampal
cortex were excluded from the segmentation; iv) three-
dimensional (3D) T1-weighted MR sequences with
slice thickness smaller or equal to 3 mm were used;
v) MR scans were acquired using a scanner with field
strength greater than 1 Tesla; vi) the availability of
a lead author to perform a one hour web-conference
was required, to check the correctness of the tracings
according to the specific protocol (Table 1, ”Compli-
ance with selection criteria”).

Finally, we included 12 protocols (Table 1, First
author, publication year, in alphabetical order): [B]
Bartzokis, 1998 [21]; [C] Convit, 1997 [26]; [dTM]
deToledo-Morrell, 2004 [23]; [H] Haller, 1997 [27]; [J]
Jack, 1994 [17]; [K] Killiany, 1993 [24]; [L] Lehericy,
1994 [25]; [M] Malykhin, 2007 [20]; [Pa] Pantel, 2000
[19]; [Pr] Pruessner, 2000 [18]; [S] Soininen, 1994
[28]; [W] Watson, 1992 [29].

Selection of scans for the prototypical tracings

Tracings of the left hippocampus were carried out on
images of one healthy control and one AD patient taken
from the 3D T1-weighted structural ADNI dataset [74],
following the landmarks of each of the 12 protocols.
The accuracy of the application of the protocols as
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Table 1
Surveyed protocols for hippocampal segmentation.

Citations in the Cited by Konrad Cited by Geuze Compliance with Inclusion Selected for
Protocol AD literature and colleagues and colleagues selection criteria stage harmonization Ref

Killiany, 1993 173 No No Satisfying criteria Experimental Yes [24]
Convit, 1997 143 Yes Yes Satisfying criteria Experimental Yes [26]
Watson, 1992 122 Yes Yes Satisfying criteria Experimental Yes [30]
Soininen, 1994 118 Yes Yes Satisfying criteria Experimental Yes [28]
Sheline, 1996 79 Yes No Author not available Experimental No [31]
Lehericy, 1994 78 No No Satisfying criteria Experimental Yes [25]
Pruessner, 2000 78 Yes No Satisfying criteria Pilot Yes [18]
Bremner, 1995 53 Yes Yes Only hippocampal

body included
Experimental No [32]

deToledo-Morrell,
2004

50 No No Satisfying criteria Experimental Yes [23]

Haller, 1997 44 Yes No Satisfying criteria Experimental Yes [27]
Cook, 1992 44 Yes Yes Plexus choroideus

included
Experimental No [33]

Bigler, 1997 38 Yes Yes Less than 40 citations Experimental No [34]
Shenton, 1992 33 Yes Yes Less than 40 citations Experimental No [35]
MacQueen, 2003 30 Yes No Less than 40 citations Experimental No [36]
Bogerts, 1993 30 No Yes Less than 40 citations Experimental No [22]
Narr, 2004 25 Yes No Less than 40 citations Experimental No [37]
Mervaala, 2000 21 Yes No Less than 40 citations Experimental No [38]
Steffens, 2002 20 Yes No Less than 40 citations Experimental No [39]
Jack, 1994 18 Yes Yes Satisfying criteria

except citations
number

Pilot Yes [17]

O’Brien, 2004 18 Yes No Less than 40 citations Experimental No [40]
Ashtari, 1999 17 Yes No Less than 40 citations Experimental No [41]
Bartzokis, 1993 17 Yes Yes Satisfying criteria

except citations
number (<40 in AD
literature)

Pilot Yes [21]

Pantel, 2000 17 No No Satisfying criteria
except citations
number (<40 in AD
literature)

Pilot Yes [19]

Zipursky, 1994 16 Yes Yes Less than 40 citations Experimental No [42]
Giedd, 1996 16 Yes Yes Less than 40 citations Experimental No [43]
Kates, 1997 16 Yes No Less than 40 citations Experimental No [44]
Honeycutt, 1998 15 Yes Yes Less than 40 citations Experimental No [45]
von Gunten, 2000 13 Yes No Less than 40 citations Experimental No [46]
Vythilingam,

2004
10 Yes No Less than 40 citations Experimental No [47]

Hastings, 2004 9 Yes No Less than 40 citations Experimental No [48]
Niemann, 2000 9 Yes No Less than 40 citations Experimental No [49]
Lobnig, 2006 7 Yes No Less than 40 citations Experimental No [50]
Lloyd, 2004 6 Yes No Less than 40 citations Experimental No [51]
Driessen, 2000 6 Yes No Less than 40 citations Experimental No [52]
Barr, 1997 5 Yes No Less than 40 citations Experimental No [53]
Neumeister, 2005 5 Yes No Less than 40 citations Experimental No [54]
Caetano, 2004 5 Yes No Less than 40 citations Experimental No [55]
Frodl, 2004 5 Yes No Less than 40 citations Experimental No [56]
Rusch, 2001 4 Yes No Less than 40 citations Experimental No [57]
Nakano, 2002 4 Yes No Less than 40 citations Experimental No [58]
MacMillan, 2003 3 Yes No Less than 40 citations Experimental No [59]
Yucel, 2007 3 Yes No Less than 40 citations Experimental No [60]
Brambilla, 2003 3 Yes No Less than 40 citations Experimental No [61]
Saylam, 2006 3 Yes No Less than 40 citations Experimental No [62]

(Continued )
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Table 1
(Continued )

Citations in the Cited by Konrad Cited by Geuze Compliance with Inclusion Selected for
Protocol AD literature and colleagues and colleagues selection criteria stage harmonization Ref

MacMaster &
Kusumakar,
2004

2 Yes No Less than 40 citations Experimental No [63]

Malykhin, 2007 2 No No Satisfying criteria
except citations
number (<40 in AD
literature)

Pilot Yes [20]

Scott, 2004 2 Yes No Less than 40 citations Experimental No [64]
Chen, 2004 2 Yes No Less than 40 citations Experimental No [65]
Vermetten, 2006 1 Yes No Less than 40 citations Experimental No [66]
Arango, 2003 1 Yes No Less than 40 citations Experimental No [67]
Chang, 2005 1 Yes No Less than 40 citations Experimental No [68]
Rosso, 2005 1 Yes No Less than 40 citations Experimental No [69]
Xia, 2004 1 Yes No Less than 40 citations Experimental No [70]
Frazier, 2005 1 Yes No Less than 40 citations Experimental No [71]
Bossini, 2008 1 Yes No Less than 40 citations Experimental No [72]
Starkman, 2007 0 Yes No Less than 40 citations Experimental No [73]

Protocols are sorted in order of citation in the AD literature (first the most cited)

described in the manuscripts was checked with the
pertinent lead author.

The AD patient (ID: 021 S 0642) was selected from
those with moderate to severe medial temporal atrophy
(MTA) (score of 3 on Scheltens’s visual rating scale,
ranging from 0 to 4) [75], was 85 years old, had MMSE
score of 25/30, and Clinical Dementia Rating (CDR)
of 1. The control (ID: 023 S 0058) was chosen for
having minimum atrophy (score of 1 on Scheltens’s
visual rating scale). The control was 70 years of age,
had a MMSE score of 30/30, a CDR of 0 [75].

Image processing

A combination of several freely available tools was
used to prepare the raw MR ADNI images for manual
segmentation. DICOM images were converted to Ana-
lyze/NIFTI format using the MRIcron software (V.8.0,
http://www.cabiatl.com/mricro/). Prior to prototypical
tracing, the 3D image was manually reoriented based
on the requirement of the corresponding protocol.
Seven of the protocols considered in this study required
the reorientation of the image to the long axis of the
hippocampus, 5 required aligning the image to the line
which passes through the anterior and posterior com-
missures of the brain (AC-PC line). These reorientation
steps were performed using the 3D-Slicer software
(V.3.2, http://www.slicer.org/). All MR images were
analyzed in native space.

Prototypical tracings

A single tracer (RG) segmented the left hip-
pocampus of the two subjects according to each
of the 12 protocols, after reorienting the image as
required by each protocol. The intra-rater (0.94)
and inter-rater (0.89) correlation coefficients of
the tracer were computed previously, on a sam-
ple of 20 healthy controls, not including the ones
examined for this study, and in comparison to
another expert tracer within the laboratory [76].
The protocol used for computing the correlation
coefficients was that by Pruessner and colleagues
[18]. Tracings were performed using Multitracer
(http://air.bmap.ucla.edu/MultiTracer/) developed at
the Laboratory Of NeuroImaging (LONI) at UCLA
(Los Angeles, USA), allowing simultaneous 3D nav-
igation in the axial and sagittal planes (Fig. 1).
Hippocampal boundaries based on each protocol were
traced on approximately 20 1.2 mm thick coronal
slices.

Authors’ check

Hippocampal tracings were certified as compliant
with the original protocols using a three-stage check
procedure: check with the lead author of the protocol,
trace editing, and final check.

A Power Point presentation was provided to the
lead author showing native and segmented slices of



116 M. Boccardi et al. / Towards a Harmonized Hippocampal Segmentation

Fig. 1. Most anterior slice. Differences in the definition of the most
anterior slice are overcome due to currently used software for 3D
brain navigation. The visualization of the cursor position in 3D pro-
vides unequivocal information about its location in the amygdale or
in the hippocampus, even if a single coronal section may not provide
sufficiently clear information.

the two sample subjects. These slices were also paired
with pictures of corresponding histological cuts, and
text notes were added to describe tracings, landmarks
and questions on unclear issues. Power Point presen-
tations begun with a survey table, summarizing the
explicit landmarks for that protocol, the main included
and excluded structures, and other possibly specific
key features of each protocol (Power Point presenta-
tions can be accessed at http://www.hippocampal-pro
tocol.net/SOPs/investigatedprotocols.html). The lead
author was asked to correct the survey table, examine
the tracings, and take note of the unclear points that
he/she would be asked to discuss subsequently. The
appropriateness of our understanding of criteria was
verified with the lead author at both the semantic and
the practical levels, by means of individual teleconfer-
ences (TCs). TCs were carried out with a web-seminar
system that allowed all participants to share the same
desktop view, scroll the slides, control the cursor and
carry out tracings on the same image viewed by all con-
currently. TCs were recorded (available upon request),

to ensure information availability over time. The trac-
ings were verified, and unclear points were elucidated,
by working on the power point presentations and with
the use of Multitracer when necessary. It should be
noted that the correction stage included the update to
advances in tracing method, such as the use of 3D
visualization tools, or other changes occurring in the
tracing methods over time. After the TC, the tracings
were edited according to the author’s input and re-
sent to the author for further check. This procedure
was iteratively repeated until the author was satisfied
that tracings had been performed according to his/her
original description. These presentations, including the
final summary table and the final “certified” tracings,
are available at http://www.hippocampal-protocol.net/
SOPs/investigatedprotocols.html.

Extraction of similarities and differences

A compendium of the survey tables of all protocols
was created, by reporting the features for each segmen-
tation criterion as it was certified by the lead authors
(http://www.hippocampal-protocol.net/SOPs/LINK
PAGE/anatomical-landmarks-certified-12.xls). A se-
mantic harmonization of the features was necessary in
order to ensure the correct comparison among these
heterogeneous criteria, since the very same landmark
was indeed named and described using different words
in different protocols (http://www.hippocampal-proto
col.net/SOPs/LINK PAGE/harmonized-anatomical-la
ndmarks-12.xls). This phase of the survey can also be
considered as the first step in the operationalization
of the differences among the examined protocols. By
operationalization, we mean the process of reducing
the variability among protocols into a finite number
of differences, sufficiently well defined to lend them-
selves to quantitative investigation. In practice, the
wide heterogeneity in landmarks would be reduced
into a finite number of elementary tracing units, which
could be measured and tested.

The harmonized definitions for each landmark were
chosen by two of us (MB and RG) after having checked
our comprehension in the teleconferences, based on
the ability of definitions to unequivocally identify the
landmark, and assuming that tracing would be carried
out on coronal slices from rostral to caudal.

After the semantic harmonization, the extraction
of differences among the author-certified protocols
was carried out for each of the examined portion
of the hippocampus where different criteria could be
applied, i.e., most anterior and most posterior slices,

http://www.hippocampal-protocol.net/SOPs/investigatedprotocols.html
http://www.hippocampal-protocol.net/SOPs/investigatedprotocols.html
http://www.hippocampal-protocol.net/SOPs/investigatedprotocols.html
http://www.hippocampal-protocol.net/SOPs/investigatedprotocols.html
http://www.hippocampal-protocol.net/SOPs/LINK_PAGE/anatomical-landmarks-certified-12.xls
http://www.hippocampal-protocol.net/SOPs/LINK_PAGE/anatomical-landmarks-certified-12.xls
http://www.hippocampal-protocol.net/SOPs/LINK_PAGE/harmonized-anatomical-landmarks-12.xls
http://www.hippocampal-protocol.net/SOPs/LINK_PAGE/harmonized-anatomical-landmarks-12.xls
http://www.hippocampal-protocol.net/SOPs/LINK_PAGE/harmonized-anatomical-landmarks-12.xls
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superior border (i.e., inclusion or exclusion of alveus
and fimbria), and medial border at the level of the body.
Each different criterion adopted for each of these por-
tions denotes a different definition of landmarks, which
outline specific regions of hippocampal tissue. This
means that, based on these criteria, well defined regions
of hippocampal tissue can be isolated, and included
or excluded in the segmentation of the hippocampus
on MR images, depending on the adopted protocol.
Therefore, this phase was also the basis for the oper-
ationalization of differences among protocols into a
limited number of concrete and elementary segmen-
tation units, to allow quantitative investigation in the
next stage of this project.

The semantic harmonization and the extraction of
similarities and differences also implied a hierarchy-
based selection. Landmarks internal (e.g., alveus) or
adjacent (e.g., CSF, parahippocampal white matter)
to the hippocampus were considered as having higher
value than those external to the hippocampus (i.e., pul-
vinar), and, whenever possible, were chosen for the
definition and first operationalization stage, since these
are invariant to the plane of orientation of the 3D MR
images.

RESULTS

Protocols were uniform as to magnetic field strength
of MR (1.5T) and reproducibility values. Moreover,

they were uniform on use of 3D visualization, and in
the exclusion of non-hippocampal tissue (amygdala,
choroid plexus). Instead, differences could be detected
in the direction of segmentation (i.e., rostral to caudal),
as well as in the population used for validating the
procedure (Table 2).

The survey tables for each protocol are available at:
www.hippocampal-protocol.net. As illustrated in the
summary survey table, following semantic harmoniza-
tion of landmarks (http://www.hippocampal-protocol.
net/SOPs/LINK PAGE/harmonized-anatomical-land
marks-12.xls), differences between the protocols that
most likely had an impact on the volumetric estimates
concerned heterogeneities in the definition of (a) the
orientation of the images; (b) the most posterior slice;
(c) the superior border; (d) the separation from the
parahippocampal gyrus at the level of the subiculum,
in the hippocampal body (Table 3). Heterogeneities
in the definition of (e) the most anterior slice are not
shown in Table 3 for reasons that will be explained
below.

a) Plane of tracing. Seven of the protocols re-
oriented the images along the long axis of the
hippocampus [17, 21, 23, 25, 26, 28, 29], and 5 used
images oriented along the AC-PC line [18–20, 24,
27]. Among these, 3 are the most recently published
protocols [18–20], consistently with a trend to tak-
ing advantage of the greater availability of AC-PC
automatic registration algorithms [77–80], that min-

Table 3
Differences of anatomical landmarks among the 12 selected protocols, after semantic harmonization

a) Plane of tracing
Axis of hippocampus [B, C,
dTM, J, L, S, W]

AC-PC line [H, K, M, Pa, Pr]

b) Most posterior slice
Where inferior and superior

colliculi are jointly
visualized [B]

Where crus/crura of fornix/ces is/are
visible in full profile [C, dTM, J, K, L,
S, W]

Where gray matter is visible
inferomedially to the
trigone of the lateral
ventricle [H, M, Pa, Pr]

c) Superior border
Lower border of

alveus/fimbria [B, H, K,
Pa, S]

Upper border of alveus/fimbria [C, dTM,
J, L, M, Pr, W]

d) Medial border at
subiculum level
vertical line from the CA to

the WM of the
parahippocampal gyrus [C]

Oblique line with same inclination of
parahippocampal WM, connecting the
inferior part of the subiculum to the
quadrigeminal cistern [K, L, M, Pr, W]

Horizontal line from the
highest medial point of the
parahippocampal WM to
the cistern [B, dTM, H]

Line outlining the contour
of white matter of
parahippocampal gyrus
[J, Pa, S]

AC = anterior commissure; PC = posterior commissure; CA = cornu Ammonis; WM = white matter; [B] Bartzokis et al., 1998, [C] Convit
et al.,1997, [dTM] deToledo-Morrell et al., 2004; [H] Haller et al., 1997, [J] Jack et al., 1994, [K] Killiany et al., 1993, [L] Lehericy et al., 1994,
[M] Malykhin et al., 2007, [Pa] Pantel et al., 2000, [Pr] Pruessner et al., 2000, [S] Soininen et al., 1994, [W] Watson et al., 1992.

http://www.hippocampal-protocol.net/SOPs/LINK_PAGE/harmonized-anatomical-landmarks-12.xls
http://www.hippocampal-protocol.net/SOPs/LINK_PAGE/harmonized-anatomical-landmarks-12.xls
http://www.hippocampal-protocol.net/SOPs/LINK_PAGE/harmonized-anatomical-landmarks-12.xls


M. Boccardi et al. / Towards a Harmonized Hippocampal Segmentation 119

Fig. 2. Most posterior slice. The criterion in A) is followed by protocol [B], B) by protocols [C, dTM, J, K, L, S, W], C) by [H, M, Pa, Pr].

imize and facilitate human work in the preprocessing
stages.

b) Definition of the most posterior slice. Important
differences characterize the protocols as to the defi-
nition of the most posterior slice where hippocampal
tissue is segmented. The most restrictive protocol stops
tracing at the level where both the inferior and superior
colliculi are visible (Table 3; Fig. 2A). Less restrictive
protocols stop when the crus or both crura of the for-
nices are seen in full profile, these two criteria differing
often by one single slice (Fig. 2B). The less restrictive
ones trace as long as they can detect hippocampal gray
matter on the coronal slices (Fig. 2 C), the only differ-
ence among these consisting in the attempt to exclude
gray matter belonging to the vestigial hippocampal tis-
sue of the Andrea Retzius and fasciolar gyri (see point
c, Definition of the superior border).

c) Definition of the superior border. The definition of
the superior border concerns the inclusion or exclusion
of hippocampal white matter (i.e., alveus and fimbria)
along the structure and, for most caudal slices, the
inclusion or exclusion of the vestigial gray matter (i.e.,
fasciolar gyrus and Andrea Retzius gyrus) that extends
dorso-medially (Fig. 3, last column).

Seven of the protocols included alveus and fimbria
in the segmentation (Fig. 3, bottom line), and five
excluded these white matter layers (Table 3; Fig. 3,
3rd line), at least whenever visible.

As to the vestigial gray matter located on the most
caudal portion of the hippocampus, arbitrary linear
demarcations are adopted to separate the uppermost
tissue belonging to the fasciolar and Andrea Retzius
gyri [Pr] (Fig. 3, last column), or a superior portion
is limited, by excluding a little layer of gray matter
below the cingulate gyrus and the isthmus of the cin-
gulum [M]. As in the case of the most anterior slice,
the separation from vestigial gray matter may benefit
from the 3D visualization allowed by recent software.

d) Definition of the medial border. The definition of
the medial border was not problematic for the head and
tail. Instead, its definition differed through the proto-
cols for the level of the body, where the subicular region
of the hippocampus joins the entorhinal cortex within
the parahippocampal gray matter.

Five different methods can be found across the
12 protocols to separate the hippocampal body from
the adjacent parahippocampal gray matter (Table 3;
Fig. 4). Arbitrary linear demarcations are adopted by
most of them. The most restrictive protocol draws a
vertical line from the most medial point of the cornu
Ammonis (CA) gray matter, on the dorsal aspect of
the hippocampus, down to the parahippocampal white
matter (Fig. 4A). Less restrictive protocols use oblique
lines with different angles. These oblique lines are
drawn from the lowest point of the parahippocampal
white matter, and proceed medially to the liquor of the
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Fig. 3. Superior border. The superior border concerns the hippocampal white matter, i.e. the alveus and fimbria, that can be excluded [B, H, K,
Pa, S] or included in different tracing protocols [C, dTM, J, L, M, Pr, W]. Additional criteria for separation of vestigial gray matter tissue in
posterior-most slices are reported in [Pr] (last column). In the first line, histological pictures corresponding to the MRI slice of the same column
are presented. Line II: MRI images without tracings. Lines III-IV: same MRI images with tracing example of exclusion (III) and inclusion (IV)
of the hippocampal white matter.

cistern, with an angle of 45◦, or with a similar angle
as the parahippocampal white matter below (Fig. 4B).
Three protocols used a horizontal line connecting the
highest point in the medial parahippocampal white
matter to the CSF (Fig. 4 C). Finally, three protocols
segment the hippocampal gray matter relying on the
visible morphology determined by the white matter
shape and possible gray matter signal (Fig. 4D).

e) Definition of the most anterior slice. Hetero-
geneities in the definition of the boundary with the
amygdala were found (http://www.hippocampal-proto
col.net/SOPs/LINK PAGE/anatomical-landmarks-cer
tified-12.xls), but these can be overcome due to the
currently available software allowing 3D naviga-
tion (Fig. 1). This common approach allows direct
visualization of the exact cursor location and of
the tracing in different planes simultaneously; i.e.,
within the hippocampal head, within the amygdala,
or in any neighboring or boundary region, the cursor
can be seen from orthogonal visualization planes,
where the spatial relationships among neighboring
structures can be seen in different perspectives, thus
providing additional complementary information.
This possibility to visualize in 3D the position of

the cursor allows to disambiguate whether the gray
matter belongs to the hippocampus or to the amygdala
in the most anterior slice. Thus, for this slice, the
definition of anatomical landmarks in the coronal
plane, which may differ among protocols, and which
is less reliable than the direct visualization in 3D, can
be considered less relevant. The consequence of this
approach was that the only difference that applied to
the segmentation of the hippocampal head consisted
in the inclusion or exclusion of the hippocampal
white matter (alveus/fimbria) when visible, i.e. in the
definition of its superior border (see point c).

DISCUSSION

In this work, we have extracted similarities and
differences among 12 protocols for hippocampal seg-
mentation widely used in the field of Alzheimer’s
disease, in order to capture the source of volume
variability that can be ascribed to heterogeneity in
landmark definition across protocols. This extraction
is the basis for an operationalization procedure aim-
ing to achieve a finite number of well-defined units

http://www.hippocampal-protocol.net/SOPs/LINK_PAGE/anatomical-landmarks-certified-12.xls
http://www.hippocampal-protocol.net/SOPs/LINK_PAGE/anatomical-landmarks-certified-12.xls
http://www.hippocampal-protocol.net/SOPs/LINK_PAGE/anatomical-landmarks-certified-12.xls
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Fig. 4. Medial border. Five different methods are described across
protocols to separate the subiculum, medially, from the rest of the
parahippocampal gyrus. CA=cornu Ammonis; WM=white matter;
PG=parahippocampal gyrus. The method in A is adopted by [C],
that in B by [K, L, M, Pr, W], C by [B, dTM, H], D by [J, Pa, S].

representing differences among protocols, that enable
the gathering of quantitative information on these
differences. Quantitative investigation will assess their
impact on re-trace reliability, and on the volume differ-
ences due to AD. This and other information will help
a panel of experts to make evidence-based decisions
about the specific features that should be included in a
harmonized protocol, using a Delphi procedure, within
an international project that is currently ongoing (“A
harmonized protocol for hippocampal volumetry: an
EADC-ADNI effort”, Alzheimer’s Association fund-
ing number 174022, www.hippocampal-protocol.net).

Heterogeneities across protocols

The main differences between protocols concerned
the definition of the most caudal slice, of the medial

border at the level of the hippocampal body, and the
inclusion or exclusion of the alveus and fimbria. The
definition of the most rostral slice was considered to be
no longer relevant as current software packages for 3D
visualization can clarify the anatomical localization of
the cursor on the MR image. It is possible that this tool
may also solve the separation of the vestigial fasciolar
and Andrea-Retzius gyri. There is consensus that their
exclusion from proper hippocampal tissue should be
recommended, and care in excluding them was indeed
used by two protocols [M, Pr]. Most of the protocols
[B, C, dTM, J, K, L, S, W] did not trace any hippocam-
pal tissue located caudal to the slice where the crus or
both crura of the fornices could be seen in full profile.
This led to an a priori exclusion of the vestigial hip-
pocampal tissue, but also to sacrificing a large portion
of the hippocampal tail, which may convey relevant
information about AD [76].

Different arbitrary linear demarcations were used to
trace the medial border, to separate hippocampal tis-
sue from the rest of the parahippocampal gyrus, at the
level of the subiculum. No anatomical details have ever
been certified as valid landmarks for the tracing of this
boundary [13]. The next stage of the project will eval-
uate whether arbitrary linear demarcations are more
reliable than tracings based on the visual morphology
apparent on the MR images.

Results in the context of the literature

Two reviews on protocols for hippocampal seg-
mentation were previously carried out. The first [14],
examining most cited protocols up to December 2003,
provided an extensive description of heterogeneities in
all components of tracing protocols, including image
acquisition parameters, pre-processing procedures,
landmark definitions, and provided recommendations
to carry out optimal hippocampal segmentation. The
second [13] focused mostly on landmark definitions.
Although we extracted protocols from these reviews,
we evaluated a much lower number of reports than
those examined in the review by Konrad. Nonetheless,
our results are similar to this larger review. Across the
71 protocols examined, Konrad found heterogeneities
in the definition of the most anterior and most posterior
slices, of the inferomedial border of hippocampal body,
in the inclusion or exclusion of the alveus and fimbria,
and on the use of arbitrary linear demarcations when
anatomical detail provided by the imaging sequence
was unclear [13]. All these sources of variance were
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also detected among the 12 protocols examined in our
study. This increases the confidence that, although our
study was carried out on a limited number of protocols,
they were representative of the variability of landmarks
present in the literature on hippocampal segmentation,
without missing anatomical landmark specifications
that may affect a harmonization project. Furthermore,
we obtained the authors’ certification of appropriate
comprehension and execution of the tracing. This is an
important point because the complexity of the anatom-
ical structure of the hippocampal formation requires
clarification of protocol details from the expert proto-
col designers with first-hand tracing experience.

Study limitations

We adopted the criterion of selecting protocols
widely used in the literature of AD although different
selection criteria could have been used. Nevertheless,
our results were entirely in line with the previous larger
review.

Another possible limitation is the inclusion of both
recent and older protocols. These may differ in land-
mark definition since the older protocols are based
on the view of coronal slices. Moreover, our cate-
gorization of landmarks for these protocols includes
subsequent modifications that the authors carried out
in more recent years to benefit of more recent tools
like the 3D visualization, and that we ascertained
through the individual teleconferences. Other subse-
quent changes to protocols were dictated by focusing
on different study targets than those expressed in the
paper reporting the original protocols. One example
is the desire (or lack thereof) to accurately segment
adjacent regions, like the parahippocampal gyrus, that
overlaps in part with hippocampal tissue from the point
of view of its anatomical definition. Moreover, alterna-
tive criteria may be used by the same author, depending
on image quality. For example, the medial border may
be segmented following visible morphology or through
arbitrary linear demarcations depending on visibility of
any boundary on the MR slices [J], and the inclusion
of alveus and fimbria could be an acceptable criterion
if their exclusion was made difficult due to poor vis-
ibility or contrast [B, K, Pa]. In cases like these, we
gave priority to the criterion that the author would
adopt in cases where anatomical structures are fully
visible, even though more than one criterion may be
appropriately reported for the same author.

The next steps towards the development
of a harmonized protocol

The global project, described and updated on
www.hippocampal-protocol.net, joins experts from the
ADNI and EADC consortia, and other centres with
advisory role. It is aimed to achieve and validate a
homogeneous protocol, and implement its standard
learning and use across laboratories. Standard hip-
pocampal segmentation is indeed required in clinical
trials and as a gold standard in the development and
validation of more automated approaches to define hip-
pocampal volumes, as they demonstrate utility. The
development of a standard approach that relies on now
commonly used T1-weighted high resolution images
will allow a broader comparison across studies. The
immediate next step of the project will be the com-
pletion of the operationalization of differences among
protocols in order to model and quantify them. Infor-
mation about differences in reliability, across different
tracers, and in test re-test assessments will be provided
for each of the relevant differences among protocols
detected by this survey. Moreover, their value to inform
on AD pathology will be computed on an adequate
sample of representative patients with a diagnosis of
AD. A panel of experts will then be provided with
quantitative information that would support decisions
on which features should be included in a harmonized
protocol.

This effort is particularly relevant in light of
the new diagnostic clinical and pre-clinical crite-
ria for AD, which can be found at http://www.alz.
org/research/diagnostic criteria. In line with the 2007
research criteria by Dubois et al. [1], these criteria
place emphasis on hippocampal volumetry, stating
that, although not specific for this kind of disorder,
this biomarker better correlates with disease progres-
sion than the more specific molecular biomarkers, such
as the Abeta and Tau CSF concentration levels [1, 82].
A uniform method for the computation of hippocampal
volume would improve AD diagnosis across laborato-
ries, and hopefully provide a comparable hippocampal
outcome measure in clinical trials for disease modify-
ing drugs.
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Abstract. Previously it was reported that Alzheimer’s disease (AD) patients have reduced amyloid (A�1-42) and elevated total tau
(t-tau) and phosphorylated tau (p-tau181p) in the cerebro-spinal fluid (CSF), suggesting that these same measures could be used to
detect early AD pathology in healthy elderly (CN) and mild cognitive impairment (MCI). In this study, we tested the hypothesis
that there would be an association among rates of regional brain atrophy, the CSF biomarkers A�1-42, t-tau, and p-tau181p and
ApoE ε4 status, and that the pattern of this association would be diagnosis specific. Our findings primarily showed that lower
CSF A�1-42 and higher tau concentrations were associated with increased rates of regional brain tissue loss and the patterns
varied across the clinical groups. Taken together, these findings demonstrate that CSF biomarker concentrations are associated
with the characteristic patterns of structural brain changes in CN and MCI that resemble to a large extent the pathology seen in
AD. Therefore, the finding of faster progression of brain atrophy in the presence of lower A�1-42 levels and higher p-tau levels
supports the hypothesis that CSF A�1-42 and tau are measures of early AD pathology. Moreover, the relationship among CSF
biomarkers, ApoE ε4 status, and brain atrophy rates are regionally varying, supporting the view that the genetic predisposition
of the brain to amyloid and tau mediated pathology is regional and disease stage specific.

Keywords: MRI, Alzheimer’s disease, cerebrospinal fluid, biomarkers, cortical thickness, atrophy, ApoE
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INTRODUCTION

There is an increasing body of evidence from
in vivo imaging and post mortem studies indicating
that Alzheimer’s disease (AD) is associated with a
sequence of pathophysiological events that can occur
over a long period (approximately 20-years) before
clinical symptoms become apparent [1]. A slow dis-
ease progression provides potentially a window for
early interventions to reduce or even stop progression
of AD. Histopathological studies showed that the hall-
marks of the disease, A�-rich amyloid plaques and
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neurofibrillary tangles formed by abnormal tau, pre-
cede neuron loss in presymptomatic AD patients [1].
Substantial accumulations of plaques and tangles in
the brain can also be found in non-demented subjects
with mild cognitive impairment (MCI), individuals at
an increased risk of developing AD or other dementias
[2–4]. Consistent with histopathological findings, cere-
brospinal fluid (CSF) chemistry studies have pointed
to alterations in CSF A� (in particular A�1-42), total
tau (t-tau) and phosphorylated tau (p-tau181p) concen-
trations preceding clinical symptoms of AD [5]. In
general, studies found that increased CSF t-tau and
p-tau181p were associated with neuronal and axonal
damage, whereas reduced CSF A�1-42, the form of
A� that most readily fibrillizes and deposits earliest in
plaques, has been implicated to reflect higher amyloid
plaque burden in the brain [6, 7]. However, the CSF
measures are not easily interpretable because their ori-
gins are not exclusively brain derived and they provide
no information about the regional spread of brain dam-
age. Despite this, there is considerable agreement that
measuring CSF A�1-42, t-tau, and p-tau181p improves
the diagnostic accuracy for AD [8].

Independent of biomarker studies, numerous struc-
tural MRI studies have shown a characteristic pattern
of brain atrophy in AD and a similar pattern in MCI,
affecting primarily regions in the parietotemporal lobe,
including the hippocampus, which plays a central role
in memory formation [9–22]. In addition, an increas-
ing number of longitudinal MRI studies show that both
AD and MCI are also associated with a regional pat-
tern of increased rates of brain tissue loss compared
to normal aging [23–29]. With the emerging findings
of CSF biomarker and structural imaging alterations in
AD, there is considerable interest in utilizing the CSF
and MRI measures together to improve detection of
early signs of AD, as well as, in unraveling relation-
ships between CSF A�1-42, t-tau, and p-tau181p and
MRI measures of regional brain alterations. Recently it
has been shown that the combination of CSF biomark-
ers and atrophy rates can provide better prediction of
AD than either source of data alone [30–32]. However,
whether relationships between brain atrophy rates and
CSF biomarkers help further to improve predictions
has not fully been explored.

Moreover, the role of the apolipoprotein E allele ε4
(ApoE ε4) gene, a major risk factor for AD, ought
to be considered for a comprehensive evaluation. Pres-
ence of ApoE ε4 is related to abnormal CSF biomarker
concentrations [33, 34], as well as, to higher rates of
brain atrophy [35–39]. The relationships among all

three factors, CSF biomarkers, ApoE ε4, and rates of
regional brain atrophy, might therefore provide impor-
tant information about the vulnerability of the brain
to AD. Our overall goal in this study was therefore to
unravel the relationships among all three factors: brain
atrophy rates, CSF biomarker concentrations, and pres-
ence of ApoE ε4. Toward the goal of identifying an AD
biomarker, it will be important to fully understand the
relationship between CSF biomarker concentrations
and brain degeneration, such as neuron loss, which
is thought to underlie the clinical symptoms in AD
[4, 5]. While CSF biomarkers relate to cumulative AD
pathology in the brain as peripheral measures, MRI as
an external tool elucidates the distribution of the AD
related neurodegeneration (i.e., brain atrophy in terms
of tissue loss and ventricular enlargement). However,
relatively few MRI studies so far have reported cor-
relations between CSF biomarkers and the pattern of
brain atrophy or the rate of atrophy progression [37,
40–46]. Specifically, in healthy elderly individuals, it
has been shown that low CSF levels of A�1-42 correlate
with ventricular expansion and volumetric reductions
in widespread brain areas [45]. In individuals with pro-
gressive MCI, low CSF A�1-42 concentration and high
concentrations of CSF p-tau181p and t-tau are asso-
ciated with higher subsequent rates of hippocampal
atrophy [37, 40–42]. In AD patients, elevated CSF
p-tau181p concentrations were associated with higher
subsequent rates of hippocampal atrophy and medial
temporal atrophy [40–43], while low CSF A�1-42 con-
centrations exhibited larger rates of medial temporal
atrophy [43]. However, the majority of previous MRI
studies in this context focused on hippocampal and
temporal lobe atrophy and ventricular expansion in
MCI and AD patients, while relatively little is known
about relations between the CSF biomarker concen-
trations and atrophy rates of other regions throughout
the brain. In addition, variations in these relationships
across the spectrum of cognitive impairments have not
been comprehensively studied for regions across the
brain.

Our main goal in this study was to test the hypothesis
that relations between CSF biomarkers (i.e., A�1-42,
t-tau, and p-tau181p concentrations) and rates of
regional brain atrophy not only vary across brain
regions but also across the cognitive spectrum, includ-
ing healthy elderly individuals (CN), individuals with
MCI, and AD patients. In particular we tested that (1)
low A�1−42 and high t-tau and p-tau181p concentra-
tions were associated with smaller absolute cortical
thickness including parieto-temporal and prefrontal
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cortical regions in CN, MCI, and AD, (2) low A�1−42
and high t-tau and p-tau181p concentrations were asso-
ciated with increased rates of regional brain atrophy
including parieto-temporal, especially medial tempo-
ral, precuneus, and posterior cingulate cortical regions
in CN, MCI, and AD, and (3) the patterns of association
were group-specific. In addition, we tested whether
abnormal CSF biomarker concentrations and ApoE
ε4 status separately or together were associated with
higher rates of brain atrophy.

COHORT AND METHODS

We examined the baseline cortical thickness and the
rate of change in cortical thickness across the brain
in CN, individuals with MCI, and AD patients. Struc-
tural magnetic resonance imaging (MRI) brain scans
at multiple time points (four time point scans – base-
line, 6, 12, and 24 months – for CN and AD subjects
and five time point scans – baseline, 6, 12, 18, and
24 months – for individuals with MCI) were acquired
at multiple Alzheimer’s Disease Neuroimaging Ini-
tiative (ADNI) sites using 1.5 Tesla MRI scanners.
Using FreeSurfer longitudinal processing framework,
local cortical thickness throughout the entire cortex
was automatically measured at each time point. In
each diagnostic group separately, generalized linear
mixed effect models followed by pair-wise maximum
likelihood tests were performed to test: 1) if baseline
CSF biomarker concentrations predict absolute local
thickness at baseline; 2) if baseline CSF biomarker
concentrations modulate the rates of brain atrophy (i.e.,
the rate of change in cortical thickness); and 3) if CSF
biomarkers and ApoE ε4 modulate the rates of brain
atrophy jointly or independently, after accounting for
variations in age, sex, and education. Finally, we tested
if the observed modulation effects of baseline CSF
biomarkers on rates of atrophy differ among groups.
The methodological details are explained herein.

Participants

The participants in this study were recruited
through the ADNI, a longitudinal, multicenter study
launched in 2003 by the National Institute on Aging
(NIA), the National Institute of Biomedical Imag-
ing and Bioengineering (NIBIB), the Food and Drug
Administration (FDA), private pharmaceutical compa-
nies, and non-profit organizations, as a $60 million,
5-year public–private partnership to define biomark-
ers of early Alzheimer’s disease for clinical trials

(http://www.adni-info.org). The Principal Investigator
of this initiative is Michael W. Weiner, MD of the
Veteran Affairs Medical Center and University of Cal-
ifornia in San Francisco.

Briefly, inclusion criteria for the CN group were
Mini-Mental State Examination (MMSE) scores
between 24 and 30, a Clinical Dementia Rating -
Sum of Boxes (CDR-SB) score of 0, and lack of
depression, MCI, or dementia. Inclusion criteria for
the MCI group followed the Peterson criteria [47]
for amnestic MCI, which required a subjective mem-
ory complaint, objective memory loss measured by
education-adjusted Wechsler Memory Scale-Revised
Logical Memory II scores, a CDR-SB of 0.5, absence
of significant impairment in other cognitive domains,
preserved activities of daily living, and an absence
of dementia. AD participants met the National Insti-
tute for Neurological and Communicative Disorders
and Stroke-Alzheimer’s Disease and Related Disorder
Association (NINDS/ADRDA) criteria for probable
AD, had an MMSE between 18 and 26, and a CDR-
SB of 0.5 to 1.0. Exclusion criteria included history
of structural brain lesions or head trauma, significant
neurological disease other than incipient AD, and use
of psychotropic medications that could affect memory.
The full details of the inclusion and exclusion criteria
for the ADNI can be found at ht//www.adni-info.org.
Written consent was obtained from all subjects par-
ticipating in the study according to the Declaration of
Helsinki (Br Med J 1991; 302 : 1194), and the study
was approved by the institutional review board at each
participating site.

The population in this study included ADNI sub-
jects with valid test result for all three CSF biomarkers
and successful longitudinal FreeSurfer processing of
MR images from at least two time points. Overall, the
study population was comprised of 77 CN, 119 MCI,
and 53 AD subjects. Details of CSF biomarker concen-
tration measurement and longitudinal structural MR
image processing are described in the following sec-
tions. The demographic details of each group are given
in Table 1.

Structural MRI acquisition

The participants underwent a standardized 1.5
Tesla MRI protocol (http://www.loni.ucla.edu/ADNI/
Research/Cores/index.shtml), which included two T1-
weighted MRI scans using a sagittal volumetric
magnetization prepared rapid gradient echo (MP-
RAGE) sequence with the following acquisition
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Table 1
Demographic features of study groups

CN MCI AD

N (baseline) 77 119 54
N follow-up (6, 12, 18, 24 months) 77, 76, 0, 63 119, 109, 96, 77 54, 53, 0, 31
Baseline age (years) 75 ± 5.0 74 ± 7.6 74 ± 8.0
Gender (F/M) 40/37 46/73 25/29
Baseline CSF A�1-42 (pg/mL) 203 ± 51.8 165 ± 57.5 142 ± 39.7
Baseline CSF t-tau (pg/mL) 70 ± 29.5 101 ± 50.0 128 ± 53.1
Baseline CSF p-tau181p (pg/mL) 26 ± 15.0 35 ± 16.5 42 ± 16.8
ApoE ε4 status (3/4 – 4/4 carriers) 18 – 0 50 – 13 25 – 11
Education (years) 15.7 ± 2.9 15.7 ± 3.1 15.0 ± 2.8
Baseline CDR 0.0 ± 0.0 0.5 ± 0.0 0.72 ± 0.25
Baseline MMSE 29.1 ± 1.3 26.9 ± 2.7 23.5 ± 4.7

parameters: echo time (TE) of 4 ms, repetition time
(TR) of 9 ms, flip angle of 8◦, acquisition matrix size
of 256×256×166 in the x-, y- and z-dimensions with a
nominal voxel size of 0.94×0.94×1.2 mm3. Only one
of the MPRAGE sets was used for analysis. The ADNI
MRI quality control center at the Mayo Clinic selected
the MP-RAGE image with higher quality and cor-
rected for system-specific image artifacts, as described
in [48].

CSF biomarker concentrations

CSF samples were obtained from 53% of ADNI
participants, while the rest did not undergo lumbar
puncture. The demographics of ADNI subjects with
CSF samples are comparable with that in the full ADNI
patient population (http://www.adni-info.org).

A small sample of CSF from the lower spine of
each subject was collected at baseline by lumbar punc-
ture in the morning after an overnight fast. Lumbar
puncture was performed with a 20- or 24-gauge spinal
needle as described in the ADNI procedures manual
(ht//www.adni-info.org). In brief, CSF was collected
into collection tubes provided to each site, then trans-
ferred into polypropylene transfer tubes followed by
freezing on dry ice within 1 hour after collection,
and shipped overnight to the ADNI Biomarker Core
laboratory at the University of Pennsylvania Medical
Center on dry ice. 0.5 mL aliquots were prepared from
these samples after thawing for 1 hour at room tem-
perature and gentle mixing. The aliquots were stored
in bar code–labeled polypropylene vials at −80◦C.
A�1-42, t-tau, and p-tau181p were measured in each
aliquots using the multiplex xMAP Luminex plat-
form (Luminex Corp, Austin, TX) with Innogenetics
(INNO-BIA AlzBio3; Ghent, Belgium; for research
use–only reagents) immunoassay kit–based reagents.

Full details of this combination of immunoassay
reagents and analytical platform are provided else-
where [49]. The ADNI baseline CSF samples were
analyzed over a 14-day period and included test–retest
analyses of 29 of the samples that further substantiated
the analytical performance (r2 values for comparison
of initial test result with retest result of 0.98, 0.90, and
0.85 for t-tau, A�1-42, and p-tau181p, respectively for
29 randomly selected samples). Full details of ADNI
baseline CSF biomarker measurements are provided
elsewhere [7].

FreeSurfer longitudinal MR image processing

Automated cortical thickness measures were per-
formed with FreeSurfer software package, version 4.4
(http://surfer.nmr.mgh.harvard.edu/fswiki). To reduce
the confounding effect of intra-subject morphological
variability, each subject’s longitudinal data series was
processed by FreeSurfer longitudinal workflow. The
longitudinal workflow was designed to estimate brain
morphometry measurements that were unbiased with
respect to any time point. Instead of using informa-
tion from a specific time point as a prior for other time
points, a template image volume was created as an
unbiased prior for all time points.

FreeSurfer longitudinal workflow consists of four
stages: (1) processing of all time points individu-
ally with the cross-sectional workflow; (2) creation
of a probabilistic template unbiased toward time
points from all time points’ cross-sectional data;
(3) processing of unbiased template with the cross-
sectional workflow; and finally (4) re-processing
of each time point with the longitudinal work-
flow, which uses the unbiased template results as
initial guess for the segmentation and surface recon-
struction. For a full description of the FreeSurfer
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processing steps, see [50, 51], and for a full descrip-
tion of the longitudinal workflow, see http://surfer.
nmr.mgh.harvard.edu/fswiki/LongitudinalProcessing.

Vertex-based cortical thickness measurements were
obtained as the distance between the reconstructed sur-
face representations of the gray matter/white matter
and white matter/CSF tissue interfaces [52]. Each cor-
tical surface was spatially normalized to a template
cortical surface using a non-rigid high-dimensional
spherical averaging method to align cortical folding
patterns. Subject cortical thickness maps were mapped
onto the template surface based on this spatial nor-
malization and then smoothed by a surface-based
Gaussian blurring kernel with a standard deviation
of 10 mm to remove noise-induced variations in the
measurements.

The surface reconstruction results were visually
examined for anatomical accuracy. Although the
FreeSurfer software package allows for manual
editing to correct registration and segmentation
errors, given the large number of subjects in ADNI
data set, only the data with accurate results from
fully automated processing were used in the sub-
sequent analysis in the interest of a practical total
processing time and avoidance of reader bias. 74%
of the MR images passed this quality control, 3%
of the images failed the quality control completely,
and remaining 23% of the images got partial pass
on the quality control. Details of the quality con-
trol procedure are posted online at http://www.
loni.ucla.edu/twiki/pub/ADNI/ADNIPostProc/UCS-
FFreeSurferMethodsSummary.pdf.

According to our FreeSurfer quality control pro-
tocol, segmentation and pial surface estimates were
checked globally and regionally in the coronal view
for regions of overestimation/underestimation, incon-
sistency with the structural boundaries, or segmention
regions not accurately reflecting the underlying
anatomy. The quality control procedure accounted only
for gross errors; a gross error for these purposes was
defined as an area of over/underestimation that was
larger than the cursor, and which occurred on two or
more slices. This was to account for inevitable small
errors in segmentation such as those which may have
been the result of partial voluming. Orientations other
than the coronal view were used to confirm possible
pial border and segmentation gross errors. Subjects
with complete segmentation failure or gross errors
throughout all brain regions were rated as complete
failure and the ones with gross errors in one or more
specific brain regions (i.e., temporal lobe regions, supe-

rior regions, occipital regions, and insula) were given
partial pass rating. All the subjects with passing qual-
ity control rating were included in analyses presented
in this work.

Statistical analyses

For each subject, variations in cortical thickness
were modeled as a function of time starting with the
baseline scan (time-point zero) in intervals of subse-
quent MRI scans in units of years. We employed a
general linear mixed effects (GLME) model for anal-
ysis of the longitudinal data in which the response
variable (i.e., cortical thickness) was regressed against
the explanatory variables including time, baseline CSF
biomarker concentration (i.e., A�1-42, p-tau181p, or t-
tau), and the interaction between time and baseline CSF
biomarker concentration to estimate the fixed effects
in the group, separately from the random effects such
as within subject variations in both baseline and lon-
gitudinal measures. This concept was used to test the
primary hypothesis that variations in CSF biomarker
concentrations modulate rates of brain atrophy (i.e.,
cortical thinning). The fixed effect model was formu-
lated as follows:

Vij = �0 + �Years Tij+ �CSFbio Bi0

+ �Years:CSFbio TijBi0 + εij

Here, Vij represents the size of a brain struc-
ture (cortical thickness) from subject i at time point
j. Accordingly, Tij indicates the time point of the
individual MRI scan, Bi0 represents individual CSF
biomarker concentrations at baseline and εij is the
mixed effects error. Our goal was to test the signif-
icance of the coefficient �Years:CSFbio in explaining
structural variations (i.e., the moderator) relative to
the coefficients �0, �Years, and �CSFbio and inde-
pendent of random variations in brain structures at
baseline and over time. For a significant interaction
to occur, CSF biomarker concentration must modu-
late the relationship between time and the response
variable (i.e., local cortical thickness). To determine
if the addition of an interaction term (�Years:CSFbio)
between rates of brain atrophy and CSF biomarkers
in the model significantly improves the explanatory
power of regional variations in cortical thickness as a
function of biomarkers, we compared pair-wise GLME
models (i.e., with and without the �Years:CSFbio term),
fitted by maximum likelihood (ML) via F-tests. These
tests were performed separately for each group (i.e.,
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CN, MCI, and AD). Similarly, to determine the signif-
icance of CSF biomarker effects on cortical thickness
at baseline, the additive term �CSFbio was assessed
by pair-wise comparisons of GLME models with and
without �CSFbio term, followed by maximum like-
lihood (ML) via F-tests. Each CSF biomarker was
centered on its population mean to reduce colinearity.

To assess if the effect of CSF biomarkers on rates of
regional brain atrophy differ across groups (CN, MCI,
and AD), we resampled the random effects residual of
the fits by 100-fold bootstrap and evaluated differences
in distributions by analysis of variance.

Finally, we tested the extent to which ApoE ε4 status
contributes to higher brain atrophy rates independent of
CSF biomarker concentrations (ApoE ε4 status + CSF
biomarker) or via a synergistic interaction with the
biomarkers (ApoE ε4 status *CSF biomarker). Again,
pair-wise ML tests were performed between models
with and without the interaction term (i.e. ApoE ε4
×CSF biomarker) to determine the contribution of the
interaction.

Age, gender, and education were included as covari-
ates in each regression model described above. The
GLME models and the corresponding pair-wise ML
F-tests were evaluated at each surface vertex indepen-
dently. All statistical analyses were computed using
R (the R Project for Statistical Computing; www.
r-project.org). To control for false positive findings
given the large number of comparisons per brain map,
we used the concept of a false discovery rate (FDR) at
the level q = 0.05 [53]. For testing the a-priori hypothe-
ses on associations between baseline CSF biomarker
levels and the absolute cortical thickness as well as the
rates of regional cortical atrophy, which comprised a
limited number of planned tests, we used a per compar-
ison error rate of q = 0.05 for each test to determine the
probability that any one contrast, after passing FDR, is
found by chance.

RESULTS

Effects of baseline CSF biomarker concentrations
on absolute cortical thickness

Next, we report effects of CSF biomarker concen-
trations on absolute cortical thickness after accounting
for variations in age, gender, and education across sub-
jects. Figure 1 depicts the regional distribution of CSF
A�1-42 effects on absolute cortical thickness for CN
based on the ML F-tests. In CN, lower baseline CSF
A�1-42 was associated with a thinner cortex in the bilat-

Fig. 1. Association between baseline CSF A�1-42 concentrations
and absolute cortical thickness in CN group: FDR corrected p-value
maps at 0.05 level from pair-wise ML F-tests. Hot color (green to
red) indicates an association between lower baseline CSF A�1-42
and thinner cortex.

eral frontal pole, rostral-middle frontal, supramarginal,
inferior parietal, middle temporal, inferior temporal,
posterior cingulate, precuneus, and fusiform cortices,
in the left superior frontal, pars opercularis, pars trian-
gularis, and superior temporal cortices, and in the right
superior parietal, medial orbito-frontal, and paracentral
lobule cortices. In MCI and AD, no statistically signif-
icant association between the baseline CSF biomarker
concentrations and the absolute cortical thickness mea-
sures were observed.

Neither t-tau nor p-tau181p showed significant asso-
ciation with absolute cortical thickness in CN, MCI,
and AD groups.

Effects of baseline CSF biomarkers concentrations
on the rates of regional cortical atrophy

Similarly, we report next the modulation effects
of CSF biomarkers on the rates of cortical thinning
after accounting for variations in age, gender, and edu-
cation across subjects. Figure 2 depicts the regional
distribution of a CSF A�1-42 modulation effects on
the rates of cortical thinning for MCI based on the
ML F-tests. In MCI, lower concentrations of CSF
A�1-42 were associated with increased rates of cortical
thinning throughout the cortex. The effects were sta-
tistically significant (FDR corrected; p < 0.05) in the
bilateral inferior temporal and middle temporal cor-
tices and in the left temporal pole, inferior parietal,

www.r-project.org
www.r-project.org
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Fig. 2. Effects of baseline CSF A�1-42 concentrations on the rate of
cortical atrophy in MCI group: FDR corrected p-value map at 0.05
level from pair-wise ML F-tests. Hot color (green to red) indicates
an association between lower concentrations of CSF A�1-42 and
increased rates of cortical thinning.

paracentral lobule, cingulate, isthmus cingulate, pre-
cuneus, entorhinal, and fusiform cortices.

Neither CN nor AD patients showed significant
modulation effects of baseline CSF biomarkers on the
cortical atrophy rates after correcting for multiple com-
parison.

In Fig. 3 are shown the regional distribution of
CSF p-tau181p effects on the rates of cortical thin-

Fig. 3. Effects of baseline CSF p-tau181p concentrations on the rates
of cortical atrophy in MCI group: FDR corrected p-value map at 0.05
level from pair-wise ML F-tests. Cold color (blue to purple) indicates
an association between higher baseline CSF p-tau181p concentrations
and higher rates of cortical thinning.

Fig. 4. Effects of baseline CSF t-tau concentrations on rate of cortical
atrophy in MCI group: FDR corrected p-value map at 0.05 level
from pair-wise ML F-tests. Cold color (blue to purple) indicates an
association between higher baseline CSF t-tau concentrations and
higher rates of cortical thinning.

ning for MCI. The results indicate that higher baseline
CSF p-tau181p concentrations in MCI were associated
with higher rates of cortical thinning, significantly in
the left temporal pole, superior temporal sulcus, and
entorhinal gyrus regions, and in the right inferior and
middle temporal cortices. Similarly, higher baseline
CSF t-tau concentrations were associated with higher
cortical atrophy rates in the left entorhinal gyrus in
MCI patients, as shown in Fig. 4.

Group differences in CSF biomarker effects on
rates of cortical thinning

By bootstrapping the random effects residuals of the
GLME fits with time and baseline CSF biomarker con-
centration interaction term, we tested if the estimates of
the association between biomarkers and atrophy rates
significantly differ across populations. Based on pair-
wise group comparison, we found that differences in
the estimations between the groups were all signifi-
cant (p = 0.05 level). This implies that the relationship
among CSF biomarkers and brain atrophy rates was
not only regionally specific but also varied across the
clinical groups.

ApoE ε4 analyses

In our data set, presence of ApoE ε4 alleles corre-
lated significantly with the CSF A�1-42 concentrations
(r = −0.50, p < 10−5 in CN, r = −0.49, p < 10−8 in
MCI, and r = −0.53, p < 10−5 in AD), after control-
ling for age. A partial correlation between presence of
ApoE ε4 alleles and p-tau181p and t-tau after control-
ling for age was significant only in MCI group (r = 0.34
with p < 10−3 and r = 0.39 with p < 10−6, respectively).

Only in individuals with MCI, lower CSF A�1-42
and ApoE ε4 together were associated with higher
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rates of cortical thinning in temporoparietal cortex,
including precuneus and posterior cingulate. CSF tau
and ApoE ε4 together were associated with higher
rates of cortical thinning in the entorhinal cortex, pre-
cuneus and temporal pole. In contrast, lower A�1-42
alone explained higher rates of cortical thinning in left
entorhinal, fusiform, inferior temporal, temporal pole,
and parahippocampal cortices without a significant
contribution from ApoE ε4. Similarly, higher CSF tau
explained higher rates of cortical thinning in entorhi-
nal cortex without a significant contribution from
ApoE e4.

In no case did an interaction between ApoE ε4 status
and CSF biomarker concentration (i.e. ApoE ε4 status
× CSF biomarker) approach significance in predicting
rate of cortical thinning.

DISCUSSION

We have three major findings: (1) In controls, an
association between CSF A�1-42 and baseline corti-
cal thickness was observed prominently in regions that
generally appear affected in AD. (2) In MCI subjects,
lower CSF A�1-42 and higher p-tau181p and t-tau con-
centrations were associated with higher rates of brain
atrophy in regions of the temporal and parietal cor-
tices implicated in AD pathology. (3) The relationship
among CSF biomarkers, ApoE ε4 status and brain atro-
phy rates was regionally specific and varied across the
clinical groups.

Our finding in controls, demonstrating that low
baseline CSF A�1-42 biomarker concentration is asso-
ciated with thinner cortex predominantly in the inferior
temporal, parietal, frontal, precuneus, and posterior
cingulate cortices, provides evidence for a link between
variations in peripheral CSF chemistry and regional
brain size. Moreover, the result suggests that the
link between CSF markers and regional brain size
is already established in absence of any apparent
clinical symptoms of cognitive deficits. A previous
study in cognitively normal elderly also found an
association between low levels of CSF A�1-42 and
smaller whole-brain volume [44]. It has been shown
that in healthy elderly individuals, reduction in CSF
A�1-42 is a predictor of cognitive decline and devel-
opment of AD [54–56]; therefore, the association
between low baseline CSF A�1-42 concentration and
thin cortex in controls could reflect preclinical AD
pathology. However, pathological conditions other
than AD might also contribute to the relationship

between low CSF A�1-42 concentration and cortical
thinning.

In individuals with MCI, baseline cortical thick-
ness measures had no significant association with CSF
biomarker concentrations. This finding implies a dis-
sociation between CSF biomarkers and their effects
on the brain in individuals with MCI. The finding in
MCI, showing that variations in CSF biomarker con-
centrations are associated with a characteristic pattern
of altered rates of regional brain atrophy, similar to
the pattern seen in AD, further supports the view that
these relations reflect brain alterations presymptomatic
to AD and could be useful for staging disease severity
and assessing disease progression. Specifically, lower
CSF A�1-42 and increased CSF p-tau181p and t-tau
concentrations in MCI were associated with higher
atrophy rates involving primarily inferior and medial
temporal, parietal, precuneus, and posterior cingulate
cortices. Structural MRI studies in AD consistently
revealed a pattern of neuroanatomic abnormalities that
predominantly involves structures in the medial tempo-
ral cortex (i.e., hippocampus and the entorhinal cortex
[9–14, 19, 23, 28, 29, 40]) where the early patho-
logical changes are seen, then gradually extends to
temporoparietal cortical areas [15–18, 24] as sever-
ity of AD progresses [15, 17, 25–27, 57]. Our finding
that lower CSF A�1-42 and higher CSF p-tau181p and
t-tau concentrations were associated with higher atro-
phy rates of the temporal horn and inferior temporal
lobe regions points to a selective vulnerability of these
regions to AD pathology, consistent with histopatho-
logical findings. The finding that lower CSF A�1-42 is
associated with a characteristic pattern of brain atrophy
in MCI that resembles the atrophy pattern seen in AD
is encouraging for the use of CSF A�1-42 as an early
indicator of AD. Most importantly, elucidating the
detrimental relationship between CSF biomarkers and
rates of brain atrophy is of great interest to detect AD
pathology in early stage, which is fundamental for an
accurate early diagnosis of the disease, development of
new treatment interventions, and evaluation of clinical
trials in AD. The synergistic relationship between CSF
biomarker and neurodegeneration patterns are of clin-
ical interest as they may not only improve monitoring
AD progression and evaluation of new AD thera-
pies but also aid enrichment of clinical trial cohorts
by identifying specific subsets of patients with MCI
especially at high risk of developing AD [58–60].
Such a custom tailored cohort selection is desirable
since drugs with disease-arresting effects have bet-
ter efficacy in the preclinical and early phase of the
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disease before the synaptic and neuronal loss become
widespread [61].

The spatial extent of baseline CSF A�1-42 modula-
tion effects on brain atrophy observed in individuals
with MCI is consistent with previous volumetric stud-
ies on patterns of increased atrophy rate in AD patients
compared to elderly healthy controls [62]. In addition,
a prior autopsy study on AD patients [63] reported neu-
ritic plaques distributed throughout the cortex with the
highest densities in the temporal and occipital lobes,
while relatively lower plaque densities were found
in the parietal lobe. This is consistent with our CSF
A�1-42 modulation effect findings in MCI. Compared
to the prior autopsy study in AD patients [63], the
spatial extents of CSF p-tau181p and t-tau modulation
effects are consistent with the neurofibrillary tangle
distributions in AD pathology. In particular, cortical
regions surrounding entorhinal cortex were reported
among the most severely affected areas by neurofib-
rillary tangles. However, since we do not know how
many of the MCI subjects in this study will ultimately
develop AD, we cannot determine the predictive value
of CSF biomarker concentrations for AD. Another
observation in the MCI group was the left hemisphere
dominance of the CSF biomarkers’ atrophy modula-
tion effects. This observation is consistent with the
asymmetric loss of GM (i.e., the left hemisphere atro-
phies faster than the right hemisphere) in AD [64] and
yet again supporting the hypothesis that CSF A�1-42, p-
tau181p, and t-tau are measures of early AD pathology.

A surprising finding in AD patients was that abnor-
mal CSF biomarker levels were not significantly
associated with rates of cortical thinning. Similarly,
abnormal CSF biomarker levels in controls were also
not significantly associated with rates of cortical thin-
ning. It is also plausible that the finding in AD is
the result of a complex relationship between advanced
AD pathology in most cortical regions and peripheral
biomarker concentration, while the finding in controls
might reflect a threshold effect of minimum biomarker
concentration on cortical thinning [45]. More studies
are warranted to further investigate these issues.

Compared to CN and MCI groups, CSF biomarker
concentrations have opposite modulation effects on
rates of brain tissue volume change in AD. Specifi-
cally, we observed decreased rates of atrophy in the
right posterior cingulate and precuneus cortices in the
presence of higher concentrations of baseline CSF t-
tau (relative to the CSF t-tau concentration distribution
in AD group). Although not statistically significant,
decelerative effects of CSF biomarker concentrations

on rates of cortical atrophy were observed in AD. One
explanation of this finding could be the disease-stage
specific effects of CSF biomarkers on brain atrophy.
AD subjects with lower CSF A�1-42 and higher CSF
t-tau concentrations (relative to the biomarker con-
centration distributions in AD group) probably have
advanced AD pathology where they reach a plateau in
their rate of brain atrophy, which appears as a slower
progression of the brain atrophy.

An interesting finding was that relations between
the rate of brain atrophy and CSF biomarker con-
centrations varied across the CSF A�1-42, p-tau181p,
and t-tau. This is not unexpected because it is known
that amyloid plaques and tau containing tangles are
distributed discordantly in brain at early stages of
the disease. Specifically, the accumulation of amy-
loid plaques occurs in cortical regions whereas tangles
appear in subcortical structures, predominantly involv-
ing the hippocampus [1, 63, 65]. Our findings reflect
this pattern to some extent.

Finally, the finding of regional variations among
CSF biomarkers, ApoE ε4 status, and brain atrophy
rate relationships support the view that the genetic pre-
disposition of the brain to amyloid and tau mediated
pathology is region and disease stage specific. Inter-
estingly, the most prominent region associated with
CSF biomarker regardless of ApoE ε4 status in MCI
included the entorhinal cortex, which is thought to be
affected early by AD. Moreover, the effect of ApoE
ε4 status on the relationships could be dose dependent
[33, 34, 66].

Our findings in this study are largely consistent
with several similar studies on relationships between
CSF biomarkers and brain alterations in MCI and
AD [40–42]. Specifically, increased concentrations
of CSF p-tau181p are associated with higher subse-
quent rates of hippocampal atrophy in the progressive
MCI and AD patients [40, 41] [42], of medial tem-
poral atrophy in AD patients [43], of the temporal
and parietal atrophy in MCI [46], and of right pos-
terior ventricular horn expansion [67]. In contrast,
low CSF A�1-42 concentration exhibited an associa-
tion with increased rate of left hippocampal atrophy in
the progressive MCI patients [42, 46], of the medial
temporal atrophy in AD [43], of the temporal and pari-
etal atrophy in MCI [46], and of ventricular expansion
[67]. Elevated CSF t-tau concentrations are associated
with higher rates of hippocampal atrophy in stable
MCI patients [42]. In controls, it has been shown
that low CSF A�1-42 concentration correlates with
ventricular expansion and volumetric reductions in
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widespread brain areas, including inferior temporal,
inferior parietal, frontal, posterior cingulate, pre-
cuneus, caudate, and amygdala regions [45]. Fjell et
al. reported generally larger effects of CSF biomark-
ers on brain tissue change than what we found on the
same cohort [45, 46]. However, several methodologi-
cal differences between our study and that by Fjell et al.
complicate direct comparisons. For example, whereas
Fjell et al. aimed to evaluate potentially accelerated
rates between the first and second scan intervals while
accepting mixed effects on rates, we aimed to separate
random from fixed effects on rates in order to boost
sensitivity while ignoring the possibility of accelerated
rates. Since each approach has its estimation bias, the
different findings are difficult to interpret.

The majority of previous MRI studies, except [45,
46], in this context focused on the hippocampal and
temporal lobe atrophy and ventricular enlargement,
while our approach was generalized by assessing var-
ious other brain regions. Based on this, we discovered
that the association between CSF biomarkers and struc-
tural changes are regionally differential. Although this
observation is not entirely surprising, given that the
pathological processes of plaque and tangle formation,
which CSF A�1-42 and p-tau181p and t-tau indirectly
represent, respectively. The finding of faster progres-
sion of brain atrophy in presence of lower baseline
concentrations of A�1-42 and higher concentrations
of p-tau181p/t-tau in MCI together with the similar-
ities between the MCI pattern of CSF biomarker
atrophy modulation effects and distribution of tan-
gles and plaques in AD support the hypothesis that
CSF biomarkers are measures of early AD pathol-
ogy. MCI pattern of relations between rate of brain
atrophy and CSF biomarker concentrations should be
further explored to identify possible pre-symptomatic
AD pathology. This finding also suggests a strategy for
the potential use of biomarkers in clinical trials. CSF
biomarker cut-offs to select fastest progressing cohorts
could greatly improve the power of AD prevention
trials on healthy elderly and MCI.

Several limitations of our study ought to be men-
tioned. First, MCI and AD subjects were diagnosed
clinically; therefore other pathologies may have con-
tributed to their symptoms and the relationships
between CSF biomarkers and brain alterations may be
unrelated to AD pathology. Another limitation is that
CSF biomarkers, especially CSF A�1-42, have been
shown to be saturated and may not accurately reflect
severity of brain amyloid deposition or plaque density
in the later stages of the disease [8, 68]. Therefore,

structural brain changes may still occur secondarily
to ongoing amyloid deposition or plaque accumula-
tion. Restriction to linear, time-invariant brain atrophy
rates is a technical limitation of our study. This is
likely a gross simplification because the loss of brain
tissue may be compounding and furthermore neurode-
generation in AD may be a dynamic process, which
varies during disease progression. Therefore, mod-
els with nonlinear atrophy rate characteristics might
lead to different results; however, such models are not
always robust, given the limited number of serial MRI
measurements and they also require careful validation.
Finally, another technical limitation is that our study
included fewer CN and AD subjects than MCI subjects
despite expectations that power to detect atrophy will
be higher for MCI than in CN and AD because of higher
annual atrophy rates in MCI. Therefore, comparisons
between CN and MCI as well as AD and MCI could
be biased toward lower sensitivity to detect a change
in CN and AD.

In summary, our findings demonstrate that alter-
ations in CSF A�1-42, p-tau181p, and t-tau are each
associated with characteristic patterns of structural
brain changes (cross-sectionally or longitudinally) in
CN and MCI that resembles to a large extent the pat-
tern seen in AD pathology. Specifically, the finding of
faster progression of brain atrophy in individuals with
MCI in the presence of lower baseline CSF A�1-42
and higher CSF tau levels supports the view that these
CSF biomarkers reflect AD brain pathology. Since the
CSF A�1-42 and tau levels were also associated with a
systematic pattern of regional brain atrophy rates that
resembled the pattern known in AD, our findings fur-
ther support the view that CSF A�1-42 and tau reflect
brain damage due to AD pathology. Overall, the find-
ings imply that CSF A�1-42 and tau taken together with
MRI measures of rates of brain atrophy progression are
promising candidates as biomarkers for early detection
of AD.
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Abstract. Combined utility of biomarkers in prediction of neurodegenerative diseases gains popularity, and is expected to become
a future standard for early diagnosis, screening and monitoring of disease progression. This study investigated combined use of
MRI and CSF biomarkers for prediction of pre-clinical Alzheimer’s disease (AD). Forty-five subjects (21 controls (NL-NL), 16
stable mild cognitive impairment patients (MCI-MCI) and 8 MCI patients who declined to AD (MCI-AD)) received MRI and
lumbar puncture at baseline and again after 2-years. CSF biomarkers included total and phosphorylated tau (T-tau, P-tau231),
amyloid beta A�42/A�40 and isoprostane (IP). Structural MRI images were used to identify brain regions with differences of
gray matter concentration (GMC) best distinguishing study groups and to calculate individual GMC values. Additionally, rate of
medial temporal lobe (MTL) atrophy was examined using regional boundary shift (rBS) method. At baseline, for MRI, MCI-AD
showed reduced GMC in MTL, and for CSF higher CSF T-tau, P-tau231, IP and lower A�42/A�40 as compared with MCI-MCI
or NL-NL. Longitudinally, rBS-MTL atrophy was higher in MCI-AD than in either MCI-MCI or NL-NL, particularly in the
left hemisphere. CSF data showed longitudinally greater increases of CSF IP in MCI-AD as compared with healthy controls.
Combining baseline CSF-P-tau231 and GMC-MTL significantly increased overall prediction accuracy of preclinical AD from
74 to 84% (pstep < 0.05). These results justify use of multiple modalities of biomarkers in the identification of memory clinic
patients at increased risk for dementia.
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INTRODUCTION

As new Alzheimer’s disease (AD) treatments
become available, the diagnosis of AD at the Mild
Cognitive Impairment (MCI) stage becomes particu-
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larly important. Identification of suitable patients for
early and high-risk treatments requires both high sen-
sitivity and specificity. Recent data suggests that the
combination of MRI and CSF modalities can improve
preclinical diagnostic accuracy of AD [1–3].

MRI estimates of medial temporal lobe (MTL) atro-
phy are among the most sensitive predictors of decline
from MCI to AD, although they are not specific to
AD (for a review see [4]). Cerebrospinal fluid (CSF)
biomarkers are both promising for early diagnosis and
in the case of hyperphosphorylated tau (P-tau) and
amyloid beta (A�), measurements afford AD patho-
logical specificity [5, 6]. The most promising CSF
biomarkers include: P-tau total tau (T-tau), A�1-42 and
A�1-40, and isoprostanes (IP) (for a review see [7]).
However, little is known of the combined utility of
imaging and CSF biomarkers in the prediction and lon-
gitudinal course of the transitions between MCI and
AD.

This longitudinal MRI and CSF study investigated
the relationships of five CSF biomarkers for AD in
combination with two automated MRI methods for
assessing brain atrophy in three clinical groups: MCI
who declined to AD (MCI-AD), stable MCI subjects
(MCI-MCI), and clinically stable normal elderly con-
trols (NL-NL). This study tested the hypothesis that
the MRI and CSF biomarkers are complementary pre-
dictors of the decline from MCI to AD.

MATERIAL AND METHODS

Subjects

From a pool of 56 consecutive Alzheimer’s disease
research center patients and controls who completed a
2-year, 2-timepoint examination with CSF and MRI, 45
were selected (see below). The standardized longitudi-
nal protocol included: history, physical, neurological,
neuropsychological, and psychiatric evaluations, and
clinical laboratory analysis including apolipoprotein E
(APOE) genotyping. Subjects with at least one APOE
�4 allele were classified as “APOE4 carriers”. All sub-
jects signed IRB approved informed consent.

NL subjects were highly functioning individuals,
defined as having a Clinical Dementia Rating (CDR
[8]) score of 0, a Global Deterioration Scale (GDS [9])
score of 1 or 2 and a MMSE score ≥28. The diagnosis
of MCI was based on: progressive cognitive (typically
memory) complaints corroborated by an informant,

a CDR = 0.5, GDS score = 3 and clinically recogniz-
able cognitive impairment without fulfilling either the
DSM-IV [10] or NINCDS-ADRDA [11] criteria for
dementia or AD. AD patients fulfilled the DSM-IV
criteria for dementia and the NINCDS-ADRDA crite-
ria for probable AD, and had GDS scores ≥4 and CDR
≥1.0.

Individuals with medical conditions or a history
of significant conditions that affect brain structure or
function (e.g. other neurodegenerative or metabolic
diseases) were not enrolled in the study. Addition-
ally, all subjects with MRI-based evidence of cortical
infarctions or mass lesions as assessed with T1- and
T2-weighted images at baseline were excluded. Eleven
enrolled subjects from the total pool (n = 56) were
excluded from the study: 9 subjects due to significant
motion artifact on MRI preventing accurate brain mea-
surements (6 NL and 3 MCI-MCI) and 2 MCI patients
due to a change in clinical diagnosis at follow-up (1
NPH, 1 FTD).

Three study groups were created: a normal con-
trol group that remained normal (NL-NL: n = 21), an
MCI patient group that did not deteriorate (MCI-MCI:
n = 16); and an MCI patient group that declined to AD
(MCI-AD: n = 8). The creation of the study groups was
based solely on the clinical diagnosis and was blinded
to all CSF, quantitative MRI, and APOE data.

MRI acquisitions

Images were acquired on a 1.5T GE Signa Imager
scanner (General Electric, Milwaukee, USA). All sub-
jects received a diagnostic and a research MRI study.
The diagnostic study was used to satisfy the exclusion
criteria and included 2 mm coronal T2-weighted and
contiguous 3 mm Fluid-attenuated Inversion-Recovery
fast spin echo axial images. The research study was
used for quantitative longitudinal measurements of
brain atrophy and included a high-resolution T1-
weighted 3D fast gradient-echo acquired in a coronal
orientation which encompassed the entire brain with-
out gap or wrap artifact (TR: 35 ms, TE: 9 ms, FA: 60◦,
FOV: 18 × 18 cm, matrix: 256 × 192), obtaining 124
coronal slices spanning the entire brain with a 1.7 mm
section thickness.

The MR images were stripped of demographic infor-
mation and were transferred to our central image data
bank and satellite workstations for further processing.
Image analysis was done using proprietary MIDAS
software running on a UNIX operating system [12].
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Image preprocessing

Voxel Based Morphometry (VBM) analysis
All T1-weighted MRI images were analyzed using

Statistical Parametric Mapping (SPM’2, Wellcome
Department of Cognitive Neurology, London, UK).
Briefly, the method allows assessment of differences
in gray matter concentrations (GMC) on a voxel-
wise basis [13]. After correcting all T1 images
for signal intensity distortions the MRI scans were
realigned and spatially normalized to a reference
MRI image in the standardized anatomical space and
resliced with sinc interpolation to a final voxel size of
1.5 × 1.5 × 1.5 mm. The normalized MRI scans were
then segmented into gray matter (GM), white matter
and CSF images, after removal of all non-brain voxels
and after applying an image intensity non-uniformity
correction [13]. The GM images were retained for anal-
yses and re-normalized to a customized GM template
by using the same normalization parameters described
above. To preserve the volume of a particular tis-
sue compartment within each voxel, the images were
modulated by the Jacobian determinants derived from
the spatial normalization, and smoothed using an 8-
mm FWHM isotropic Gaussian kernel. Normalization
for global differences in voxel intensity across scans
was effected by inclusion of the global mean GM
voxel value as a covariate, while preserving regional
differences in GM intensity. Additionally, individ-
ual differential GMC images (follow-up GMC minus
baseline GMC) were calculated for each study par-
ticipant. In order to simplify the description of the
VBM results, all local maxima within the medial tem-
poral lobe (including hippocampus, parahippocampal
gyrus, entorhinal cortex and amygdala) are collectively
described as the “MTL”.

Medial temporal lobe atrophy rate assessment

The longitudinal MTL atrophy rate, using the
regional boundary shift (rBS) method [14] as described
by Rusinek et al. was computed from the coregistered
and intensity normalized MR images. The method
extends the original whole-brain protocol of Fox et al.
[15]. This protocol assesses the proportion of CSF and
brain tissue per voxel over time and thus provides an
atrophy measure. The atrophy rates were defined as
the follow-up minus the baseline brain tissue volume,
divided by the baseline volume and by the time interval
between the two MRI scans (%/year) [16].

The rBS-MTL was assessed for the right and left
MTL using standardized semi-automated ROIs using
published protocols with intra-rater reliability >90%
[14]. The rectangular solid-shaped bilateral MTL
region of interest (ROI) was generated using the fol-
lowing criteria [14]. Horizontal and vertical box sizes
were defined as 0.25 times the left-to-right and cran-
iocaudal dimensions of the cranial cavity. The anterior
plane was defined as 4.5 mm posterior to the frontal-
temporal junction and the posterior plane was defined
by the anterior crux of the fornix. The operator placed
the MTL box on all coronal images in the anterior
to posterior MTL range by manually selecting within
each scan section centers of both hippocampi with a
mouse click. These centers became the centers of the
left and the right MTL boxes (see Fig. 1). The contents
of the rBS-MTL ROI included nearly the entire hip-
pocampus, and parts of the piriform lobe, entorhinal
cortex, amygdala and parahippocampal gyrus. ROIs
were drawn by single operator (M.B.) and indepen-
dently verified by a co-author.

CSF collection and analysis

After an overnight fast, at 11:00 A.M. and on the
same day the MRI scan, CSF was acquired using
a 25-gauge Sprott lumbar puncture needle. Samples
were centrifuged, aliquoted to polypropylene tubes and
stored at –80◦C. Assays were blinded to clinical data.
Analysis of both baseline and follow-up samples was
performed in the same batch assay without refreezing.

Fig. 1. Placement of right (white box) and left (black box) MTL
ROIs on sinc interpolated, coronal T1 MRI image cut to “patholog-
ical” angle (offset shows location of the ROI on one of the posterior
slices).
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A sandwich ELISA assay was used to detect
tau phosphorylated at threonine 231 (P-tau231) using
tau-1 and CP-27 antibodies in the first step and
P-tau231-specific CP9 antibody in the second step
[17]. CSF T-tau levels were determined using a com-
mercially available INNOTEST hTAU antigen kit
(Innogenetics®, Gent, Belgium). The CSF A� levels
(A�40 and A�42) were measured using a monoclonal
antibody 6E10 (specific to an epitope present on
A�-16) and to rabbit antisera to A�40 and A�42 respec-
tively, in a double antibody sandwich ELISA [18]. As
some prior studies demonstrated that the A�42/A�40
ratio is superior to either the A�42 or the A�40 level in
discriminating AD from NL or from other dementias
[6], for predicting future MCI [19] or MCI transition
to AD [20], the ratio was used in this study. CSF levels
of isoprostanes (8,12-iso-iPF2�-VI) were assayed by
negative ion chemical ionization gas chromatography/
mass spectrometry, after CSF samples were spiked
with a fixed amount of internal standard (d4–8,12-iso-
iPF2�-VI), extracted on a C18 cartridge column and
purified by thin-layer chromatography [21].

STATISTICAL ANALYSIS

All results for the SPM analyses are presented in
terms of clusters of significant differences in gray
matter concentration (GMC) between study groups.
The General Linear Model/univariate analysis with
pair-wise post-hoc t-tests was used to test for GMC
cross-sectional and longitudinal differences across
study groups. Results were assessed over the whole-
brain at a conservative p < 0.001 level, and uncorrected
for multiple comparisons. Anatomical location of
areas showing GMC effects was described using the
Talairach and Tournoux coordinates [22].

Analysis of covariance (ANCOVA) with subsequent
post-hoc Tukey tests was used to examine between-

group differences in demographic data, rBS-MTL
atrophy and CSF biomarker levels. Significant base-
line effects were tested in binary logistic regression
models as predictors of decline among MCI patients.
Logistic regression prediction models were also used
to characterize the incremental diagnostic classifica-
tion properties of the best univariate CSF and MRI
measures. p values <0.05 were considered significant.
All analyses were performed with SPSS 12.0 (SPSS,
Chicago, IL 2004).

RESULTS

The demographic data of the study participants are
presented in Table 1. During the 2 years observation,
8 (33%) out of the 24 evaluable MCI subjects seen at
baseline declined to AD and 16 retained the diagnosis
of MCI. None of the 21 normal controls changed diag-
nostic group. There were no significant age, education,
or length of observation period differences between
the study groups (p’s > 0.05; see Table 1). MCI-AD
patients had lower MMSE scores than MCI-MCI
patients at follow-up (p < 0.05) and against controls
at both baseline and follow-up (p’s < 0.01). MCI-AD
patients had a higher prevalence of APOE4 carriers
than either stable MCI or control (p’s < 0.05). Both
MCI-AD and control groups demonstrated a higher
prevalence of females than MCI-MCI (�2 = 9.17,
p < 0.05). As previous brain studies show age effects
[23], age (in addition to APOE genotype and gender)
was controlled for in the subsequent analyses.

Voxel-based gray matter concentration results

Baseline effects
Univariate ANOVA over the 3 study groups at

baseline showed several GMC clusters in the right
Table 1

Demographics of study participants

NL-NL MCI-MCI MCI-AD
(n = 21) (n = 16) (n = 8)

Age at baseline 65.0 ± 10.0 71.1 ± 6.9 70.3 ± 8.3
ApoE4 (carriers/non-carriers) 6/15 6/10 7/1a

Gender (males/females) 6/15 11/5b 1/7
Education [years] 15.0 ± 3.8 14.4 ± 3.6 12.3 ± 3.2
Observation period [years] 2.1 ± 0.7 1.7 ± 0.5 2.0 ± 0.5
MMSE score at baseline [points] 29.7 ± 0.5 28.4 ± 1.7 27.6 ± 1.9c

MMSE score at follow-up [points] 29.3 ± 1.1 28.9 ± 1.3 24.9 ± 2.7c

Values for continuous variables are Mean±SD; a - indicates value significantly different than in NL-NL
and MCI-MCI groups; b - indicates value significantly different than NL-NL and MCI-AD groups;
c - indicates value significantly different than in NL-NL group and MCI-MCI.
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hemisphere (including MTL, superior, middle and
inferior temporal gyri) and in the left (including MTL
and posterior cingulate gyrus). Similarly, at follow-up
the analysis detected clusters in the right (including
MTL, superior and inferior temporal gyri) and in the
left hemisphere (including MTL and posterior cingu-
late gyrus).

Post-hoc analysis showed that MCI-AD subjects as
compared with MCI-MCI, at baseline demonstrated
reduced GMC bilaterally in MTL and in right inferior
temporal gyrus (for local maxima and Brodman areas
see Table 2, Fig. 2). Similar effects were found at the
follow-up.

Comparison of NL-NL with MCI-AD subjects at
baseline showed bilateral MTL effects with superior
and middle temporal gyri in the right hemisphere and
inferior frontal and posterior cingulate gyri in the left
hemisphere. Similar effects were found at follow-up
(Table 2, Fig. 2).

No significant differences in GMC between NL-NL
and MCI-MCI groups were detected at either baseline
or follow-up.

Longitudinal
The between-group analysis of the differential GMC

images (follow-up minus baseline) did not detect
differences in GMC. Further, the unprotected paired-
t-tests analyses within each study group also failed to
reach statistical significance.

In summary, at baseline and follow-up for the VBM
analyses, only the MTL showed consistent bilateral
effects separating decliners from the other groups.

Longitudinal MRI rBS-determined atrophy rates

Given our hypothesized longitudinal MTL effects,
the MTL region was specifically examined with the
rBS method. After controlling for confounds, annu-
alized atrophy rates for both the left (F(2,36) = 9.5,
p < 0.001) and right rBS-MTL (F(2,36) = 4.4, p < 0.05)
differed among three study groups (see Table 3 and
Fig. 3). Post hoc analysis showed that atrophy rates
in the left MTL were higher in MCI-AD patients than
in either NL-NL or MCI-MCI (p’s < 0.01). Atrophy
rates in the right MTL were only higher in MCI-

Table 2
Voxel-based morphometry: local maxima and Brodman areas (BA) of clusters of significant baseline and follow-up differences in gray matter

concentration between MCI-MCI and MCI-AD and between NL-NL and MCI-AD

Cluster extent (Ke) Brain region Coordinates (x, y, z) z value p

MCI-MCI vs. MCI-AD
Baseline

1108 Right Inferior Temporal Gyrus, BA 20 (+35, −24, −33) 4.05 p < 0.001
Right Parahippocampal Gyrus, Hippocampus (+25, −15, −21) 3.73 p < 0.001

359 Left Parahippocampal Gyrus, BA 28 (−21, −20, −17) 4.36 P < 0.001
Left Parahippocampal Gyrus, Hippocampus (−26, −15, −20) 3.88 p < 0.001

Follow-up
1152 Right Inferior Temporal Gyrus, BA 20 (+41, −22, −28) 4.22 p < 0.001

Right Parahippocampal Gyrus, Hippocampus (+26, −13, −19) 4.00 P < 0.001
364 Left Parahippocampal Gyrus, BA 28 (−24, −18, −13) 4.18 p < 0.001

Left Parahippocampal Gyrus, Hippocampus (−24, −13, −16) 4.15 p < 0.001
NL-NL vs. MCI-AD

Baseline
2978 Right Superior Temporal Gyrus, BA 38 (+42, +4, −17) 4.89 p < 0.001

Right Middle Temporal Gyrus, BA 21 (+56 −20 −6) 3.89 p < 0.001
Right Parahippocampal Gyrus, BA 28 (+17, −7, −14) 3.57 p < 0.001
Right Parahippocampal Gyrus, Hippocampus (+30, −12, +21) 3.36 p < 0.001

218 Left Parahippocampal Gyrus, BA 34 (−18, +4, −17) 4.87 p < 0.001
189 Left Inferior Frontal Gyrus, BA 47 (−38, +20, −6) 3.84 p < 0.001
357 Left Amygdala (−24, −12, −12) 3.80 p < 0.001
109 Left Posterior Cingulate Gyrus, BA 31 (−5, −65, 16) 3.47 p < 0.001

2978 Right Superior Temporal Gyrus, BA 38 (+42, +4, −17) 4.89 p < 0.001
Follow-up

3612 Right Superior Temporal Gyrus, BA 38 (+41, +5, −13) 5.06 p < 0.001
138 Right Limbic Lobe, Uncus, BA 34 (+20, +2, −20) 4.26 p < 0.001

Right Superior Temporal Gyrus, BA 22 (+48, −17, +6) 3.80 P < 0.001
280 Left Parahippocampal Gyrus, BA 34 (−23, +5, −17) 4.86 P < 0.001
794 Left Parahippocampal Gyrus BA 27 (−24, −30, −8) 3.51 p < 0.001
552 Left Posterior Cingulate Gyrus BA 30 (−5, −61, +13) 3.64 P < 0.001
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Fig. 2. Voxel-based morphometry results: clusters with significantly different GMC in MCI-MCI subjects vs. MCI-AD subjects (A) and NL-NL
subjects vs. MCI-AD subjects (B) at baseline and at follow-up.

AD patients as compared with NL-NL (p < 0.01). For
neither hemisphere were the annual MTL atrophy
rates different between MCI-MCI patients and NL-NL
(p > 0.05).

The rBS showed consistent longitudinal MTL
effects distinguishing the decliners from the other
groups.

CSF biomarkers analysis: baseline, follow-up
and longitudinal results

Baseline data
Across all groups, there were significant baseline

effects for all CSF analytes (see Table 3). The MCI-AD
patients showed significantly higher values of T-tau, P-

tau231 and IP levels, and lower values of A�42/A�40
ratio when compared with either MCI-MCI patients or
with NL-NL (p’s < 0.05; see Table 3). Similar signifi-
cant effects were found at the follow-up with exception
the A�42/A�40 ratio (see Table 3). No differences were
found between MCI-MCI and NL-NL subjects at base-
line, or follow-up.

Longitudinal data
Analysis of longitudinal changes in CSF biomarker

levels showed a trend for overall between-group dif-
ferences for IP (p = 0.07; see Table 3). Exploratory
post hoc analysis showed that a significantly greater
increase in the IP level was found in MCI-AD
patients as compared with NL-NL (p < 0.01). No other
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Table 3
Baseline and follow-up measures of CSF biomarkers and annualized rates of change for CSF and MRI measures by diagnostic group

NL-NL MCI-MCI MCI-AD Overall group difference
(n = 21) (n = 16) (n = 8) (ANCOVA)

Baseline measures
T-tau level [pg/mL] 312 ± 126 398 ± 202 643 ± 147a,b p < 0.01
P-tau231 level [pg/ml] 15.1 ± 15.0 21.8 ± 26.5 46.1 ± 20.6a,b p < 0.01
IP level [pg/mL] 31.5 ± 12.3 30.7 ± 12.2 48.3 ± 12.9a,b p < 0.01
Ab42/Ab40 ratio* 12.1 ± 4.8 10.3 ± 3.4 6.8 ± 1.6 a,b p < 0.01

Follow-up measures
T-tau level [pg/mL] 328 ± 156 429 ± 237 659 ± 184a,b p < 0.01
P-tau231 level [pg/mL] 14.6 ± 15.2 24.0 ± 27.5 52.8 ± 23.0a,b p < 0.01
IP level [pg/mL] 34.6 ± 12.5 40.4 ± 26.3 60.1 ± 13.9a,b p < 0.05
Ab42/Ab40 ratio* 11.3 ± 3.2 11.3 ± 3.1 8.3 ± 5.8 n.s.

Annualized measures
rBS-MTL left [%] 0.53 ± 0.09 0.57 ± 0.14 1.36 ± 0.27a,b p < 0.01
rBS-MTL right [%] 0.38 ± 0.11 0.76 ± 0.14 1.08 ± 0.14a p < 0.05
rBS-MTL left + right [%] 0.45 ± 0.08 0.67 ± 0.14 1.22 ± 0.19a,b p < 0.01
T-tau rate of change [pg/mL/year] +16.29 ± 16.3 +31.50 ± 29.0 +16.13 ± 62.1 n.s.
P-tau231 rate of change [pg/mL/year] − 0.54 ± 1.7 +2.27 ± 0.8 +6.67 ± 2.2 n.s.
IP rate of change [pg/mL/year] +3.10 ± 1.7 +9.69 ± 4.1 +11.88 ± 2.0 a p = 0.07
Ab42/Ab40 ratio* rate of change − 0.81 ± 1.0 +1.03 ± 0.5 +1.57 ± 1.7 n.s.
MMSE rate of change [pts/year] +0.33 ± 0.2 +0.50 ± 0.4 −2.75 ± 1.2a.b p < 0.01

Values are Mean ± SD; a - value significantly different than in NL-NL group; b - value significantly different than in MCI-MCI group; * - the
values of the a�42/a�40 ratio are multiplied by 100, n.s. - not significant.

CSF biomarker showed longitudinal diagnostic group
effects.

In summary, consistent baseline and follow-up
effects were found in MCI-AD as compared with the
other groups for T-tau, P-tau231 and IP levels. Only IP
showed a trend towards a longitudinal effect.

The Prediction of decline to AD

Univariate predictors
Logistic regression outcome models classifying

MCI-MCI and MCI-AD subjects showed that at base-
line, both right and left GMC-MTL values predicted
MCI to AD decline with ≥74% accuracy (p < 0.01,
see Table 4). All baseline CSF measures discriminated
the groups in the logistic regression models (≥70%,
p < 0.05, see Table 4).

Multivariate predictors
Multivariate CSF and MRI models were used to

test for incremental prediction effects among the sig-
nificant baseline measures (see Table 4). The results
showed that adding the right GMC-MTL to baseline
CSF P-tau231 raised the overall prediction accuracy
to 84% (pstep < 0.05). Addition of right GMC-MTL to
baseline CSF IP levels increased the prediction accu-
racies to 78% (pstep < 0.05).

Longitudinal correlates of decline

Univariate correlates
Longitudinally, atrophy of the left MTL using the

rBS method discriminated MCI-MCI from MCI-AD
with 74% overall accuracy (p’s < 0.01). The right
rBS-MTL atrophy and longitudinal changes in CSF
biomarkers levels were not significant group discrim-
inators (p > 0.05). No longitudinal correlations were
observed between the MRI and CSF biomarkers.

Multivariate correlates
Combining the rBS-MTL atrophy rate with the base-

line IP level resulted in a significant increment in
the correlation with decline (p < 0.05). Combining the
rBS-MTL atrophy rate with the IP change did not
result in a significant increment in the correlation with
decline (p > 0.05).

Follow-up diagnostic classifications

All follow-up CSF measures with the exception of
the AB42/40 ratio discriminated the groups in the logis-
tic regression models (≥70%, p < 0.05). Similarly, both
right and left GMC-MTL at follow-up discriminated
the groups in the logistic regression models (≥78%,
p < 0.05).
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Fig. 3. rBS atrophy rates in the left (A) and right (B) MTL region
for the three diagnostic outcome groups. The bars represent mean
value ± SEM. One star indicates p < 0.05, two stars: p < 0.001.

DISCUSSION

This longitudinal study examined both CSF
biomarkers and MRI measures of brain atrophy in
the prediction and course of the MCI to AD conver-
sion. We applied an automated regional boundary shift
algorithm and voxel-based morphometry.

An important finding from our study was the obser-
vation that individually, GMC-MTL atrophy measure
and CSF biomarkers for tauopathy are both useful
in the separation of MCI-AD from both normal and
non-declining MCI. Further, the combination of the
baseline, AD-specific CSF P-tau231 [5] with the base-

line MRI medial temporal lobe gray matter atrophy
measure improved the prediction accuracy for the MCI
to AD conversion from 74 to 84%. Although previous
studies of from our lab [24;25] and of Bouwman et al.
[1] demonstrated the added value of combining the
CSF and MRI biomarkers in the diagnostic workup of
MCI subjects, to our knowledge the present longitudi-
nal study is the first to evaluate the conversion of MCI
to AD using 2-timepoints to estimate CSF biomarker
levels and quantitative measures of brain atrophy.

We previously showed that both longitudinal CSF
and MRI measures in MCI-MCI correlate with psy-
chometric progression and with each other [2, 26]. In
the present study we observed the conversion of MCI
to AD and demonstrated that MRI-MTL and CSF mea-
sures - while accurate and additive predictors of decline
from MCI to AD are not related to each other either at
cross-section or longitudinally.

MRI effects

Prior CT and MRI studies demonstrated that hip-
pocampal atrophy (assessed either qualitatively or
volumetrically) is one of the earliest features predicting
among MCI patients future AD [26–28]. Similarly, our
VBM analysis identified clusters of decreased MTL
gray matter density in MCI patients who progressed
to AD both at both timepoints. These results largely
confirm previous findings of reduced MTL GMC in
subjects with AD [29] and MCI [30]. One of the major
findings of the study is that at an individual level, the
GMC-MTL can serve as a valuable predictor of MCI to
AD decline. Other studies suggest that MTL atrophy is
likely due to neuronal loss [31] secondary to neurofib-
rillary tangle pathology which is toxic to neurons and
known to affect the entorhinal cortex and hippocampus
in pre-dementia [32] and even presymptomatic stages
[33]. Another imaging study showed that other cortical
regions (including lateral temporal and parietal lobes)
were predictive of MCI to AD decline [34]. How-
ever, in that study the observation period was longer
than ours and different image analysis procedures were
used. In our study, when NL-NL were compared with
MCI-AD, temporal and posterior cingulate and frontal
cortical regions were also identified.

In our study, no longitudinal differences in GMC
were detected, but we did detect differences in rBS-
MTL atrophy rates between the groups. In our opinion,
the most likely explanation of this finding refers
to the pre-processing of the MRI images: the spa-
tial normalization technique used with VBM renders
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Table 4
Significant predictors of MCI to AD decline corrected for confounding measures

AUC Sensitivity Specificity Overall accuracy p for the step
[%] [%] [%] increase

Univariate predictors – MR measures
GMC-MTL (right) at baseline 0.83 100 67 78 p < 0.01
GMC-MTL (left) at baseline 0.78 100 60 74 p < 0.01
rBS-MTL (left) 0.71 50 87 74 P < 0.01
rBS-MTL (right) n/a n/a n/a n/a P > 0.05

Univariate predictors – CSF measures
IP at baseline 0.75 63 80 74 p < 0.01
P-tau231 at baseline 0.72 75 73 74 p < 0.01
a�42/a�40 ratio at baseline 0.73 100 53 70 p = 0.05
T-tau at baseline 0.76 63 73 70 p < 0.05

Combined measures (CSF + MR)
Baseline P-tau231 + GMC-MTL (right) 0.85 100 73 84 p < 0.05
Baseline P-tau231 + rBS-MTL (left) 0.78 50 100 84 p < 0.05
Baseline IP + GMC-MTL (right) 0.85 100 67 78 p < 0.05
Baseline IP + rBS-MTL (left) 0.85 75 87 78 p < 0.05

the technique less sensitive to detect subtle atrophy
changes within subjects. In contrast, the rBS method
works on individual, non-spatially-normalized scans
and may be more sensitive to small atrophic changes.
Another factor contributing to the different results
yielded with the 2 techniques is that boundary shift
method detects changes in CSF volume, while VBM
detects changes in gray matter concentration.

Although both left and right rBS-MTL atrophy was
greater in the MCI-AD than in controls, only left
rBS-MTL differentiated MCI decliners from MCI non-
decliners. Our right and left rBS-MTL atrophy rates
are within the range reported by others (e.g. approx-
imately 2–3%/year for the MTL structures) [35–37].
The high MTL atrophy rates among MCI-AD suggest
that loss of brain tissue in this region is an important
feature of AD distinguishing it from controls and stable
MCI. The lack of difference in atrophy rates between
controls and stable MCI subjects may be explained in
several ways. First, MCI is a clinically defined con-
cept and not a biologically defined early AD stage.
Thus, the inhomogeneity of the diagnosis of MCI may
be expected to differentially affect their atrophy rates.
While it is likely that many of the MCI subjects have
AD, an unknown fraction of this group is expected to
progress to other types of dementia or even revert back
to normal. It is also possible that heterogeneity in the
NL-NL group accounts for some of the variance. The
fact that the MCI-MCI group was also not different
from controls with the CSF measures suggests that the
subjects in fact did not have early AD or that it was
below delectability thresholds.

Interestingly, left rBS-MTL atrophy was better cor-
related with the transition to AD than right rBS-MTL
atrophy, which is consistent with our previous atro-
phy rate study [16] as well as with the studies of other
authors [38, 39]. Similarly, left GMC-MTL (but not
right) predicted AD in this study.

CSF effects

At baseline, all the CSF measures provided good
prediction of incipient AD. The results are consistent
with an extensive literature (see [40] for a review),
including our previously published study [20]. The
best predictions found were P-tau231 and IP. The pres-
ence of pathological levels of P-tau231, T-tau, IP and
A�42/40 ratio in MCI decliners points to the fact that
changes in the CSF biochemical composition appear
before the onset of clinically overt AD. Prior vali-
dation studies show that pathological CSF levels of
biomarkers reflect AD pathology: amyloid plaques
[41] neurofibrillary tangles [42] and oxidative damage
to neuronal cell membranes [43].

We previously reported that only IP showed longi-
tudinal effects [2, 20]. In this report, only IP levels
showed a trend towards increasing over 2 years in
association with the MCI-AD conversion as compared
with NL subjects. Since IP is a marker of mem-
brane lipid peroxidation and inflammation, these data
continue to suggest that the increase of IP levels in
cognitively deteriorating patients reflects progressive
neuronal damage [21].
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Additive effects

The observed additive effect of MRI and CSF
biomarkers offers a potential diagnostic advance. We
demonstrated that the combination of baseline levels
of either P-tau231 or IP with the right MTL GMC raised
the prediction accuracy levels to ≥78%.

There are few published reports where both CSF
biomarkers and MRI measures of brain atrophy were
applied in diagnosis of AD. In a cross-sectional study
by Schoonenboom et al., MTL atrophy was found to
contribute to CSF measures of A�1-42 and P-Tau181
in incrementing the diagnostic separation of AD and
control subjects [3]. Our previous work demonstrated
that the longitudinal reductions in the hippocampal
volume were associated with progressive elevations
in P-Tau231 level and reductions in the A�42 [25].
Another study published by our group showed that in
NL and MCI subjects, longitudinal increases in IsoP
levels correlated with atrophy in both the left MTL and
left inferior temporal gyrus regions [2].

There are several limitations of our study. First, the
small sample size reduces statistical power and restricts
detection of other effects. The results warrant a repli-
cation with a larger sample and perhaps testing in a
community based random study predicting cognitive
decline and AD. Second, in dementia centers the clini-
cal diagnoses of AD correspond with the post-mortem
diagnoses about 85% of the time [44] and in our study
the diagnosis of AD was not confirmed with pathol-
ogy. Third, the observed CSF data combined with MRI
needs to be evaluated for AD diagnostic specificity
with diverse patient groups at the MCI stage, as prior
diagnostic specificity studies have not included MCI
patients. It will be important to learn if other forms
of dementia will be correctly discriminated at their
MCI stages. Fourth, the generalizability of the study
results is restricted because of known selection bias of
a memory clinic population. Nevertheless, our results
probably will generalize to other memory clinics as our
observed 30% decline rate over two years for the MCI
subjects is consistent other AD center studies [45].

CONCLUSION

The high diagnostic accuracy of both MRI-MTL
and AD CSF biomarkers to identify incident AD from
MCI patients is improved when both measurements
are combined in a prediction model. These results pro-
vide support for including CSF and MRI biomarkers
in the evaluation of memory clinic patients, a position

advocated in recent reviews [46]. Our data suggest that
in the near future, both imaging and biomarker iden-
tification of preclinical AD subjects will be a part of
pharmacologic and non-pharmacologic treatment and
prevention strategies.
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H (2002) Differential diagnosis of Alzheimer disease with
cerebrospinal fluid levels of tau protein phosphorylated at
Threonine 231. Arch Neurol 59, 1267-1272.

[6] Lewczuk P, Esselmann H, Otto M, Maler JM, Henkel
AW, Henkel MK, Eikenberg O, Antz C, Krause WR,
Reulbach U, Kornhuber J, Wiltfang J (2004) Neurochemi-
cal diagnosis of Alzheimer’s dementia by CSF A[beta]42,
A[beta]42/A[beta]40 ratio and total tau. Neurobiol Aging 25,
273-281.

[7] Blennow K, de Leon MJ, Zetterberg H (2006) Alzheimer’s
disease. Lancet Neurol 368, 387-403.

[8] Morris JC (1993) The Clinical Dementia, Rating (CDR): Cur-
rent version and scoring rules. Neurol 43, 2412-2414.

[9] Reisberg B, Ferris SH, de Leon MJ, Crook T (1982) The
Global Deterioration Scale for assessment of primary degen-
erative dementia. Am J Psychiatry 139, 1136-1139.

[10] American Psychiatric Association (1994) Diagnostic and Sta-
tistical Manual of Mental Disorders (Fourth Edition), 4 edn.,
American Psychiatric Association, Washington, DC.

[11] McKhann G, Drachman D, Folstein M, Katzman R, Price
D, Stadlan EM (1984) Clinical diagnosis of Alzheimer’s dis-
ease: report of the NINCDS-ADRDA Work Group under the
auspices of Department of Health and Human Services Task
Force on Alzheimer’s disease. Neurol 34, 939-944.

[12] Tsui WH, Rusinek H, Van Gelder P, Lebedev S (2001) Ana-
lyzing multi-modality tomographic images and associated
regions of interest with MIDAS. Proc SPIE Med Imag: Imag
Proc 4322, 1725-1734.

[13] Ashburner J, Friston KJ (2000) Voxel-based morphometry-
the methods. Neuroimage 11, 805-821.



M. Brys et al. / MRI and CSF Biomarkers in Diagnosis of AD 151

[14] Rusinek H, De Santi S, Frid D, Tsui WH, Tarshish CY, Convit
A, de Leon MJ (2003) Regional brain atrophy rate predicts
future cognitive decline: 6-year longitudinal MR imaging
study of normal aging. Radiology 229, 691-696.

[15] Fox NC, Freeborough PA (1997) Brain atrophy progression
measured from registered serial MRI: validation and applica-
tion to Alzheimer’s disease. J Magn Reson Imag 7, 1069-1075.

[16] Rusinek H, Endo Y, De Santi S, Frid D, Tsui WH, Segal S,
Convit A, de Leon MJ (2004) Atrophy rate in medial tempo-
ral lobe during progression of Alzheimer disease. Neurol 63,
2354-2359.

[17] Kohnken R, Buerger K, Zinkowski R, Miller C, Kerkman D,
DeBernardis J, Shen J, Moumlller HJ, Davies P, Hampel H
(2000) Detection of tau phosphorylated at threonine 231 in
cerebrospinal fluid of Alzheimer’s disease patients. Neurosci
Lett 187-190

[18] Mehta PD, Pirttila T, Mehta SP, Sersen EA, Aisen PS, Wis-
niewski HM (2000) Plasma and cerebrospinal fluid levels of
amyloid beta proteins 1-40 and 1-42 in Alzheimer disease.
Arch Neurol 57, 100-105.

[19] Fagan AM, Roe CM, Xiong C, Mintun M, Morris JC, Holtz-
man DM (2007) Cerebrospinal fluid tau/beta-Amyloid42 ratio
as a prediction of cognitive decline in nondemented older
adults. Arch Neurol 64, 343-349.

[20] Brys M, Pirraglia E, Rich K, Rolstad S, Mosconi L, Switalski
R, Glodzik-Sobanska L, De Santi S, Zinkowski R, Mehta P,
Pratico D, Saint Louis LA, Wallin A, Blennow K, de Leon MJ
(2009) Prediction and longitudinal study of CSF biomarkers
in mild cognitive impairment. Neurobiol Aging 30, 682-690.

[21] Pratico D, Clark CM, Lee VM, Trojanowski JQ, Rokach
J, Fitzgerald GA (2000) Increased 8,12-iso-iPF2alpha-VI in
Alzheimer’s disease: correlation of a noninvasive index of
lipid peroxidation with disease severity. Ann Neurol 48, 809-
812.

[22] Talairach J, Tournoux P (1988) Co-Planar stereotaxic atlas of
the human brain, Thieme, Stuttgart.

[23] Good CD, Johnsrude IS, Ashburner J, Henson RN, Friston KJ,
Frackowiak RSJ (2001) A voxel-based morphometric study
of ageing in 465 normal adult human brains. Neuroimage 14,
21-36.

[24] de Leon MJ, Segal S, Tarshish CY, DeSanti S, Zinkowski R,
Mehta PD, Convit A, Caraos C, Rusinek H, Tsui W, Saint
Louis LA, DeBernardis J, Kerkman D, Qadri F, Gary A,
Lesbre P, Wisniewski T, Poirier J, Davies P (2002) Longi-
tudinal CSF tau load increases in mild cognitive impairment.
Neurosci Lett 333, 183-186.

[25] de Leon MJ, DeSanti S, Zinkowski R, Mehta PD, Pratico D,
Segal S, Rusinek H, Li J, Tsui W, Saint Louis LA, Clark CM,
Tarshish C, Li Y, Lair L, Javier E, Rich K, Lesbre P, Mosconi
L, Reisberg B, Sadowski M, DeBernadis JF, Kerkman DJ,
Hampel H, Wahlund LO, Davies P (2006) Longitudinal CSF
and MRI biomarkers improve the diagnosis of mild cognitive
impairment. Neurobiol Aging 27, 394-401.

[26] Convit A, de Asis J, de Leon MJ, Tarshish C, De Santi S,
Rusinek H (2000) Atrophy of the medial occipitotemporal,
inferior, and middle temporal gyri in non-demented elderly
predict decline to Alzheimer’s disease. Neurobiol Aging 21,
19-26.

[27] de Leon MJ, George AE, Stylopoulos LA, Smith G, Miller
DC (1989) Early marker for Alzheimer’s disease: the atrophic
hippocampus. Lancet 2, 672-673.

[28] Jack CR Jr, Shiung MM, Weigand SD, O’Brien PC, Gunter
JL, Boeve BF, Knopman DS, Smith GE, Ivnik RJ, Tangalos
EG, Petersen RC (2005) Brain atrophy rates predict subse-

quent clinical conversion in normal elderly and amnestic MCI.
Neurol 65, 1227-1231.

[29] Busatto GF, Garrido GE, Almeida OP, Castro CC, Camargo
CH, Cid CG, Buchpiguel CA, Furuie S, Bottino CM (2003) A
voxel-based morphometry study of temporal lobe gray matter
reductions in Alzheimer’s disease. Neurobiol Aging 24, 221-
231.

[30] Pennanen C, Testa C, Laakso MP, Hallikainen M, Helkala EL,
Hänninen T, Kivipelto M, Könönen M, Nissinen A, Tervo S,
Vanhanen M, Vanninen R, Frisoni GB, Soininen H (2005)
A voxel based morphometry study on mild cognitive impair-
ment. J Neurol Neurosurg Psychiatry 76, 11-14.

[31] Bobinski M, Wegiel J, Wisniewski HM, Tarnawski M,
Bobinski M, Reisberg B, De Leon MJ, Miller DC (1996)
Neurofibrillary pathology - correlation with hippocampal for-
mation atrophy in Alzheimer disease. Neurobiol Aging 17,
909-919.
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Ultra-High Field 7T MRI: A New Tool
for Studying Alzheimer’s Disease

Geoffrey A. Kerchner*
Department of Neurology and Neurological Sciences, Stanford Center for Memory Disorders,
Stanford University School of Medicine, Stanford, CA, USA

Abstract. Ultra-high field 7T MRI offers superior signal-to-noise and spatial resolution relative to any other noninvasive imaging
technique. By revealing fine anatomical details of the living brain, 7T MRI allows neuroimaging researchers the opportunity
to observe in patients disease-related structural changes previously apparent only on postmortem tissue analysis. Alzheimer’s
disease (AD) is a natural subject for this technology, and I review here two AD-related applications of 7T MRI: direct visualization
of cortical plaques, and high resolution hippocampal imaging. I also discuss limitations of this technology as well as expected
advances that are likely to establish 7T MRI as an increasingly important tool for the diagnosis and tracking of AD.

Keywords: magnetic resonance imaging (MRI), 7-Tesla (7T), hippocampus, CA1, beta-amyloid, Alzheimer’s disease, biomarker

INTRODUCTION

Diagnosing Alzheimer’s disease (AD) should be
easy. The illness is defined by the presence corti-
cal plaques and tangles in a patient with progressive
dementia, and all that is needed, beyond a standard
clinical assessment, is visualization of the requisite
neuropathology.

The catch, of course, is that the neuropathological
hallmarks of AD are too small to be seen noninva-
sively using conventional neuroimaging technology.
For this reason, surrogate neuroimaging markers and
other clinical data must be used instead. An abundance
of such markers exist, enough to fill books (such as
this one), yet each remains an imperfect substitute for
histopathology.

Ultra-high field 7.0 Tesla (7T) MRI has made some
headway towards addressing the problem of spatial
resolution. These powerful magnets — about 140,000
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times the strength of the earth’s field — are manufac-
tured by Siemens, Philips, and General Electric, and
approximately 30 whole-body human 7T MRI scan-
nersare currently deployed at research centers around
the world. With enhanced signal-to-noise relative to 3T
and lower field technologies, 7T MRI offers not only
remarkable spatial resolution, but also the possibility of
reduced scan time, greater tissue-type differentiation,
and better spectroscopic resolution.

In this brief chapter, I will discuss two possible uses
of 7T MRI in the diagnosis and tracking of AD: direct
imaging of individual amyloid plaques, and visual-
ization of hippocampal microstructure. I will discuss
limitations of the technology and future directions.
Although 7T MRI cannot replace a microscope, it does
produce remarkable images and has the potential to
provide novel ways to detect and track AD-related
anatomical changes in the brains of patients.

VISUALIZING PLAQUES

Direct, noninvasive detection of neuropathology
is an ultimate goal of structural neuroimaging in
AD. Unlike amyloid imaging with positron emission
tomography (PET), which offers a highly specific
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but low-resolution measure of brain amyloid burden
[1], MRI offers the potential of visualizing individual
plaques [2, 3].

Ultra-high field imaging of postmortem human brain
tissue [4, 5] and ex vivo transgenic mouse brains [5–11]
reveals cortical lesions that correspond histopatho-
logically to amyloid plaques. Such images feature
remarkable resolution, as high as 62.5 �m3 [10], at
the expense of image acquisition times typically in
excess of 12 hours. By compromising a bit on spatial
resolution, plaque detection has also been achieved in
transgenic mice in vivo, both with [12–14] and with-
out [6, 9, 11, 15–19] the use of a contrast-enhancing
agent. One group has even reported the in vivo visual-
ization of plaque-like structures in the parietal cortex
of human patients with AD[20].

Plaques exhibit reduced T2 and T2* signal com-
pared to surrounding cortex, and the source of that
signal contrast is controversial. Iron deposition within
plaques may be a cause of this reduced signal, and
there is a correlation between T2* hypointensity and
plaque iron content, determined by a histochemical
stain, in both mice [6] and humans [5]. If iron depo-
sition were indeed the main source of signal contrast,
then T2*- and susceptibility-weighting should be supe-
rior to T2-weighting at detecting plaques. However,
subsequent work in transgenic mice revealed similar
T2 and T2* signal contrast characteristics, suggesting
a more limited role for iron than previously envisioned
[11]; instead, highly compact fibrillar amyloid may
drive the reduction in T2 and T2* signal in mouse
models of AD [5, 11]. By contrast, in humans, whose
disease is fundamentally different than that in trans-
genic mice (amyloid plaques develop in the absence
of mutant amyloid precursor protein overexpression),
iron deposition may indeed be the major source of
plaque signal contrast [5]. An imaging modality that
identifies plaques as tiny foci of cortical iron accumu-
lation is problematic for at least two reasons: First,
tiny iron deposits occur not only in plaques, but also in
areas of microhemorrhage and nonspecifically in other
pathological or non-pathological cortical microstruc-
tures [21]. Second, the iron content of plaques is not
necessarily uniform [6], and bias towards detecting
plaques with higher iron loads is not necessarily patho-
logically relevant or desirable.

For these reasons, the intrinsic MRI signal contrast
characteristics of cortical plaques relative to surround-
ing cortex may be insufficiently sensitive or specific.
Several groups are working to develop contrast agents
that cross the blood-brain-barrier and bind selectively

to beta-amyloid [2, 10, 12, 13]. Such agents, which
would offer the specificity of amyloid PET imaging at
the resolution of ultra-high field MRI, are a promising
way forward.

A robust method of visualizing amyloid plaques
noninvasively in humans is a worthy goal. It would con-
tribute to clinical diagnosis and to tracking the efficacy
of anti-amyloid treatment strategies, and it would allow
scientists to study how plaques develop and change
longitudinally in the human brain. It is nevertheless
germane to note that the presence of amyloid plaque
pathology alone is not specific for AD [22], and elimi-
nating the pathology in patients with AD is not clearly
beneficial [23, 24]. Therefore, even if it is perfected,
an ultra-high field MRI method of plaque visualization
would still reveal only a part of the story. Neurofibril-
lary tau tangles more faithfully track clinical symptoms
and brain atrophy in AD [25]; unfortunately, they are
much smaller than plaques and almost surely beyond
the detection limit of any current MRI technology.

HIGH RESOLUTION HIPPOCAMPAL
IMAGING

The hippocampus is one of the earliest brain
structures, after the entorhinal cortex, to exhibit neu-
rofibrillary tangle pathology and atrophy [25]. For this
reason, the hippocampus has long been a focus of AD
neuroimaging [26].

The earliest AD-associated changes to the hip-
pocampus are focal and subtle. As neurons of the
entorhinal cortex become consumed by neurofibrillary
pathology, still in the preclinical stages of the illness,
the apical dendrites of CA1 pyramidal neurons — a
target of the perforant pathway axons arising from
dying neurons in the entorhinal cortex — are affected
next [27–29]. Prior to the death of the CA1 neurons
themselves, their tau-laden apical dendrites go on to
become dilated and dystrophic, and the CA1 apical
neuropil region involutes as the disease progresses [30,
31]. These same CA1 apical dendrites are where long
term potentiation and other forms of synaptic plasticity
have been investigated for decades [32]; synapses onto
those dendrites are postulated to be a critical node for
memory formation, the very cognitive modality that
declines first in AD.

Fine details of hippocampal structure are evident
in vivo using 7T MRI [33–35]. On oblique coronal
slices showing the hippocampus in cross section, the
technique permits not only the precise identification
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of individual subfields by their morphological signa-
tures, but also the visualization of individual strata
within those subfields. My colleagues and I recently
published a study using 7T MRI to reveal thinning of
the CA1 apical neuropil in patients with early AD [33].
In that study, the hippocampal cell body layer appeared
as a hyperintense band, and the neuropil was compar-
atively hypointense (Fig. 1). As would be predicted
from the postmortem literature discussed above, thin-
ning of the apical neuropil was more sensitive than
thinning of the cell body layer or overall hippocampal
volume reduction at distinguishing patients with AD
from age-matched normal controls.

A

B

C

This study highlights an important concept, that
by narrowing the focus of neuroimaging to the very
specific microstructural features of the hippocam-
pus known to be affected earliest in AD, sensitivity
to the disease rises. Indeed, by the time macro-
scopic hippocampal atrophy becomes unambiguous
by conventional imaging, clinical manifestations are
similarly unambiguous, as patients already exhibit
dementia and meet standard clinical criteria for AD
[26]. Future work on high resolution hippocampal
imaging should focus on individuals who are nor-
mal or who complain of mild cognitive impairment;
after baseline imaging and longitudinal follow-up,
the earliest structural markers of preclinical AD may
become apparent. Meanwhile, the implementation of
newer 7T MRI sequences, such as a T2-weighted fast
spin echo sequence, may improve gray-white signal
contrast within the hippocampus and speed the devel-
opment of automated image analysis. Multi-echo 7T
functional MRI shows promise at revealing laminar
activation patterns in the cortex [36], and this technique
may extend to the hippocampal laminae. Finally, 7T
hippocampal imaging, combined with neuropsycho-
logical measures of memory performance, may permit
the study of structural-functional correlations at a res-
olution not previously possible.

LIMITATIONS

A powerful magnetic field poses challenges along
with benefits. Limiting the easy clinical implemen-

Fig. 1. High resolution 7T MRI of the Hippocampus. A. This oblique
coronal brain slice, obtained from a patient with very mild AD (filling
NINCDS-ADRDA criteria for probable AD by clinical consensus;
Mini Mental State Exam 29/30; Clinical Dementia Rating score 0.5)
is oriented orthogonal to the longitudinal axis of the hippocampus.
The image was obtained on a 7T GE MRI system (General Electric,
Waukesha, WI) equipped with an 8-channel phased-array receive
head coil (Nova Medical Inc., Wilmington, MA). This 9.6 minute
T2*-weighted gradient recalled echo sequence used a 1024 × 768
matrix over a 20 × 20 cm field of view, yielding an in-plane resolu-
tion of 0.195 × 0.260 mm on slices 2 mm thick; sequence parameters
included TE 15 ms, TR 250 ms, flip angle 20◦, NEX 3. The image is
presented in radiological orientation. In this unprocessed image, sig-
nal intensity varies from the periphery to the center of the image, and
from left to right, reflecting radiofrequency field inhomogeneities
and other factors (see text). B. Magnification of (A), focusing on the
left medial temporal lobe. C. Further magnification of the left hip-
pocampus, highlighting relevant anatomical features. CA1–3, cornus
ammonis subfields; DG, dentate gyrus; SP, stratum pyramidale, or
the cell body layer of hippocampal cortex; SRLM, stratum radia-
tum/stratum lacunosum-moleculare, or the apical neuropil. Thinning
of the SRLM sensitively discriminates patients with AD from normal
controls [33].
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tation of 7T MRI is the fact that human dimensions
are no longer a negligible fraction of the wavelength
of radiofrequency radiation, leading to radiofrequency
field (B1) inhomogeneities that compromise image
quality (Fig. 1). In addition, magnetic field (B0)
inhomogeneities produced by air/water interfaces or
mineralization become amplified at 7T compared
to lower field strengths. Higher energy absorption
(measured by the specific absorption ratio, or SAR)
constrains sequence development. And motion — even
the pulsation of the brain during the cardiac cycle —
limits spatial resolution.

To a large extent, apparent limitations of 7T MRI
arise from the use of coils and other equipment that had
been developed for lower field strengths. The develop-
ment of new hardware and software optimized for an
ultra-high field environment is a current priority of aca-
demic and industry groups. A navigator echo technique
may reduce motion artifacts [37].

Fortunately, people — including specifically pa-
tients with AD — tolerate the experience of being in
a 7T scanner [20, 33, 37, 38]. Some individuals report
vertigo and nausea, especially during movement into
and out of the scanner [35], and gradient noise is loud.
However, these factors are not practically limiting, and
as a general rule, patients who tolerate 3T scans have
no difficulty with 7T MRI. No long term side effect of
ultra-high field human imaging has been reported.

Finally, anyone concerned that scarce availability of
7T MRI will limit its practical use should look to the
history of 3T MRI. It has been less than a decade since
3T magnets were approved by the FDA for clinical
use, and they are now so widely deployed as to be
considered the principal imaging workhorse at many
hospitals and outpatient radiology centers.

CONCLUSIONS

Ultra-high field 7T MRI allows us to peer into the
living human brain with stunning precision. It is likely
that a method will be developed to visualize individ-
ual cortical plaques, probably with the assistance of
a selective contrast-enhancing agent. And while indi-
vidual neurofibrillary tangles may be too small, the
consequence of neurofibrillary pathology, including
early focal atrophy of the hippocampal neuropil, is
detectable. While not providing an easy solution to the
challenge of providing a definitive preclinical diagno-
sis of AD, 7T MRI has opened broad new avenues of
neuroimaging research. The technology is being used

to study not only AD, but also epilepsy, multiple scle-
rosis, cerebrovascular disease, and other neurological
conditions. It may be useful at informing the differ-
ential diagnosis of patients with age-related cognitive
decline, detecting subtle structural correlates of vas-
cular disease [39] and even Parkinson’s disease [40].
And, in analogy to what has happened at 3T, structural
imaging will become merely one arrow in a broaden-
ing quiver of 7T sequences, which is already starting
to include diffusion tensor imaging, functional imag-
ing, and spectroscopy. 7T MRI may not replace a
microscope, but it is likely to uncover details of brain
structure, connectivity, and function that are available
with no other technology.
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The present section provides an overview of the
progress that has been made in the past decades in
imaging AD pathology using chiefly techniques devel-
oped in nuclear medicine such as positron emission
tomography (PET) and single photon emission tomog-
raphy (SPECT). Together with new approaches using
also magnetic resonance imaging (MRI) these tech-
niques have focused on the detection and quantification
of cerebral hypoperfusion, glucose hypometabolism
and the hallmark pathological features of the disease,
amyloid plaques (A-beta) and neurofibrillary tangles
(NFT).

A brief introductory review of existing imaging tech-
niques in the context of AD diagnostics is provided
in the chapter by Weih et al. [1]. This is followed by
3 chapters (Sedaghat et al., Allegret et al. & Bastin
et al. [2–4]) illustrating the usefulness of imaging in
detecting and exploring the neural correlates of cog-
nitive deficits associated with AD pathology. Due to
the failure of many clinical trials and the growing need
for disease modifying drugs Reiman et al. (in Section
8 [5]) outlines the Alzheimer’s Prevention Initiative
(API), an ambitious plan to target populations that are
genetically at high risk for developing AD close to
their expected onset of the disease with new drugs
using imaging as outcome measures. Similarly, Tzi-
mopoulou et al. (in Section 8 [6]) makes the case for

∗Correspondence to: E-mail: ajfurst@stanford.edu.

the specific utility of fluorodeoxyglucose (FDG) glu-
cose imaging in multi-center clinical trials settings.
The value of the more widely available SPECT in mild
cognitive impairment and AD is discussed in Nobili
et al. [7]. A comprehensive comparison of the utility
of FDG vs. the to-date most widely studied amyloid
tracer Pittsburgh-compound B (PIB) is provided in
Mosconi et al. [8] followed by a detailed comparison
of the uptake patterns of the two tracers in AD, specifi-
cally in Furst & Lal [9]. Further, the current knowledge
and future research activities for the 18F-labeled �-
amyloid-targeted PET tracer florbetaben are reviewed
by Barthel & Sabri [10]. Austin et al. [11] discusses
arterial spin labeling (ASL) a more recent MR-based
alternative to measure hypoperfusion in AD. Finally
the last 2 chapters of this section are focused on the
challenges in imaging NFT pathology: Shin et al. [12]
discusses this in the context of data of the only avail-
able compound capable of detecting both A-beta and
NFT and points to the necessity for modification of cur-
rent A-beta centered disease progression frameworks
in order to accommodate these findings. In order to
clearly distinguish the contributions of A-beta vs. NFT
to AD pathology a tracer that is solely binding to NFT
is urgently needed for future research. The specific
difficulties in developing such an imaging agent are
illustrated in the last chapter Jensen et al. [13].
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Abstract. Nuclear medicine techniques were the first functional imaging techniques used to support the clinical diagnosis of
Alzheimer’s Disease (AD). Perfusion-SPECT allows registration of regional cerebral blood flow (rCBF) which is altered in a
characteristic temporal-parietal pattern in AD. Numerous studies have shown the diagnostic value of reduced CBF and metabolic
changes using perfusion-SPECT and FDG-PET in AD diagnosis as well as in differential diagnosis against frontotemporal
dementia (FTD), dementia with Lewy-Bodies (DLB), and vascular cognitive disorders. This renders perfusion-SPECT an
important piece of the puzzle (together with other diagnostic tests) by the clinician is often faced when making a final etiologic
dementia diagnosis especially between AD and FTD. A similar diagnostic value can be expected when arterial spin labeling
(ASL) MRI sequence is used, but the diagnostic value has yet to be confirmed in lager studies. Recently, more pathophysiology-
based biomarkers in CSF and Amyloid-PET tracers have been developed that probably have a higher diagnostic accuracy than
the more indirect rCBF changes seen in perfusion-SPECT. In the current review, we describe recent advances in AD biomarkers
as well as improvements in the SPECT technique.

INTRODUCTION

Memory problems in elderly patients are com-
mon and can be due to a wide range of conditions.
Alzheimer’s disease (AD) accounts for a large amount
of cases, especially when gradual onset and further
cognitive problems like aphasia, apraxia or reduced
activities of daily life are present. AD has originally
been a pathologic diagnosis. The “golden standards” of
AD are comprehensive clinical criteria (like NINCDS-
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en, Psychiatrische und Psychotherapeutische Klinik, Schwabachan-
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+09131 85 36002; E-mail: markus.weih@uk-erlangen.de.; Website:
www.psych.med.uni-erlangen.de.

ADRDA, DSM-IV or ICD-10). These criteria have
been validated against pathology with a wide range
of sensitivity (65–100%) and specificity (65–90%)
[1]. Thus, during the last decades, imaging and cere-
brospinal fluid (CSF) taps were then performed to rule
out secondary memory disorders, e. g. due to intracra-
nial mass or infection (like syphilis). As a first approach
to in vivo AD imaging, single photon emission com-
puted tomography (SPECT) with perfusion tracers
was developed and validated approximately 25 years
ago. Perfusion SPECT shows a characteristic (non-
vascular) pattern in parietal-temporal cortical areas that
indirectly reflect the underlying spatial distribution of
neurofibrillary and Amyloid pathology. The coupling
of neural activity and glucose metabolism to reduced
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Table 1
Nuclear medicine techniques vs. CSF biomarkers in AD

Method FDG-PET Perfusion-SPECT CSF Amyloid-PET

First publication Farkas [14] Launes [2] Motter [38] Klunk [26]
Year 1982 1991 1995 2004
Diagnostic

accuracy
[15] [3] [18, 20] [27]

Sensitivity 86% (CI: 76–93%) 66% (CI: 62–69%) 80–85% 85–100%
Specificity 86% (CI: 72–93%) 79%(CI: 75–83%) 85–90% 85–100%
Meta-analysis Yes Yes Yes No
Typical clinical

setting
Academic centers Greater hospitals Theoretically everywhere Academic centers

Equipment Cycloton Gamma-Camera ELISA Reader Zycloton
Cost estimation >800 EUR <300 EUR <200 EUR >800 EUR
Expertise for

result
interpretation

High High High High

Treatment options MCI: Negative MCI: Negative MCI: Negative MCI: Negative
if test positive AD: Positive AD: Positive AD: Positive AD: Positive

DLB: Off-Label
FTD: Negative

CI: 95% Confidence interval. MCI: Mild Cognitive Impairment.

regional cerebral blood flow (rCBF) allowed for the
first time real albeit indirect “functional imaging” in
neurodegenerative diseases using SPECT and later
FDG-PET. More recently, advances in CSF protein
assays and the development of specific Amyloid-
binding Positron Emission Tomography (PET) tracers
allowed direct and pathophysiology-based tests and
imaging. Here we would like to review the diagnostic
value, accuracy, advantages and disadvantages of per-
fusion SPECT in comparison to these more advanced
CSF and PET biomarkers.

DIAGNOSTIC VALUE OF PERFUSION
SPECT

During the last 20 years, numerous studies com-
pared the diagnostic value of perfusion SPECT (mostly
99mTc-HMPAO) in AD vs. normal volunteers, patients
without neurodegenerative dementia (like depression)
or other forms of dementia like frontotemporal demen-
tia (FTD), dementia with Lewy-Bodies (DLB) or
vascular dementia [2]. Taken together these studies
clearly showed added value of SPECT for or against
a clinical diagnosis of AD. A comprehensive review
of Dougall et al. [3] identified 389 publications on this
issue. After exclusion of non-relevant studies using a
methodology checklist the authors found 37 studies
of clinical AD vs. healthy controls (comprising 1559
subjects) and 13 studies of AD vs. non-demented con-
trol patients (1082 patients). The case-control studies
with AD patients vs. normal subjects were too het-

erogeneous to compare. The studies of clinical AD
vs. non-demented patients showed pooled sensitivi-
ties/specificities of 66% and 79% respectively yielding
a diagnostic odds ratio of 8.2 [3]. Since the Meta-
Analysis was published, further studies, like that of
Morinaga have largely confirmed these results and
found a sensitivity of 82% [4]. Unfortunately speci-
ficity could not be determined in this study due to a lack
of a control group. In our own data base, we found sen-
sitivities of 48–60% [5] and a specificity of 77–100%
[6]. Comparison of blinded SPECT vs. a pathologi-
cally confirmed diagnosis of dementia yielded SPECT
sensitivity/specificity of 63–86% and 73–93% [7, 8].
Taken together these results suggest that SPECT has a
sensitivity for AD that is most likely below the desired
threshold of a valid biomarker, but a high specificity,
making SPECT at least a useful diagnostic tool to rule
out AD. In Table 1 the individual components of per-
fusion SPECT are displayed against other techniques.

DIAGNOSTIC VALUE OF PERFUSION MRI

More recently, advanced MRI sequences, originally
used by clinicians to detect vascular perfusion defects
surrounding the core of diffusion-impaired cerebral
ischemia, have been employed as a diagnostic tool
in dementia. The main technique is structural MRI,
which is now the imaging method of choice in demen-
tia. This offers the opportunity to perform structural
and functional imagning in one session. ASL studies
have shown that there is also compensatory hyperper-
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fusion in AD and FTD [9]. The general principle is
selective magnetic spin labeling of an arterial blood
volume (arterial spin labeling, ASL), mostly the inter-
nal carotid artery at the level of the skull base, proximal
to the cortical volumes of interest (for review, see Paiva
[10]). This technique was first employed in AD and
FTD patients by Johnson et al. 2005 [11]. The main
finding in this pilot study was that the ASL technique
confirmed the known perfusion deficits in the parietal
but also other cortical areas. Hu et al. found a dis-
criminatory value of hyperperfused vs. hypoperfused
areas in AD and FTD using ASL MRI [9]. Du et al.
were the first to perform a ROC analysis using this
technique [12]. For FTD vs. control they found a sen-
sitivity of 71%, a specificity of 76% and an AUC of
0.80. AD vs. control was not examined, but good sep-
aration (correct classification in 75%) between FTD
and AD was found. Direct comparison of ASL per-
fusion MRI with 15O-water PET in elderly subjects
at risk for AD was performed by Xu et al. [13]. The
authors found good overall and regional agreement of
the two methods with correlation coefficients between
0.89 and 0.98 in gray matter. Taken together, ASL MRI
opens the opportunity to measure lobar perfusion for
differential diagnosis of FTD vs. AD during resp. after
structural MRI in one session with a similar diagnos-
tic value like perfusion SPECT, but more studies are
needed.

COMPARISON OF PERFUSION SPECT
AND FDG-PET

The standard radionuclide in clinical PET centers
is FDG (18F tagged to deoxyglucose). FDG has long
been the traditional method to measure secondary
glucose metabolism changes downstream the neurode-
generative process in AD. Since cerebral metabolism
and blood flow are coupled, there is a similar pat-
tern of regional disturbed glucose metabolic rates
(rCMRGlu) in the temporal-parietal cortex, less in the
prefrontal area as mentioned before. The first descrip-
tion appeared in 1982 by Farkas et al. [14]. Since then,
many other groups have confirmed the diagnostic value
of FDG-PET in AD. In a Meta-Analysis of 15 articles,
Patwardhan et al. found a pooled sensitivity of 86% and
a specificity of 86% [15]. Direct comparison of both
techniques in the same population has been performed
in the study of Moninaga [4]. In this single study from a
memory clinic population the sensitivity of FDG-PET
exceeded that of SPECT (93 vs. 82%).

DIAGNOSTIC VALUE OF CSF-BASED
BIOMARKERS

Since the identification of Amyloid Precursor Pro-
tein (APP) in AD pathophysiology there have been
numerous efforts to find appropriate APP-based CSF
tests. However, initial assays measured total Amyloid
peptide levels and were not specific enough. After the
pioneering work of Motter et al. in 1995 [16] who
found a specific reduction of beta-amyloid peptide-42
in CSF, these results were confirmed by many other
groups. On average there is a reduction of beta-amyloid
peptide-42 of app. 40–50%. The tests have a sensitiv-
ity and specificity of 85% or higher, dependent on the
clinical setting. Other publications evaluated whether
Tau-Pathology is also reflected in CSF changes. CSF
levels of the microtubule-associated Tau Protein are
typically increased (on average 2.5-fold) in AD and
reflect neuronal damage [17]. Data from more than
35 single-center studies comprising more than 2500
AD patients and 1400 controls, meta-analyses and
consensus papers [18] are now available. When the
specificity is set to 90% (which is a desirable value
for biomarkers) total-Tau has a sensitivity of app. 80%
[19]). Hyperphosphorylation of Tau (at position Threo-
nine 181, 231 and Serine 199) occurs solely in AD and
is therefore theoretically a more specific biomarker.
However, studies showed large differences in sensitiv-
ity and specificity. A meta-analysis of 51 single-center
studies by Mitchell et al. [20] showed a pooled sensi-
tivity of 78% and a specificity of 88% against patients
without cognitive impairment. More recently, the dif-
ferent CSF markers have been combined [21] and the
interpretation algorithms have been refined [22].

When evaluated in larger multicenter trials in
patients with MCI, AD and nondemented patients or
healthy subjects, the sensitivity of the combined CSF
biomarkers (Amyloid peptide-42 – and Tau markers)
to detect AD in MCI patients was then 85–95% and
the specificity 72–83% [23, 24]. Other biomarkers like
soluble APP are under investigation [25] and need to
be validated. It turned out to be a that disadvantage that
there are larger than expected interlaboratory discrep-
ancies in CSF biomarker levels [23].

When CSF biomarkers are directly compared to
SPECT or FDG-PET, like performed in the work done
by Morinaga [4], the sensitivity of CSF exceeded
SPECT (94 vs. 82%) and was similar to FDG-PET
(93%). However, this interpretation is based on only
one study without a control group. Further studies are
needed for a better comparison of the two techniques.
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COMBINED AMYLOID-AND TAU
IMAGING

The Pittsburgh Compound-B (11C - PiB) was the
first of a new family of PET tracers that have shown
to be of high diagnostic value in AD. Specific binding
of brain Amyloid to PiB has been extensively studied
in case-control studies and longitudinal observations
since 2004 [26]. The area under the curve (AUC)
in receiver operator characteristics (ROC) for PiB is
around 0.8–0.9 and can be improved to 0.94 when
the concept of reserve variables like education, brain
volume, gender, physical health and medications
are taken into account [27]. The main limitation for
11C-based PET tracers is their short half-life (app. 20
minutes) which restricts their use to dedicated research
sites with on-site cyclotrons and radiochemistry labs.
18F –based tracers have a longer half-life (appr. 110
minutes). Since the landmark description of PiB,
several papers have reported novel findings in other
populations like elderly subjects without dementia
[28] or mild dementia [29] which mainly confirmed
the diagnostic value and confirmed this tracer as a main
diagnostic tool for AD. The first 18F tracer for AD was
FDDNP and developed to recognize both plaques and
tangles, opening the door for simultaneous Amyloid
and Tangle (Tau) imaging. The AUC for global rating
of the FDDNP-PET could be up to 1.0 for AD vs.
control; 0.95 for MCI vs. control and 0.98 for AD vs.
MCI. To our knowledge, PET tracers with specificity
only for Tau-Protein are not known. Other studies
with 18F-PET markers like Flutemetamol (PiB with
18F) are in phase II clinical studies [30]. Florbetapir
(18F-AV-45) is the most widely studied 18F Amyloid
imaging agent [31] and could receive official approval
as a diagnostic drug within next time by the US
Food and Drug Administration (FDA) and other
legislative authorities like the European Medicines
Agency (EMA). Other compounds like Florbetaben
(ClinicalTrial NCT01020838) are in phase III clinical
studies. It is expected that the first 18F Amyloid tracers
will be approved within the next years.

These promising results suggest that Amyloid-PETs
or combined Amyloid-Tau-PETs may have a diag-
nostic value superior to other imaging tools like
perfusion-SPECT, FDG-PET or MRI biomarkers [32]
in prevalent AD. Also, Amyloid-PET tracers have been
studied in MCI as a tool for early diagnosis but the
results need to be validated in independent studies. To
date there is no Meta-Analysis about the diagnostic
value of Amyloid-PET as a biomarker in AD, which

makes direct comparision with other techniques diffi-
cult.

DIFFERENTIAL DIAGNOSIS: VASCULAR
AND FRONTOTEMPORAL DEMENTIA,
DEMENTIA WITH LEWY-BODIES

Although AD is the most prevalent dementia,
several other neurodegenerative disorders have to be
taken into account by the clinician. Vascular dementia
is usually characterized by a past medical history with
the presence of typical cardiovascular risk factors
(like hypertension, diabetes, smoking, previous
stroke, hyperlipidemia, coronary or peripheral artery
disease), stepwise deterioration and vascular lesions
on MRI or CT. Still, Perfusion SPECT has been used
to discriminate vascular from primary neurodegen-
erative dementia. According to the Meta-Analysis of
Dougall et al., the pooled weighted sensitivity and
specificity against AD is 71% resp. 76% [3]. Using
clinical features alone, the differential diagnosis of
frontotemporal dementia (FTD) and Dementia with
Lewy-Bodies (DLB) vs. AD is sometimes difficult.
FTD is a heterogeneous disease and in contrast to AD
no established specific and validated biomarkers are
available. In the above mentioned review of Dougall
from 2004 [3], the authors found a pooled sensitivity
and specificity of SPECT for discriminating AD from
FTD of 72% and 78%, respectively. The diagnostic
odds ratio was 8.4 and is in the same range as that
for AD vs. control. In pathologically confirmed FTD
cases, McNeill et al. found a sensitivity of bilateral
frontal lobe CBF reduction of 80% and a specificity
of 81% vs. AD [33]. In a larger sample of FTD
patients, Mendez et al. found a sensitivity/specificity
of 91% and 75% and a negative predictive value of
90% [34]. These results suggest that SPECT provides
useful additional information in discriminating AD
from FTD. Since extracellular plaque deposition is
more specific for AD and usually absent in FTD,
Amyloid-PET will probably be of additional value
in diagnostic workup of clinical difficult cases. Some
patients with Dementia with Lewy bodies (DLB) have
prominent cognitive deficits, but MRI usually shows
not the characteristic global atrophy as seen in AD.
Here several nuclear medicine techniques may be of
advantage like assessment of occipital hypoperfusion
alone [35] or in combination with MRI [36]. If symp-
toms of Parkinson’s disease are predominant in DLB,
Iodine-123 FP-CIT SPECT is of diagnostic value [37].
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The characteristic sympathetic denervation in DLB
can be assessed using Iodine-123-MIBG in a very spe-
cific manner [35]. Given the fact that SPECT scanners
are available in many larger hospitals, the differential
diagnosis of FTD and DLB against AD with SPECT
is feasible and clinical relevant, since antidementive
drugs like cholinesterase-inhibitors are unlikely to be
of therapeutic benefit in FTD, but are approved for AD,
Parkinson’s disease dementia (PDD) and are beneficial
in DLB (positive therapeutic studies, but off-label use).

TECHNICAL IMPROVEMENTS

The image acquisition technique in SPECT is prone
to signal degradation due to different physical phenom-
ena like depth-dependent blurring, photon attenuation
and scattering. Technical limitations in the past made
iterative image reconstruction necessary [39]. Tradi-
tionally, SPECT images are subjective, similar to other
visualizing techniques like MRI or CT, inferring bias
due to differences in expertise of image interpretation.
Large improvements have been achieved in the past
decade after the development of objective resp. semi-
quantitating software like the Minoshima package [40]
or rapid statistical parametric mapping (SPM[41]). In
recent years, coregistration of SPECT/PET and struc-
tural imaging has led to considerable advances. Hybrid
SPECT/CT devices allow simultaneous registration
of anatomy and function and take advantage of opti-
mized, fast imaging reconstruction hard- and software.
These advances now allow improved calibration and
quantification of SPECT/PET images. The coregistra-
tion of SPECT/PET images with structural imaging
and advances in automated anatomical labeling (AAL)
opened the possibility to identify voxels of interest
(VOI) which increases the originally limited spatial
resolution of SPECT ultimately leading to better dis-
crimination of AD patients. In addition, Pagani [42]
as well as Merhof [43] have recently shown that rCBF
patterns together with anatomical information can be
subjected to principal component analysis (PCA) resp.
multivariate analysis, which allows to draw further
conclusion about disturbed functional connectivity
between brain regions in dementia. Perfusion imag-
ing using arterial spin labeling MRI (ASL-MRI) is
a standard technique in cerebrovascular disease and
has been applied to AD diagnosis and differential
diagnosis to FTD with promising results [9, 44] but
the exact diagnostic value parameters like sensitivity,
specificity have to be delineated in detail in inde-

pendent studies. Imaging of neuroinflammation resp.
cerebral macrophages using 11C-(R)-PK11195 – PET
is an other interesting finding already observed in 2001
[45] but recent studies showed limited sensitivity [46].

AREAS OF UNCERTAINTY

It is still unclear whether the “AD-pattern” in perfu-
sion SPECT merely reflects cortical neurodegeneration
or the secondary cholinergic deficit following degen-
eration of the basal nucleus of Meynert. Studies that
both investigated CSF biomarkers and SPECT showed
no correlation [6, 47]. Simultaneous registration of
the cholinergic deficit (e. g. using Nicotinic 123I-
5IA-85380 SPECT [48]) and perfusion SPECT or
Amyloid-PET with perfusion SPECT could help to
resolve this issue. In perfusion SPECT usually lobar
hypoperfusion is registrated, but there are also hyper-
perfused areas. Possible underlying mechanisms are
partial deafferentation or a cognitive reserve mecha-
nism. It would be interesting to confirm these results in
perfusion SPECT resp. to explore the diagnostic value
of hyperperfusion in correlation to reserve variables.

CONCLUSIONS

Perfusion-SPECT and FDG-PET were the first
method of “functional metabolic” brain imaging in
Alzheimer’s disease showing hypoperfusion in the
temporal-parietal regions with the highest load with
plaques and tangles in post mortem brains with AD.
This has lead to a widespread use of perfusion SPECT
and FDG-PET as a diagnostic tool in AD. Since
specificity exceeds sensitivity the diagnostic value of
perfusion SPECT to rule out AD usually is higher
than to confirm it. However, accuracy of any diag-
nostic tool is critically dependent on disease severity
and the population under investigation. In addition,
perfusion SPECT is useful in discriminating vascular
dementia, FTD and DLB in the absence of validated
specific biomarkers for these conditions. More recently
pathophysiology-based CSF-biomarkers, especially
Beta-Amyloid peptide-42 and Tau protein have been
investigated with a diagnostic accuracy that seems to be
superior to perfusion SPECT and FDG-PET. In addi-
tion, due to their direct reflection of the underlying
process, CSF biomarkers (alone or in combination)
are also suited for early diagnosis, e.g. in patients with
MCI, where the diagnostic value for SPECT is lower
than in prevalent AD.
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In contrast to CSF assays, PET biomarkers have
the advantage of showing the anatomic distribution of
pathology and were first available for amyloid plaques
(11C PiB). Now, there is development of longer-lasting
18F PET tracers as well first evidence that plaques and
tangles can be imaged with a single PET compound,
but the results have to be confirmed in independent
studies.
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Unawareness of Cognitive and Behavioral
Deficits in Alzheimer’s Disease may be
reflected by Perfusion SPECT
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Abstract. Unawareness of the disease or anosognosia is a common symptom among many neuropsychiatric patients and may
affect the quality of life and treatment compliance in patients suffering from AD and make them to behave unsafely. Although
generalized cognitive impairment may be a prerequisite for anosognosia in dementia, not all patients with cognitive impairment,
present anosognosia. Deficit in regional cerebral blood flow (rCBF) can be seen in different brain regions in dementia with a
typical posterior temporoparietal defect in patients with Alzheimer’s disease. Although functional brain imaging methods such
as single photon emission computed tomography (SPECT) have relatively limited spatial resolution, they offer the potential
advantage of being able to assess functional connectivity patterns, associated with neural networks involved in awareness. We
try to determine the brain regions that contributed to unawareness in patients with Alzheimer’s disease, using SPECT. This study
will focus on awareness deficits in cognitive and behavioral domains, rather than personality.

Keywords: Brain SPECT, Alzheimer, unawareness, right parietal, right prefrontal

INTRODUCTION

Unawareness of cognitive and functional deficit
is a common symptom among many neuropsychi-
atric patients. Usually the frequency of the symptom
increases with the progression of the disease. Differ-
ent terms have been used to describe the phenomena
as, lack of insight, unawareness of disease and anosog-
nosia [1, 2].

Anosognosia comes from the Greek, nosos (illness)
and gnosis (knowledge), a term named by the neurol-
ogist Joseph Babinski in 1914 [3] and is defined as a
lack of awareness or denial of a neurologic defect or
illness in general.

∗Correspondence to: Fereshteh Sedaghat, MD, PhD, E-mail:
fereshsedag@yahoo.com.

Regional cerebral blood flow (rCBF) impairment is
seen in posterior temporoparietal regions of patients
with AD [4].

We studied a group of AD, in mild and moderate
stages of dementia as we hypothesized that a deficit in
neuronal function, for instance potential pathological
involvement of neural network in some regions, may
contribute for unawareness in AD.

PATIENTS AND METHODS

Forty-two patients in mild or moderate stage of
AD dementia based on NINCDS-ADRDA criteria, are
included in the study. The Hachinski’s ischemic score
of 7 or more was used to exclude patients with vascular
pathogenesis of dementia from primary neurodegener-
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ative dementia and all the patients underwent CT scan
and then if needed MRI and patients with stroke were
excluded. Cornell Scale for Depression in Dementia
(CSDD) was used to exclude patients with symptoms
of depression. Clinical Dementia Rating (CDR) scale
and Mini mental State exam (MMSE) were done for
all the patients to determine the severity of demen-
tia. MMSE score of ≥20 was considered as mild and
MMSE score of 10–19 as moderate stage of dementia.
The patients with a MMSE of 20–26 (cut-off scores
for mild stage) underwent also Short performance test,
Syndrom-Kurz Test (SKT) and frontal assessment bat-
tery (FAB) test. All the patients had undergone brain
SPECT using HMPAO as one of our routine exam-
inations for confirming different types of dementias.
SPECT images of our patients showed bilateral pos-
terior temporoparietal hypoperfusion with or without
prefrontal hypoperfusion, which is the characteristic
image for AD.

After clinical interviews (at least 2 visits) with
patients and their relatives by the same interviewer
for all the patients, the patients were divided into two
groups:

I) Anosognosia: consisted of 22 patients (mean age
74 ± 7 y) (mean MMSE 18 ± 4) (9 mild stage,
13 moderate stage), who were not aware of their
deficit in cognitive and/or functional domains, at
least after two consecutive interviews.

II) No anosognosia: including 20 patients (mean age
73 ± 4 y) (mean MMSE 21 ± 4) (12 mild stage, 8
moderate), who had full awareness of their dis-
order in cognitive and also functional domains
(Table 1).

The diagnosis of anosognosia was based on a non-
structured interview with the patients and his/her
relatives about their cognitive function and the instru-
mental activities of daily living and functional changes
of the patient, in at least 2 consecutive visits which
was confirmed by follow- up of the patients too. Any

denial of cognitive or functional impairment in at least
2 consecutive visits of the patient was established as
our cut-off decision for diagnosing anosognosia. Only
the patients with spontaneous complaint or the ones,
who agreed when questioned, were categorized in No-
anosognosia group.

To compare the effect of severity of dementia in
our results we also categorized the patients in four
following subgroups:

a) Mild AD with Anosognosia, b) Moderate AD
with Anosognosia c) Mild AD and No-anosognosia,
d) Moderate AD and No-anosognosia

The patients had undergone brain SPECT after intra-
venously injection of 555 MBq of 99 mTc-HMPAO, in
a quiet and bright room with patient’s eyes opened.
Each patient had an IV line at least 15 minutes before
the injection of the agent.

Images were acquired after 45 minutes of injection
using a single headed ADAC gamma camera equipped
with a low-energy-high-resolution (LEHR) collima-
tor. The patient was in a supine position with his
head stabled with a special belt, if indicated. The total
acquisition consisted of 120 projections acquired for
20 seconds into a 128 × 128-acquisition matrix. The
count rate was more than 5 million for every image.
The images were processed on a Sun Pegasys com-
puter and were reconstructed with Butterworth filter
back projection. Slices were generated parallel to the
orbitomeatal line.

The attenuation correction based on Chang’s method
and reorientations were done on reconstructed brain
images. The images were visually evaluated for their
perfusion pattern and then a region of interest (ROI)
accounting for blood flow (rCBF) was drawn above
the whole cerebellum (CER) and ROIs with the size of
5 × 5 pixels were used to measure the mean count,
in the following regions: right and left prefrontal
cortex (RPF, LPF), frontal (RF, LF), superior pari-
etal (RSP,LSP), inferior parietal (RIP, LIP), medial

Table 1
Mean age, MMSE score, number and gender of our patients in our four subgroups of Mild-AD-Anosognosia,

Moderate-AD-Anosognosia, Mild-AD-No-anosognosia and Moderate-AD-No-anosognosia

Subgroups data

Mild AD- Mod-AD- Mild-AD-No- Mod-AD-No-
Anosog (N = 9) Anosog(N = 13) anosog (N = 12) anosog (N = 8)
(M = 2,F = 7) (M = 7,F = 6) (M = 4,F = 8) (M = 2,F = 6)
Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Age 74 ± 5 73 ± 8 72 ± 4 74 ± 4
MMSE 22 ± 2 14 ± 2 24 ± 2 16 ± 2
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Table 2
Significant correlation between MMSE and rCBF in right prefrontal,
left frontal and medial temporal regions was found. No correlation
of MMSE score with right inferior parietal perfusion was observed

Correlation RPF RF RIP RMT LMT

MMSE Pearson 0.230 0.086 0.261 0.476(**) 0.650(**)
Correlation

Sig. (2-tailed) 0.143 0.587 0.094 0.001 0.000
N 42 42 42 42 42

** Correlation is significant at the 0.01 level.

and lateral temporal (RMT, RLT, LMT, LLT), occip-
ital (RO, LO) and posterior cingulate gyros (PC).
The coronal slices were used to study the tempo-
ral lobes and transverse slices for studying the other
regions. Semiquantitative regional cerebral blood flow
(rCBF) analysis using cortex to cerebellum ratio
was done.

The results of CBF were compared in two groups of
anosognosia and no-anosognosia and also were com-
pared in our 4 subgroups of mild AD-Anosognosia
with mild AD-No anosognosia and moderate AD-
Anosognosia with moderate AD-No anosognosia to
study the effect of severity of the disease in our results.
The correlation between MMSE and CBF in these
regions was studied in our patients too.

Data were analyzed using the Statistical Package for
Social Sciences (SPSS for windows, version 15, Inc
SPSS, 2006). Variables were tested for normality of
distribution using the Kolmogorov-Smirnov test. T test
for independent samples was used to compare the mean

values and Pearson correlation for evaluating different
correlations.

RESULTS

Anosognosia group significantly differed from
No-anosognosia group in rCBF in right prefrontal
(P ≤ 0.02), right inferior parietal (P ≤ 0.00), right
(P ≤ 0.01) and left medial temporal cortex (P ≤ 0.01)
and also in MMSE score (P ≤ 0.01) (Fig. 1).

Mild-AD-Anosognosia (subgroup a) was com-
pared with mild-AD-No-anosognosia (subgroup c)
and statistically significant difference of mean
rCBF, in right prefrontal (p ≤ 0.002), right frontal
(p ≤ 0.002) and right inferior parietal (p ≤ 0.000)
regions was found. Also comparison was made
between moderate-AD-Anosognosia (subgroup b)
with Moderate AD-No-anosognosia (subgroup d) and
statistically significant difference in rCBF only in
right inferior parietal region (p ≤ 0.002) was found
(Fig. 2). There was a significant correlation between
MMSE score and rCBF in medial temporal regions in
our patients but not with right prefrontal, frontal and
right inferior parietal regions (Fig. 3). Patients with
mild AD differed significantly from moderate AD in
rCBF of left frontal (p ≤ 0.01), right and left prefrontal
(p ≤ 0.001, p ≤ 0.04 respectively), right and left supe-
rior parietal(p ≤ 0.04), right and left medial (p ≤ 0.02,
p ≤ 0.00) and lateral temporal(p ≤ 0.02, p ≤ 0.01), left
occipital (p ≤ 0.04) and posterior cingulate (p ≤ 0.04)
regions.

Groups
No-anosognosiaAnosognosia
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Fig. 1. Median, inter-quartile range and outliers for regional cerebral blood flow (rCBF%) in right and left prefrontal (RPF, LPF), right and left
frontal (RF, LF),medial temporal (RMT, LMT) and right inferior parietal(RIP) regions in Anosognosia and No-anosognosia groups.
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Subgroups
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Fig. 2. Regional cerebral blood flow (rCBF%) in right and prefrontal (RPF, LPF), right and left frontal (RF, LF), medial temporal (RMT, LMT)
and right inferior parietal(RIP) in our four subgroups of Mild-AD-Anosognosia, Moderate-AD-Anosognosia, Mild-AD-No-anosognosia and
Moderate-AD-No-anosognosia. Box plots show median, inter-quartile range and outliers for rCBF% in these four groups. CBF in RIP dose not
differ significantly regarding the severity of the disease but regarding the anosognosia status.
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Fig. 3. Dots show the mean value of rCBF% in right inferior parietal (RIP) in correlation with mean MMSE score of our patients in four
subgroups.

Groups didn’t differ significantly with regard to age
or educational level.

DISCUSSION

Specific patterns of hypoperfusion have been cor-
related with unawareness in AD in previous studies.
A correlation of hypoperfusion in right frontal lobe
with unawareness was found in AD by Reed et al.
(1993) and Starkstein et al. (1995) [5, 6]. Derouesn
et al. (1999) reported that awareness of the deficit was
correlated with overall frontal rCBF [7]. In a study
by Vogel et al. (2005) the ROIs were selected above

the frontal region in patients with mild AD and mild
cognitive impairment (MCI), and they used a cate-
gorical four-point scale for anosognosia. They found
a significant correlation between rCBF in right and
left frontal gyros and unawareness [8]. Shibata et al.
(2008) in a study using I-123-IMP and SPECT in
patients with Alzheimer’s disease reported a signifi-
cant association between anosognosia and decreased
perfusion in the orbitofrontal cortex and suggested
that the orbitofrontal cortex specifically associates with
anosognosia in AD [9].

In these studies bilateral frontal or only right
frontal regions are considered to be associated with
anosognosia in Alzheimer’s disease which are partly
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consistent with our results. Methodological differences
and also the use of different groups of patients may be
the main reasons for achieving different results. The
advantage of our study is the measuring of rCBF in
different regions of the brain, in mild and moderate
stage of AD.

Ott et al. (1996) reported that impaired insight was
correlated to right temporoparietal hypoperfusion [10].
A study which had done comparison between patients
with frontotemporal dementia (FTD) and AD, reported
that patients with AD seems to exhibit smaller but sig-
nificant changes in personality. They are often more
introverted and neurotic, less socially dominant and
conscientious [11]. On the other hand, AD patients
were found to be more markedly unaware of their
cognitive and functional deficit in comparison with
vascular dementia patients [12].

Still the etiology, clinical correlates, and prognos-
tic value of anosognosia are unclear. Some authors
have proposed that unawareness is part of a defen-
sive mechanism that would protect demented patients
from depressive feelings while other authors have pro-
posed that anosognosia may result from dysfunction in
specific brain areas [13].

Migliorelli et al. (2005) reported that patients with
anosognosia showed significantly longer duration of
illness, more severe cognitive impairments and deficits
in activities of daily living, and higher mania and
pathological laughing scores than AD patients with-
out anosognosia and suggested that anosognosia in AD
may be part of a specific neuropsychiatric syndrome
[14].

Patients unaware of their cognitive deficits were
more cognitively impaired, as measured by the Mini-
Mental State Examination, and had a specific defect
in frontal/executive functions. The presence of major
depression, delusion and hallucination was reported to
be more among patients who were unaware of their
cognitive impairment than those who were aware [15].
Some authors suggest that anosognosia in Alzheimer’s
disease is not related to the degree of cognitive dete-
rioration but results, at least in part, from frontal
dysfunction [16]. A high discrepancy score between
patient’s and caregiver’s assessment of cognitive func-
tions has been related to impaired activity in the
superior frontal sulcus and the parietal cortex in AD. It
was assumed that anosognosia for cognitive deficits in
AD could be partly explained by impaired metabolism
in parts of networks subserving self-referential pro-
cesses (e.g., the superior frontal sulcus) and also
perspective-taking (e.g., the temporoparietal junction)

and hypothesized that these patients have impairment
in the ability to see themselves with a third-person per-
spective (i.e., being able to see themselves as other
people see them) [17].

Salmon E. et al. (2006) explored the neural sub-
strate of anosognosia for cognitive impairment in Alz-
heimer’s disease (AD), with 18F-2-fluoro-2-deoxy-
D-glucose positron emission tomography (FDG-PET)
and reported a decrease in brain metabolism in orbital
prefrontal cortex and in medial temporal structures.
They assume that medial temporal dysfunction may
produce impairment in the mechanism of comparison
between current information on cognition and personal
knowledge. Also hypoactivity in orbitofrontal cortex
may not allow AD patients to update the qualitative
judgment associated with their impaired cognitive
abilities. They found that discrepancy score between
caregiver’s and patient’s evaluations, another measure
of anosognosia, was negatively related to metabolic
activity located in the temporoparietal junction,
consistent with an impairment of self-referential
processes and perspective taking in AD [18].

Some studies implicate parietal structures, partic-
ularly the inferior parietal region, in identifying self
generated actions [19, 20]. Abu-Akel (2003) suggested
that information about oneself is first perceived and
represented in parietal structures. This information is
then relayed to a limbic-paralimbic module, where it
is rapidly evaluated for personal relevance and emo-
tional meaning. At last this information is relayed to
a prefrontal module, where executive function pro-
cesses [21]. Marshal et al. (2004) found increased
senile plaque density in right presubiculum region of
AD patients with anosognosia, using histopathology
of necropsy brain tissue of these patients and sug-
gested that selective pathological involvement of this
area contributes to awareness deficits in Alzheimer’s
disease [22].

However, quantification of anosognosia is difficult
and there are detailed scales (questionnaire) which can
be applied, but no gold standard for assessing aware-
ness of the disease exists.

Vogel et al. (2004) believed that a short categorical
rating is very useful in everyday clinical practice [23].

Several studies showed association between mea-
sures of dementia severity and decrease in cerebral
perfusion and reported maximum correlation in tempo-
ral and parietal lobes [24–27]. Because of the concern
that the severity of the disease could have contributed
to cerebral hypoperfusion, we performed a compari-
son between mild and moderate stages separately and
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observed that ‘right inferior parietal region’ was the
common region which showed significant hypoperfu-
sion in both our anosognosia subgroups. CBF differs
also significantly in right prefrontal and right frontal
regions in mild-AD-Anosognosia compared to mild-
AD-No-anosognosia subgroup. This finding was not
apparent in moderate subgroup of anosognosia. It is
possible that in mild stage of AD without anosognosia,
higher concentration of cortical synapses in prefrontal
and frontal regions results in higher activity of these
regions to be able to mask cognitive decline. This cog-
nitive reserve may not be present in mild AD with
anosognosia and also in moderate stage of dementia.
This finding needs to be studied more. We also exam-
ined the correlation between MMSE score and rCBF.
MMSE score had not a significant correlation with
right inferior parietal, right prefrontal and frontal blood
perfusion in our patients but significant correlation
was shown with perfusion in medial temporal regions.
Therefore this is another clue that shows right inferior
parietal hypoperfusion is unlikely affected by MMSE
score. Consequently our results show that, mean CBF
reduction in medial temporal regions more likely is
the subsequence of the severity of dementia. We stud-
ied also the patients based on the severity, independent
of the anosognosia variable and found significant dif-
ference in right and left prefrontal, medial and lateral
temporal, superior parietal, left occipital, left frontal
and cingulate regions in mild compared to moder-
ate AD. Ashford et al. (2000) studied AD patients
using 99 mTc-ethyl cysteinate dimer (ECD) and SPECT
and had found a pronounced correlation of hypop-
erfusion in temporoparietal regions with the severity
of the disease while prefrontal area perfusion showed
less association with severity [24]. Regional cerebral
glucose metabolism measured by positron emission
tomography of 18F-2-fluoro-2-deoxy-D-glucose was
studied longitudinally by Mielke et al. (1994) in 25
patients with probable AD and a significant decline was
noted in the whole brain which was most pronounced
in the temporoparietal, frontal, superior parietal and
occipital association cortex [27]. They reported that
the changes of regional cerebral glucose metabolism
in temporoparietal, frontal and occipital association
cortex were related to the change of the Mini Mental
State Examination score. Consistent with these find-
ings, rCBF deficit is associated with dementia severity.
The disease heterogeneity, the relationship between
specific neuropsychologic characteristics and brain
perfusion defect and also variability of the measures
may have effects in some controversies in the results

of these studies. Our findings also show that anosog-
nosia is not an unusual finding in the mild stage of
AD.

The main limitation of our study may be the use of
a non-structured interview and low number of patients
in different subgroups.

Based on our results we conclude that anosognosia
may exist from the beginning stages of AD and may
reflect functional impairment, radically in right infe-
rior parietal region. Deficits of rCBF in this region
may contribute to perspective- taking defects and seem
to be independent of MMSE variable in our patients.
Hypoperfusion in medial temporal regions seems to
reflect more, the severity of the disease in our groups of
patients. Right inferior parietal, prefrontal and frontal
regions may be parts of a large circuit in self awareness.
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Maitée Rosende-Rocaa, Ana Mauleóna, James T. Beckere,f,g and Lluı́s Tárragaa
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Abstract. Visuoperceptual processing is impaired early in the clinical course of Alzheimer’s disease (AD). The 15-Objects
test (15-OT), a visual discrimination task based on the Poppelreuter test consisting on 15 overlapping objects, detects such
subtle performance deficits in Mild Cognitive Impairment (MCI) and mild AD. Single Photon Emission Tomography (SPECT)
studies have reported reduced brain perfusion in temporal, parietal and prefrontal regions in early AD and MCI. The aim of
the present study was to confirm the role of the 15-OT in the diagnosis of MCI and AD, and to investigate the brain perfusion
correlates of visuoperceptual dysfunction in subjects with MCI, AD and normal aging. For this purpose, 42 AD, 42 MCI and
42 control subjects underwent a brain SPECT and separately completed the 15-OT. Results showed that the 15-OT performace
was impaired in MCI and AD patients. In terms of SPECT scans, AD patients showed reduced perfusion in temporal-parietal
regions, while MCI subjects had decreased perfusion in the middle and posterior cingulate. When MCI and AD groups were
compared, a greater brain perfusion reduction was found in temporo-parietal regions in AD than MCI. In the whole sample,
15-OT performance was significantly correlated with clinical dementia rating scores, and with perfusion in the bilateral posterior
cingulate and the right temporal pole, with no significant correlation in each separate group. Our findings suggest that the 15-OT
performance provides a useful gradation of impairment from normal aging to AD, and it seems to be related to perfusion in the
bilateral posterior cingulate and the right temporal pole.
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INTRODUCTION

Structural and functional neuroimaging has focused
on the early detection of Alzheimer’s disease (AD),
with a special interest in predicting conversion to
dementia by those patients with Mild Cognitive Impair-
ment (MCI) [1–9]. Functional brain imaging studies in

mailto:malegret@fundacioace.com


180 M. Alegret et al. / Brain Perfusion and Neuropsychological Deficits in Mild Cognitive Impairment and Mild Alzheimer’s Disease

mild AD have found significant hypometabolism and
reduced cerebral blood flow in the medial temporal
lobe, the temporal-parietal cortex, posterior cingulate,
precuneus and dorsolateral frontal cortex [6, 10–19].
Similar changes have been found in subjects with MCI
using Single-Photon Emission Computed Tomography
(SPECT) [7, 14, 20, 21], and longitudinal studies have
found hypoperfusion in the medial temporal lobe, the
posterior cingulate gyrus and precuneus, and the pari-
etal cortex and frontal cortex in MCI patients that later
progressed to dementia [6–9].

Changes in brain structure sufficient to be detected
by MRI usually follow changes in brain function and
behavior (e.g., [22] Chételat et al., 2006), which may
limit their utility in pre-symptomatic individuals. Thus,
cognitive tests that challenge brain functionality may
provide greater sensitivity in terms of predicting the
change from MCI to AD [23]. For example, impaired
performance on tests measuring visuoperception can
be detected in patients with amnestic MCI, a condition
that in many instances represents very early, prodromal
AD [24–26], and these visuoperceptual deficits worsen
with disease progression [26, 27].

Patients diagnosed of MCI [28, 29] have a global
cognitive status and daily living activities relatively
preserved. However, when they are exhaustively
assessed it can be found memory and other cogni-
tive impairments [24, 25, 30], such as visuoperceptual
deficits [24, 25]. Poppelreuter type tests are the most
frequently included in neuropsychological batteries to
detect visuoperceptual deficits. In the clinical practice,
however, their extremely simplicity (i.e., Poppelreuter
test has only 5 overlapping figures) makes difficult to
identify the incipient visuoperceptual deficits. More
complex tests are required to detect the first visual
discrimination signs in those patients that perform cor-
rectly on simple visual gnosis tests. One such measure,
the 15-OT, is primarily a test of visuoperceptual func-
tion, but it also it also requires the ability to disentangle
a simple visual form from a complex figure, as well
as recognizing the whole of the figure and not con-
fusing “parts”. In order to successfully complete this
task, individual patients must be able to perform visual
attentional functions, executive abilities and to recog-
nize the objects as objects.

In a previous study, Alegret et al. (2009) [25]
reported that the 15-Objects Test (15-OT), a relatively
complex test of visuoperceptual processing, detects
subtle performance deficits in MCI and mild AD
patients who otherwise perform normally on more
simple measures of visual discrimination, such as the

Poppelreuter test. These findings indicated that the 15-
OT test is sensitive to the clinical progression of the
visuoperceptual impairment associated with AD. How-
ever, in order to increase the clinical and research utility
of the measure, it is important to understand the rela-
tionship between 15-OT performance and measures of
brain function.

In this study the relationship between the 15-OT
performance and brain perfusion (SPECT) was stud-
ied in mild AD and MCI patients. To the extent that
the 15-OT is mainly a visuoperceptual task, we would
predict that performance on the test would be related
to perfusion in the temporo-parietal areas. Not only
does the 15-OT involve visual perception [31], and
thus require the parietal lobes, visual object iden-
tification has been found associated with posterior
cingulate perfusion using SPECT [32]. We would thus
expect that 15-OT performance would be related to
cerebral perfusion along the occipito-temporo-parietal
axis. This prediction is supported by the hypothesis
that there is functional hierarchy in the occipital-
temporal pathways in which neuronal properties shift
from sensitivity to local object features to a more global
and holistic representation (that is, the semantic pro-
cessing) [33]. Moreover, we would expect that the
pathological progression of AD from MCI would have
an effect on brain perfusion in these critical regions.

The purpose of the present study was to confirm the
role of the 15-OT in the diagnosis of MCI and mild
AD, and to investigate the brain perfusion correlates
of visuoperceptual dysfunction (as measured by the
15-OT) in subjects with MCI or AD.

METHODS

Subjects

We studied a sample of 148 subjects divided into
three groups: 51 mild AD patients, 48 MCI subjects
and 49 healthy elderly controls (EC). From this origi-
nal sample, we selected 126 subjects, 42 subjects per
group, with equivalent ages and educational level. Age,
education and gender distribution were similar among
the groups (see Table 1). All subjects were assessed
in the Diagnostic Unit of Fundació ACE (Barcelona,
Spain), and they received a comprehensive neurobe-
havioral evaluation as part of their diagnostic work-up.

The AD patients met the National Institute of
Neurological and Communicative Disorders and
Stroke-Alzheimer’s Disease and Related Disorders
Association (NINCDS/ADRDA) criteria for Probable
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Table 1
Demographic characteristics of the participants

EC MCI AD Statistics p

N 42 42 42
Sex n (%) Male 33.3 31 26.2 0.5281 0.768
Education (n (%))

Middle/Elementary school 26.2 23.8 28.6
High School/Associate degree 33.3 31 16.7 8.061 0.234
Bachelor’s degree 23.8 11.9 16.7
Less than 3 years 16.7 33.3 33.1

Age in years (mean/SD) 74.7/4.4 76.8/4.3 76.4/4.5 2.732 0.069

EC: Elderly Controls; MCI: Mild Cognitive Impairment; AD: Alzheimer’s disease; MMSE: Mini-Mental State Examination; 15-OT: The
15-Objects test; SD: Standard deviation; 1 : X 2;2: F.

AD [34]. All AD patients had a clinical dementia rat-
ing (CDR) score of 1, indicating a mild degree of
dementia. All AD patients were taking stable doses
of acetylcholinesterase inhibitors (AChEIs) for at least
2 months prior to the study.

The MCI patients fulfilled Petersen’s diagnostic cri-
teria [28], including subjective memory complaints,
normal general cognition, preserved performance in
activities of daily living, absence of dementia and
a measurable impairment in memory function, with
or without deficit in other cognitive domains (MCI
amnestic single domain or MCI amnestic multiple
domain) [29]. All MCI subjects had a CDR rating of 0.5
and none were taking any dementia medication (i.e.,
AChEIs or memantine).

The control subjects included the patients’ spouses,
friends or relatives who agreed to participate. They had
no cognitive complaints or other neurologic symptoms
reported either by the participant or an informant, and
there was no evidence by history of functional impair-
ment due to declining cognition. All of the control
subjects had Mini-Mental State Examination (MMSE)
[35] scores of at least 26 (the lower limit of the nor-
mal range in the Spanish population older than 70 [36]
Blesa et al., 2001), and normal performance on the
neuropsychological battery (detailed elswhere [25] and
the RBANS visual memory subtest [37]). Although
most of the control subjects did not have any CT or
MRI, the subjects were considered as controls when
the neurological and neuropsychological exams were
normal.

For the whole sample, exclusion criteria were:
age younger than 65 years, illiteracy, presence of
moderate depressive symptoms (Geriatric Depression
Scale ≥ 10) [38], major depression or other DSM-
IV Axis-I psychiatric disorder (except for dementia),
neurological disease (other than dementia), structural

focal lesion on CT imaging (stroke or tumors, brain
traumatic injury, moderate leukoaraiosis or more than
one lacunae), history of alcohol or other substance
abuse, severe visual abnormalities including glaucoma
or cataracts, or significant aphasia.

Neuropsychological assessment

In the 15-OT [39], the subjects were shown a card
with 15 overlapping line drawings of common objects
(see Fig. 1). They were asked to say aloud the names
of all of the objects that they could see on the card,
and the number of correct responses was recorded.
Subjects were allowed to take as much time as they
needed to identify as many objects as they could. Errors
or misidentifications were also recorded (that is, the
incorrect interpretation of an object or the incorrect
interpretation of a part of an object). To limit the influ-
ence of impaired naming, when subjects were unable
to name an object that they had correctly identified
(i.e., if they were able to define or describe the object),
the answer was taken as correct (i.e., “To play tennis”
instead of “A racquet”).

As explained in a previous study [25], the 15-OT
was developed by Pillon and coworkers (1989) [39] to
assess the slowing of cognitive processing (measuring
the time needed to complete the task) in Parkinson’s
disease (PD), and until our previous study it had only
been used in patients with PD [39, 40, 41] and Hunting-
ton’s disease [42, 43]. We were the first to use response
accuracy of the 15-OT as a measure of performance,
and we did so because of the lack of a similar visuoper-
ceptual test to detect subtle changes in the mild stages
of AD [25]. Although the 15-OT has not specifically
been validated as a visuoperceptual test, it is based on
the Poppelreuter paradigm which accurately explores
visuoperceptive abilities [31].
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Fig. 1. The 15-Objects test.

The neuropsychological battery administered in
the diagnostic procedure included tests sensitive to
orientation, attention, verbal and visual memory, lan-
guage, visual gnosis, praxis and executive functions:
Temporal, Spatial and Personal Orientation; Digit
span forwards and backwards, Block Design and
Similarities subtests of Wechsler Adult Intelligence
Scale-Third Edition (WAIS-III) [44]; The Word List
Learning test from the Wechsler Memory Scale-Third
Edition (WMS-III) [45]; the RBANS visual mem-
ory subtest [37]; Verbal comprehension (to correctly
execute 2 simple, 2 semi-complex and 2 complex com-
mands extracted from the ADAS-cog [46] and the
Barcelona test battery [47]; The abbreviated Boston
Naming Test with 15 items [48]; the Poppelreuter test
[49]; the Luria’s Clock test [50]; Ideomotor and Imi-
tation praxis; the Automatic Inhibition subtest of the
Syndrom Kurtz Test (SKT) [51]; Phonetic Verbal Flu-
ency (words beginning with ‘P’ during one minute)
[52]; Semantic Verbal Fluency (‘animals’ during one
minute) [31] and the Spanish version of the Clock
Test [53]. The Mini-Mental State Examination [35]
(MMSE) was administered as a measure of global cog-
nition. Moreover, depressive symptoms were assessed
with the Geriatric Depression Scale [38].

Brain SPECT procedure

Within three weeks following the clinical assess-
ment, a brain SPECT was performed. After lying
supine in quiet surroundings, each subject received
an intravenous injection of 740 MBq 99mTc-ECD
(Neurolite®, Bristol-Myers Squibb). The SPECT
acquisition began between 30 and 120 minutes after
intravenous injection, in a double-headed gamma
camera (Siemens e-Cam) equipped with low-energy,
high-resolution collimators. The SPECT acquisition
consisted in 30 seconds frames, 1 image / 3º, format
128×128. The studies were reconstructed using fil-
tered back projection (Butterworth 0.4 – 0.5, cut off
7), without Chang attenuation correction.

Image VBM analysis

A voxel-level analysis was performed using Statisti-
cal Parametric Mapping (SPM5, using non-attenuation
corrected studies), running on Matlab 7.2 (Math-
works Inc, Sherborn, MA). Images were initially
converted from DICOM to Analyze format using
MRIcro (http://www.mricro.com), and transferred to
SPM5. The images were normalized to the Montreal
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Neurological Institute atlas, and the dimensions of
the resulting voxels were 3×3×3 mm. Between-group
analyses were performed using ANOVA with the pro-
portional scaling normalization routine to control for
individual variation in global brain perfusion. The SPM
T maps were obtained using a cluster and voxel level
threshold corrected for multiple comparisons using a
False Discovery Rate (FDR of p < 0.05) [54] and were
corregistered to the MRI T1 template from SPM to
locate the cluster areas.

Region of interest (ROI) analyses were per-
formed with those clusters that showed significant
brain perfusion differences between controls and AD
patients using the WFU-Pickatlas software toolbox
(http://fMRi.wfubuc.edu/CMS/software). The PickAt-

las software toolbox [55, 56] provides a method for
generating ROI masks based on the Talairach Dae-
mon database [57, 58], using Brodmann areas, Lobes,
Hemispheres, Anatomic Labels (gyral anatomy) and
Tissue Type. The atlases have been extended to the
vertex in the Montreal Neurological (MNI) space.
Eigenvariates were extracted at the peak voxels for
identified clusters using the Volume of Interest (VOI)
tool within SPM5.

Statistical analysis

Statistical analysis of the clinical variables was per-
formed using SPSS for Windows (version 15.0; SPSS
Inc., Chicago, Ill). An analysis of variance (ANOVA)

Table 2
Neuropsychological performances of the study subjects

EC MCI AD F (2, 125)

N (male, female) 42 (14,28) 42 (13,29) 42 (11,31)
15-OT correct answers 13.48 (1.33) 11.14 (2.10) 9.83 (1.96) 42.751,2,3

15-OT errors 1.45 (1.21) 3.26 (1.93) 4.10 (1.34) 32.961,2,3

Orientation
Temporal 4.98 (0.15) 3.81 (1.23) 2.45 (1.48) 53.571,2,3

Spatial 5.00 (0.00) 4.95 (0.22) 4.88 (0.33) 2.94
Personal 5.00 (0.00) 4.88 (0.33) 4.45 (0.74) 15.982,3

Memory
Learning Trial 1 WMS-III 4.79 (1.49) 3.07 (1.40) 2.55 (1.25) 29.961,2

Trial 4 WMS-III 10.21 (1.37) 5.98 (1.60) 4.62 (1.19) 183.391,2,3

Delayed Recall WMS-III 8.38 (2.02) 1.26 (1.40) 0.17 (0.66) 386.541,2,3

Visual memory RBANS 7.62 (1.91) 3.12 (2.41) 1.00 (1.54) 121.241,2,3

Digit Span Forward 7.86 (1.75) 7.21 (1.75) 6.76 (1.49) 4.582

Digit Span Backwards 4.95 (1.77) 4.21 (1.51) 3.48 (1.40) 9.342

Praxis
Ideomotor 4.00 (0.00) 3.95 (0.22) 3.93 (0.26) 1.46
onstruction 3.88 (0.33) 3.14 (1.12) 2.55 (1.36) 17.471,2,3

Imitation 3.95 (0.22) 3.36 (0.91) 2.43 (1.11) 35.491,2,3

Language
Comprehension 6.00 (0.00) 5.81 (0.40) 5.62 (0.66) 7.692

Repetition 4.00 (0.00) 4.00 (0.00) 3.98 (0.15) 1.00
Visual Naming (15-BNT) 14.79 (0.52) 13.38 (1.68) 12.26 (2.32) 23.801,2,3

Visual gnosis
Poppelreuter test 9.83 (0.49) 9.19 (0.94) 8.83 (1.58) 8.951,2

Luria’s Clock test* 3.69 (0.52) 2.71 (0.92) 2.12 (1.06) 35.361,2,3

Executive functions
SKT errors 0.62 (1.01) 2.17 (2.58) 4.02 (5.45) 9.772

Phonetic verbal fluency 14.64 (4.11) 11.19 (4.43) 11.43 (4.57) 8.161,2

Semantic verbal fluency 18.19 (4.08) 11.81 (3.24) 10.83 (4.07) 46.011,2

Abstract Reasoning 11.62 (1.64) 9.33 (2.75) 8.19 (2.37) 24.231,2

Global cognition
Clock Test# 6.90 (0.37) 5.45 (1.64) 4.76 (2.09) 20.901,2

MMSE score 29.40 (0.94) 25.71 (1.99) 23.00 (2.20) 134.891,2,3

EC: Elderly Controls; MCI: Mild Cognitive Impairment; AD: Alzheimer’s disease. 15-OT: The 15-Objects test; WMS-III: Wechsler Memory
Scale-III; 15-BNT: 15 items abreviated Boston Naming Test; SKT: Automatic Inhibition subtest of the Syndrom Kurtz Test (number of errors);
MMSE: Mini-Mental State Examination. 1 Significant differences between EC and MCI; 2 Significant differences between EC and AD;
3 Significant differences between MCI and AD.
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and post-hoc analyses (Bonferroni) were used to
compare sociodemographic, clinical and neuropsy-
chological data between the three groups. Pearson’s
correlation tests were performed between the 15-OT
scores and CDR, MMSE, neuropsychological tests
and SPECT data. A linear multiple regression anal-
ysis, using the stepwise procedure, was performed to
determine which neuropsychological tests were able to
predict performance on the 15-OT. Moreover, a Com-
ponent Analysis with Varimax rotation was carried out
using the variables that correlated with the 15-OT in
the case of clinical groups.

RESULTS

The scores of the subjects on the neuropsycholog-
ical tests are shown in Table 2. Performance on the
MMSE were progressively lower from EC to MCI and
AD patients (see Table 2). The 15-OT performance was
significantly different between groups. Scores of MCI
and AD patients were significantly lower than those
of controls, and the MCI subjects performed signifi-
cantly better than the AD patients. In the whole sample,
the 15-OT performance was significantly correlated
with the CDR (r = −0.63; p < 0.001) and the MMSE
(r = 0.67; p < 0.001) scores. As detailed in Table 3, the
performance of the MCI and AD patients on the 15-OT
was highly correlated with performance on the Pop-
pelreuter test, and the measures of visual naming and
phonetic verbal fluency.

The control group and patients (MCI and AD
groups) differed on the relationship between the 15-
OT and the other neuropsychological tests. The sense
of the correlation values between the 15-OT and the
other cognitive tests was the same in the three groups,
but in the control group only the MMSE reached the
significance. The other correlations were small. Proba-
bly, these results were partially determined by a ceiling
effect in this group (table 3).

The variables related to visuoperception and
language were introduced in the a linear regres-
sion analysis to examine the influence of semantic
knowledge and visuoperceptual functions on the per-
formance of the 15-OT. We also took into account
the results of preliminary correlation analyses between
the 15-OT and the neuropsychological tests. The step-
wise linear multiple regression analysis (including the
15-BNT, phonetic and semantic verbal fluency, and
Poppelreuter tests) executed on the clinical sample
(MCI and AD) showed that only phonetic verbal flu-

ency (ß = 0.35, p = 0.0005) and the Poppelreuter test (ß
= 0.41; p = 0.0005) were related to the 15-OT. More-
over, a Principal Component Analysis with Varimax
rotation was carried out in the MCI and AD patients
using the variables that correlated with the 15-OT (See
Table 3). The best solution included three dimensions
that explained 70.4% of the variance. The first dimen-
sion included high factor loadings for the Poppelreuter
test (0.85), 15-OT (0.80) and BNT (0.67). The second
factor included memory (0.88) and learning (0.79) and
the third factor was constituted by phonetic (0.90) and
semantic verbal fluencies (0.60).

Significant hypoperfusion was found in AD
patients compared to controls in the temporal pole
(bilaterally), the parahippocampal gyrus (right), mid-
dle and posterior cingulate (bilaterally), angular gyrus,
supramarginal gyrus and inferior parietal lobe (right)
(Fig. 2). Compared to MCI subjects, AD patients
showed significant brain perfusion reduction in the
same areas as the EC-AD comparison, except for
bilateral middle and posterior cingulate. This latter
structure was the only one found to be significantly
hypoperfused in MCI compared to EC (Table 4).

The perfusion levels of the MCI patients fell between
those of the EC and AD groups. The data from the
eigenvariates for the five regions identified in the
EC/AD contrast were entered into a MANCOVA, with
age as a covariate. The overall model was significant
(Hotellings F(10, 234) = 110.3, p < 0.001). The differ-
ences between all of the groups were significant in each
of the five brain regions (p < 0.001) (see Fig. 3).

The correlation between 15-OT performance and
perfusion in all 126 participants revealed that regions
of the posterior cingulate and the pole of the right
temporal lobe were significantly linked to succesful
performance. The eigenvariates from these regions
were significantly correlated (p < 0.001) with the
15-OT (temporal pole r = 0.48; posterior cingulate
r = 0.55), the abbreviated 15-BNT (temporal pole
r = 0.40; posterior cingulate r = 0.46), the Poppel-
reuter test (temporal pole r = 0.34; posterior cingulate
r = 0.37) and the MMSE scores (temporal pole r = 0.68;
posterior cingulate r = 0.72) even after adjusting for
age. As shown graphically in Fig. 4, the perfor-
mance on the 15-OT was more accurate among those
MCI patients with higher eigenvariates in the pos-
terior cingulate. However, no significant correlations
were found in any of the individual groups. The
EC and AD groups did not show statistically sig-
nificant correlations likely due to ceiling and floor
effects.
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Table 3
Correlations between the scores obtained on the 15-OT and the main neuropsychological tests

15-OT Learning Delayed Poppelreuter SKT time Visual Phonetic verbal Semantic verbal Abstract MMSE
recall naming fluency fluency Reasoning

15-OT – 0.29 0.18 0.05 −0.24 0.26 0.23 0.12 0.20 0.54**
Learning 0.15 – 0.61** 0.05 −0.47** 0.25 0.20 0.47** 0.26 0.34*

0.15
Delayed Recall 0.09 0.39** – −0.01 −0.14 0.15 −0.08 0.25 0.17 0.25

0.13 0.21
Poppelreuter 0.49** −0.00 0.09 – 0.08 0.14 −0.25 0.11 0.16 0.20

0.49** 0.16 −0.18
SKT time −0.37* −0.23 0.04 −0.13 – −0.33* −0.42** −0.53** −0.053** −0.09

−0.01 −0.10 0.13 −0.02
Visual Naming 0.41** 0.16 0.14 0.34* −0.21 – 0.26 0.39* 0.36* 0.13

0.48** 0.37* −0.09 0.66** −0.24
Phonetic verbal fluency 0.41** 0.33* 0.10 0.29 −0.46** 0.32* – 0.49** 0.21 −0.01

0.53** 0.17 0.49 0.20 −0.47** 0.55**
Semantic verbal fluency 0.18 0.11 0.18 0.12 −0.14 0.38* 0.18 – 0.26 0.20

0.10 0.20 −0.06 0.23 −0.23 0.42** 0.41**
Abstract Reasoning 0.49** 0.38* 0.19 0.35* −0.39* 0.58** 0.56** 0.21 – 0.20

0.16 0.18 0.03 −0.06 −0.37* 0.32* 0.40** 0.30
MMSE 0.37* 0.41** 0.30 0.19 −0.34* 0.28 0.26 0.36* 0.43** –

0.20 0.27 0.22 0.23 −0.20 0.44** 0.18 0.14 0.40**

In the upper-right side are reported correlations obtained for the controls; in the lower-left side are correlations obtained for MCI and AD (in italics).; * p < 0.05; ** p < 0.01.; 15-OT: The
15-Objects test; SKT: Automatic Inhibition subtest of the Syndrom Kurtz Test (time); MMSE: Mini-Mental State Examination.
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Table 4
Brain areas showing significantly lower perfusion in mild AD and MCI patients compared to controls

Cluster size Coordinates Z scores of p (FDR) p (FDR)
Group comparison Region (num.voxels) (X, Y, Z) maximum Cluster Voxel

AD < EC Temporal pole and parahippocampal (R) 418 45 21 -21 5.52 0.0001 0.001
Angular gyrus, parietal, supramarginalis (R) 200 45 -57 39 4.65 0.002 0.004

Temporal pole (L) 86 -36 18 -27 4.02 0.055 0.015
Middle and posterior cingulate (Bil) 73 0 -42 33 4.46 0.083 0.006

MCI < EC (ROI) Middle and posterior cingulate (Bil) 63 -3 -42 36 4.33 0.022 0.004

AD < MCI (ROI) Temporal pole and parahippocampal (R) 226 51 21 -9 4.16 0.014 0.005
Angular gyrus, parietal, supramarginalis (R) 173 60 -51 24 3.94 0.013 0.011

Temporal pole (L) 167 -51 21 -12 3.67 0.048 0.016

AD: Alzheimer’s disease; EC: Elderly Controls; MCI: Mild Cognitive Impairment; ROI: Regions of interest; R: right; L: left; Bil: Bilateral.
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Fig. 2. The section rendering of the contrast between the EC and AD
groups (SPECT images) projected onto the T1 template image from
SPM5. The areas marked in yellow have significantly higher flow
in the EC group compared to the AD patients (FDR = 0.05, extent
threshold 100 voxels).

DISCUSSION

The results of the present study confirm and extend
our understanding of the neuropsychological deficits
in MCI and AD, and their neuroanatomical correlates.
We replicated our prior findings that performance on
the 15-OT is progressively less accurate as subjects
move from normal cognition through MCI to AD [25].
Second, we found that performance on the 15-OT
was highly related to performance on the Poppelreuter
test, and measures of visual naming and phonetic ver-
bal fluency. The 15-OT was also linked to perfusion
in the posterior cingulate and anterior temporal cor-
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Fig. 3. The mean and standard deviations of the eigenvariates
derived from the SPM5 analysis. The values were taken at the peak
voxel, with an area including a sphere of 1 voxel radius. The standard
deviation was taken from the MANCOVA (controlling for age) and
is group-specific. The differences between all of the groups were
significant in each of the five brain regions (p < 0.001).

tices.Third, subjects with MCI showed decreased brain
perfusion in the posterior cingulate that was between
that of the EC and AD groups.

We interpret the pattern of correlations between
15-OT performance and both cerebral perfusion and
neuropsychological tests, as reflecting two separate,
but related, processes (that is, dementia severity and
semantic networks). The first is related to overal
dementia severity, and is reflected in the perfusion
in the posterior cingulate gyrus. Alteration of the
temporal-parietal cortex and posterior cingulate gyrus
are strong predictors of conversion to AD from MCI
[1, 59]. Longitudinal studies have reported brain per-
fusion reduction of the posterior cingulate gyrus and
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Fig. 4. Scatterplots of performance on the MMSE (left panel) and the 15-OT (right panel) as a function of the eigenvariate from the posterior
cingulate gyrus region of interest. Each point represents a single subject in each group, and the lines represent the best-fit regression lines for
each group. The green lines represent the EC group, the orange the MCI, and the red AD.

precuneus in those MCI subjects who converted to
AD [6, 7, 60]. Further, the decreasing perfusion
in the posterior cingulate may reflect alterations in
the default mode network [60, 61] (which is down-
regulated in AD. Thus, as posterior cingulate perfusion
decreases with increasing severity of the degener-
ative process, performance on the 15-OT declines.
Alternatively, visuoconstructional and visuopercep-
tual functions may be affected by decreased posterior
cingulate perfusion [32]. In addition, we found that
performances on the15-OT and another recognized
visuoperceptual test (Poppelreuter) were highly related
in MCI and AD patients. However, as the degree of
atrophy and dysfunction in the posterior cingulate is
related to severity of AD [62], we believe that the most
parsimonious explanation of these findings is that they
reveal the link between 15-OT performance and overall
clinical state. In this regard, in our sample the 15-
OT was found highly related to the CDR and MMSE
scores, which reflects dementia severity.

In terms of the correlation between the 15-OT per-
formances and the 15-BNT scores and the anterior
temporal lobe perfusion, there is evidence that this
part of the ventral processing stream [63] is involved
in processing semantic information [64]. This part of
the temporal lobe is generally not affected early in the
course of AD and MCI [65], so perhaps the correla-
tion reflects the demands of the 15-OT, in particular
identifying objects from a field of overlapping visual
information. Moreover, in our clinical sample, the Prin-
cipal Components Analysis showed that the 15-OT
was included in the same dimention than the visuop-

erceptual (Poppelreuter) and visual naming (15-BNT)
tests.

Obviously, these interpretations of the data are spec-
ulative, and they must be tested with longitudinal data.
If they are correct, we would predict that change in
the 15-OT performance would be related to change
in perfusion in the posterior cingulate and right tem-
poral pole. As clinical disease becomes more severe,
we might find that other brain regions are linked to
performance, but our hypotheses require that we are
able to predict performance change from these specific
alterations in regional perfusion.

Scores on the 15-OT were abnormal in the MCI and
AD patients, and the performance deficits were more
severe in the AD group relative to the MCI group. Thus,
this neuropsychological test provides a useful grada-
tion of visuoperceptual impairment. These findings,
in combination with other studies, strongly suggest
that MCI may be early identified in elderly using an
exhaustive assessment of cognitive functions rather
than simply focusing on memory [24, 66–68].

Our SPECT findings are also consistent with previ-
ous studies using PET [15, 16, 18] and SPECT [6, 13,
17, 60]. The AD patients had significant hypoperfusion
in the temporal lobes, in parietal cortex including the
precuneus and angular gyrus, and cingulate. The reduc-
tions in perfusion may reflect cortical atrophy and the
disconnection of these cerebral regions from the mesial
temporal lobe [69].

There are several aspects of this study that need
to be kept in mind when interpreting the data. First,
the SPECT imaging was done with the subjects at rest
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and the 15-OT data were obtained at a different time.
As such, the correlations between the 15-OT and the
SPECT have to be interpreted with caution. Second, we
did not have anatomical MRI scans from these subjects.
Consequently, although all of the data were spatially
normalized to a standard template, we did not perform
any atrophy correction. Thus, some of our results may
have been related to focal regional atrophy and we can-
not determine which structural changes can explain
the functional ones. A major concern in the interpreta-
tion of the results of the SPECT studies in our healthy
elderly control subjects is the absence of structural
imaging. Normal cognitive performance could have
occurred because of functional compensation despite
morphological abnormalities.

In conclusion, our findings suggest that the 15-OT
performance provides a useful gradation of impair-
ment from normal aging to AD, and it seems to be
related to perfusion in the bilateral posterior cingu-
late and the right temporal pole. Further longitudinal
studies are needed to determine if those amnestic MCI
subjects, even healthy elderly, with combined lower
performances on the 15-OT and hypoperfusion in some
cerebral areas have an increased risk of conversion to
AD.
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Abstract. Alzheimer’s disease (AD) is characterized by a progressive loss of controlled cognitive processes (processes requiring
mental effort and attentional resources), and functional neuroimaging at early stages of AD provides an opportunity to tease
out the neural correlates of controlled processes. Controlled and automatic memory performance was assessed with the Process
Dissociation Procedure in 50 patients diagnosed with questionable Alzheimer’s disease (QAD). The patients’ brain glucose
metabolism was measured using FDG-PET. After a follow-up period of 36 months, 27 patients had converted to AD, while 23
remained stable. Both groups showed a similar decrease in controlled memory processes but preserved automatic processes at
entry into the study, suggesting that impairment of controlled memory would not be specific for AD. Patients who subsequently
converted to Alzheimer type dementia showed significantly decreased brain metabolism at baseline compared to stable QAD
in associative cortices known to be involved in AD (the left precuneus, the right inferior parietal lobule and bilateral middle
temporal cortex).Voxel-based cognitive and metabolic correlations showed that a decrease in controlled memory processes was
preferentially correlated with lower activity in the dorsomedial prefrontal and posterior cingulate cortices in very early AD
patients. The dorsomedial prefrontal cortex would play a role in controlled memory processes as they relate to reflective and
monitoring processes, while the posterior cingulate cortex is involved in the controlled access to previously encoded episodes.
In stable QAD patients, reduced controlled performance in verbal memory correlated with impaired activity in the left anterior
hippocampal structure, which would alter the reactivation of associations created at encoding.

Keywords: Alzheimer’s disease, neuroimaging, cognitive impairment, FDG, memory, controlled processes

INTRODUCTION

In Alzheimer’s disease (AD), controlled processes
– processes requiring mental effort and attentional
resources [1] - are affected early in the course of the dis-
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ease, whereas automatic processing is relatively pre-
served in the early stages [2]. Even before the diagnosis
of AD, future demented patients already present a spe-
cific disruption of controlled processes [3, 4]. In the
memory domain, AD patients typically show impair-
ments in controlled, explicit memory tasks, such as
recall or recognition tests [5]. In contrast, implicit
(more automatic) memory tasks, such as priming, are
better preserved, although contradictory results have
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been reported [6]. The ambiguity of the findings con-
cerning implicit memory in AD may stem from the
contamination of priming tasks by the use of explicit
memory strategies. To overcome this contamination
problem, Jacoby developed a paradigm (the Process
Dissociation Procedure) that allows one to estimate
the separate contributions of controlled versus auto-
matic processes within a single verbal memory task
[7]. The distinction is made possible by a comparison
of two conditions (inclusion and exclusion) of word-
stem completion in which these processes operate in
different ways. Typically, in the inclusion condition,
both controlled and automatic processes lead to the
retrieval of a studied item. In the exclusion condition,
automatic and controlled processes work in opposi-
tion, with the former leading to an erroneous answer,
and the latter helping to consciously avoid it. Math-
ematical equations (described in the Methods section
below) applied to the data provide separate estimates
of the contributions of controlled and automatic mem-
ory processes. With this procedure, Adam et al. [8]
confirmed the significant deterioration of controlled
processes and the integrity of automatic processes in
early AD patients.

Functional imaging is well suited to examine the
neural correlates of controlled memory processes, as
estimated by the Process Dissociation Procedure, in
AD. Previous studies of correlation between cerebral
activity and recall or recognition performance in AD
have related explicit memory processing to a network
of frontal, posterior associative and limbic regions [9,
10] (see [11], for a review of PET studies in AD). This
suggests that the memory deficit in AD is not exclu-
sively associated with a specific dysfunction of the
medial temporal region, although that structure plays
a central role in episodic memory [12] and is affected
early in the course of the disease [13].

In this context, the aim of the present study was to
tease out the neural correlates of controlled memory
processing in AD. To disentangle consciously con-
trolled from automatic memory processes, we adopted
the Process Dissociation Procedure with a word stem
completion task [14]. Moreover, because it has been
suggested that a deficit affecting the controlled aspects
of cognition may represent an early indicator of demen-
tia [4], the study focused on the very early stages
of AD. More specifically, we selected patients who
were clinically characterized by a cognitive dysfunc-
tion that did not significantly disrupt their activities
of daily living. Although the patients did not meet
the criteria for dementia, they might still be in a very

early stage of AD (questionable Alzheimer’s disease
or QAD [15]). It has been shown that many such
patients progress to dementia in the following years
[16, 17].

Therefore, the current study using the Process Dis-
sociation Procedure examined whether QAD patients
present the same profile of impaired controlled
memory processes and preserved automatic mem-
ory processes as early AD patients [8]. Moreover,
the patients were followed up for 36 months in
order to identify those who converted to AD. This
allowed us to retrospectively compare future con-
verters and stable QAD patients with regard to their
performance on controlled and automatic memory
components.

Among the risk factors associated with conversion to
dementia, the level of education has been put forward
in the cognitive reserve hypothesis [18]. According to
this hypothesis, individuals with a high level of edu-
cation have a reduced risk of developing Alzheimer’s
disease, possibly because they can optimize the effi-
ciency of brain networks so that the impact of brain
pathology is limited on their cognitive performance.
As most studies examined the influence of educa-
tional level on the onset of AD in community-base
cohorts of elderly people [19, 20], little is known on
the effect of cognitive reserve in the conversion of
QAD to AD. Moreover, even when dementia is diag-
nosed, cognitive deterioration differs as a function of
education, with low-educated AD patients presenting
with greater memory and attention deficits than high-
educated patients [20]. So, we examined the influence
of education level on controlled and automatic mem-
ory processes in QAD as a function of the clinical
outcome.

Finally, images of the patients’ brain glucose
metabolism were obtained with FDG-PET. Voxel-
based cognitive-metabolic correlations were used to
identify the regions where metabolism was positively
correlated with controlled memory processes in the
QAD patients who subsequently went on to develop
AD and those who remained stable in the following
36 months. Such analyses should help us to better
understand the cerebral modifications underlying the
decline in controlled memory processes in QAD, and
specifically to clarify whether the neural correlates of
controlled processes in the early stages of AD still
involve the medial temporal lobe, which is already
quite affected in early AD [13] or include frontal and
posterior associative regions, as previously suggested
[11].
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MATERIALS AND METHODS

Participants

The study included 50 QAD patients (28 women)
who were referred by neurologists working in mem-
ory clinics. Their mean age was 69 years old (SD = 7.6).
The patients had completed an average of 11.5 years of
education (SD = 4.0, range 5–22). Patients were classi-
fied as having a high educational level if they achieved
at least a short secondary school levels (9 years of edu-
cation), whereas they were classified as having a low
educational level if they had a primary school level or
less (less than 9 years of education, cf. [20]). They were
selected on the basis of general examination, neurolog-
ical and neuropsychological assessments, laboratory
evaluation and structural neuroimaging. No subject
had mental retardation, less than 4 years of education,
brain trauma, epilepsy, cancer, depression, any major
systemic disease or any substance abuse.

On the Clinical Dementia Rating (CDR) scale,
the patients were all at stage 0.5, corresponding to
questionable dementia with impaired memory, but pre-
served everyday skills, activities and self-care [15].
The neuropsychological profile of the patients was also
compatible with the criteria for amnestic mild cogni-
tive impairment (aMCI) proposed by Petersen et al.
[17, 21]: memory complaints confirmed by a relative,
memory deficits for their age and education (that is,
performance 1.5 standard deviations below the mean
of matched controls on at least one memory test),
possibly additional cognitive dysfunction in another
non-memory domain (42 amnestic single-domain MCI
and 8 amnestic multiple-domain MCI), relatively pre-
served general cognitive function, preserved activities
of daily living, and no dementia. Structural neuroimag-
ing showed mild atrophy or mild leukoaraiosis, at
most. All patients had Mini Mental State Examination
(MMSE) scores of 22 and over.

At inclusion, they performed the experimental task
and underwent a positron emission tomography exam-
ination using (18F)fluoro-2-deoxy-D-glucose (FDG-
PET). Both the experimental task and the FDG-PET
were performed on the same day. Every 6 months,
the QAD patients were re-evaluated with a neuropsy-
chological battery, either until conversion or until 36
months had elapsed.

At the end of a follow-up of 36 months, 27 patients
converted to dementia, meeting the criteria for AD [22]
and 23 remained stable QAD. Conversion was seen in
6 multiple-domain aMCI patients (75%) and 21 single-

domain aMCI patients (50%). On average, conversion
occurred 14 months (SD = 9.8) after the initial test-
ing. Interestingly, most conversions occurred within 6
months (n = 11, including 3 multiple-domain aMCI)
and 12 months (n = 8, including 3 multiple-domain
aMCI). Three patients converted after 18 months, 3
after 30 months and 2 after 36 months. The cumulative
frequency of conversion over time fits tightly with an
exponential function (R = .99, see Fig. 1).

Appropriate approval and procedures were used
concerning human subjects. Indeed, according to the
Declaration of Helsinki (BMJ, 1991; 302: 1194), all
participants gave their written consent to participate to
the study, which was approved by the ethics committee
of the University Hospital of Liège.

The experimental task was also administered to 21
healthy controls, without cognitive problems, as con-
firmed by a normal score on the Mattis Dementia
Rating Scale (DRS [23]). They had no psychiatric
problems, they were free of medication that could
affect cognitive functioning, and they reported being
in good health. In considering demographic and clini-
cal data as a function of follow-up diagnosis (Table 1),
the 23 stable QAD patients were younger than the 27
patients who subsequently converted to AD and the
controls, and the converters scored lower on the ini-
tial Mattis DRS and the MMSE than the stable QAD
subjects and the controls. In contrast, there was no dif-
ference in terms of education between the three groups.
Moreover, the stable QAD subjects and the AD con-
verters did not differ on measures of executive function
such as the Stroop test [24] and a verbal fluency test.

Fig. 1. Exponential conversion to AD over time in the AD converters
group.
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Table 1
Demographic and clinical data as a function of follow-up diagnosis

AD converters Stable QAD Controls

Age 72.0 (5.9)* 67.1 (8.6) 71.7 (5.1)
Women/men 16/11 12/11 17/4
Education (years) 11.1 (3.8) 12.0 (4.2) 11.2 (3.05)
MMSE 25.5 (2.0)* 27.1 (1.6) –
Mattis DRSa 131.5 (6.8)* 137.6 (5.2) 139.4 (2.3)
Stroopb 129.2 (82.8) 99.5 (58.3) –
Verbal fluencyc

Phonological 18.6 (8.7) 18.3 (7.7) –
Semantic 20.7 (6.3) 24.3 (8.4) –

Note: Standard deviations appear in parentheses.
aScore available for 21 stable QAD patients, 23 AD converters and
20 controls.
bTime in seconds for interference condition minus time for naming
condition.
cNumber of words produced in 2 min, for letter P (phonological) and
animals (semantic).
∗Significant difference between groups, p < .05.

Experimental task

Participants were individually submitted to the
French version of a stem completion task (described in
details in Adam et al. [8]). The stimuli comprised 112
six-letter French words, for which the first three letters
(stem) were all different. The task comprised two sep-
arate conditions (inclusion and exclusion). Condition
order was counterbalanced across participants (half of
them beginning with the inclusion condition).

Each condition involved the intermixed presenta-
tion of words and stems. Each word was presented on
a computer screen for 3 s. Participants were asked to
read the words aloud and to try and remember them.
After a word had been encoded, the first three letters
of this word appeared either immediately after presen-
tation of the word (Lag 0), after three words (Lag 3)
or after 12 words (Lag 12). During the retention inter-
val, participants had to either encode new words or
complete stems related to previously encoded words.
The stems stayed on the screen until the participants
gave an answer or for a maximum of 15 s. Participants
had to complete them following two different sets of
instructions according to the condition.

In the inclusion condition, participants had to com-
plete the stem with a word that had been presented
in the list. If they did not remember any such word,
they were asked to complete the stem with the first
six-letter word that came to mind. In the exclusion con-
dition, participants were asked to avoid completing the
stem with a previously studied word and to give a new
six-letter word beginning with the same three letters.

Before the task started, participants were also
informed that it would not always be possible to recall

a previously seen word for some stems, because no cor-
responding word had actually been presented (baseline
condition). In this case, they should give the first six-
letter word that came to mind. The baseline condition
gave the base-rate level of completion for stems (i.e.
random probability of completing the stem with the
chosen target word without having seen it).

Controlled and automatic processes can be assessed
on the basis of the participants’ performance in the
two conditions. In the inclusion condition (I), partic-
ipants were able to correctly complete a stem with
a previously studied word because they consciously
remembered it (C) or because it was the first word
that came to mind automatically (A) without any rec-
ollection (1 – C). Thus, the probability of completing
a stem with a previously presented word in the inclu-
sion condition is formalized as I = C + A(1 – C). By
contrast, in the exclusion condition (E), participants
might incorrectly complete the stem with a previously
studied word because the word came automatically to
mind (A) without any controlled memory of its prior
appearance (1 – C). So, the probability of completing
the stem with an old word in the exclusion condition
is represented by E = A (1 – C).

Given these two equations, an estimate of controlled
processes is obtained by subtracting the proportion of
exclusion trials completed with an old word from the
proportion of inclusion trials completed with an old
word: C = I – E. An estimate of automatic processes is
computed by dividing the proportion of exclusion trials
completed with a previously studied word by the esti-
mated probability of a failure of controlled processes:
A = E / (1 – C).

PET acquisition method

PET images were acquired at entry only, in all
patients, on a Siemens CTI 951 R 16/31 scanner during
quiet wakefulness with eyes closed and ears unplugged
after intravenous injection of 110 to 370 Mbq
18F-2-fluoro-2-deoxy-D-glucose. Images of tracer dis-
tribution in the brain were used for analysis: scan
start time was 30 min after tracer injection and scan
duration was 20 min. Images were reconstructed using
filtered backprojection including correction for mea-
sured attenuation and scatter using standard software.

Image processing

Using statistical parametric mapping (SPM5, Well-
come Department of Cognitive Neurology, London,
UK), the PET data were subjected to an affine and non-
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linear spatial normalization onto the SPM5 standard
PET brain template. A mean image was then generated
from all the resulting normalized images and smoothed
using an 8-mm full-width at half-maximum isotropic
Gaussian filter. This mean image served as a brain tem-
plate specific to the patient group. Each PET image
was then spatially normalized onto this group-specific
brain template. Finally, images were smoothed with a
12-mm full-width at half-maximum filter.

Proportional scaling was used to control for indi-
vidual variation in global 18FDG uptake [25], as this
is the best method in a scanner with a limited field
of view, where the cerebellum is cut at different lev-
els and cannot be taken as reference structure. To test
hypotheses about region-specific effects, the param-
eters were estimated according to the general linear
model at each voxel. The statistical analyses performed
in SPM5 consisted of multiple regression analyses
where individual PET images were entered as indepen-
dent variable for each group (AD converters and stable
QAD) and with the estimates of controlled memory
processes (collapsed across Lags 3 and 12 to provide
a single, more sensitive measure), age and MMSE
score as covariates. Age and MMSE score served as
nuisance variables because they differed between AD
converters and stable QAD patients. In the AD con-
verters group, time of conversion was also included as
confounding variable. In order to isolate the metabolic
correlates of controlled memory processes, linear con-
trasts were used to identify the brain regions where
metabolism was positively correlated with controlled
processes in each group. Clinical magnetic resonance
imaging (MRI) had already been performed in most
patients before their inclusion in the study, on a vari-
ety of machines, and we did not have the possibility of
performing experimental structural MRI to correct the
brain metabolism for atrophy in this population.

Based on the literature on functional neuroimag-
ing of memory, specific brain coordinates associated
with controlled memory processes were selected a
priori for small volume correction (SVC) on whole
brain statistical maps in SPM5. Interest in those areas
was motivated by publications dealing with controlled
retrieval from episodic memory and related concepts,
such as retrieval success (i.e., retrieval of episodic
information and explicit consciousness that informa-
tion is old). Peak locations (in MNI coordinates)
for areas associated with controlled and successful
retrieval from memory were: (1) the medial temporal
lobe, including the perirhinal cortex: –24 –16 –36 [26],
the hippocampus: –15 –5 –25 [26], and the parahip-
pocampal cortex: 21 –38 –14 [27]; (2) the left parietal

cortex (BA 39/40): –39 –58 36 [28, 29]; (3) the poste-
rior cingulate cortex: 0 –32 37 [30]; (4) the left anterior
frontal cortex (BA 10/46): –35 52 11 [28, 31]; (5)
the left inferior ventrolateral frontal cortex: –45 36 –2
(BA 45/47) and –47 16 26 (BA 44) [31]; and (6) the
dorsomedial prefrontal cortex: –6 34 47 (BA 8 [30,
32].

We first searched for voxel-based correlation in the
entire brain on SPM using a p < .05 (FWE-corrected
for multiple comparisons) and a p < .001 (uncorrected).
In the latter case, the SVC routine in SPM5 was
subsequently used for confirmation, testing a pri-
ori hypotheses about brain coordinates of interest.
Hypothesis-driven analyses were performed using a
10-mm sphere centred on the above-mentioned coor-
dinates that corresponded to regions observed on the
statistical parametric map at p < .001 uncorrected. The
threshold of significance was set at pSVC < .05 cor-
rected for multiple comparisons.

RESULTS

Behavioral data

Word stem completion
For the AD converters, the stable QAD patients and

the control group, the proportions of stems completed
with the target words in the baseline condition (new
items), the inclusion condition (Lags 0, 3 and 12) and
the exclusion condition (Lags 0, 3 and 12) are reported
in Table 2.

First, analyses were performed on the probability of
giving the target word when completing a stem even
though this target word had not been seen earlier (i.e.,
new items). A 3 (Group: AD converters vs. stable QAD
vs. controls) by 2 (Condition: inclusion vs. exclusion)
analysis of variance (ANOVA) did not reveal any sig-
nificant effect (all ps>.31). Thus, the probability of
guessing was similar in all the groups and the same
criterion was used to respond in both conditions.

Second, the proportion of completion of stems
presented immediately after encoding of the corre-
sponding word (Lag 0) was examined. There was no
significant difference between the groups in either con-
dition [inclusion: F(2,68) = 0.85, p > .43; exclusion:
F(2,68) = 1.42, p > .24]. Thus, the patients were able
to adequately follow the instructions, and so the esti-
mates of controlled and automatic processes can be
considered to be valid.

The proportion of stems completed with the tar-
get word in the inclusion condition was then analyzed
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Table 2
Proportions of stems completed with target words as a function of condition (Inclusion versus Exclusion) and item type (new, Lag 0, Lag 3, Lag

12), and estimation of controlled and automatic processes in AD converters, stable QAD and controls

AD converters Stable QAD Controls

Inclusion New .09 (.08) .10 (.07) .12 (.08)
Exclusion New .10 (.06) .12 (.08) .09 (.06)
Inclusion Lag 0 .82 (.18) .87 (.16) .87 (.12)
Exclusion Lag 0 .05 (.08) .06 (.10) .02 (.04)

Lag 3 Lag 12 Lag 3 Lag 12 Lag 3 Lag 12
Inclusion .51 (.16) .34 (.11) .55 (.18) .36 (.24) .68 (.13) .48 (.14)
Exclusion .21 (.11) .24 (.13) .19 (.15) .19 (.11) .15 (.06) .18 (.11)
Estimates of controlled processes .30 (.20) .10 (.19) .36 (.22) .20 (.27) .54 (.14) .30 (.18)
Estimates of automatic processes .29 (.13) .25 (.11) .28 (.18) .25 (.14) .33 (.18) .25 (.12)

Note: Standard deviations appear in parentheses

with Group (AD converters vs. stable QAD vs. con-
trols) as between-subject variable and Lag (3 vs. 12)
as within-subject variable. The results showed a main
effect of Group, F(2,68) = 7.82, MSE = 0.04, p < .01.
HSD Tukey test showed that the control group pro-
duced more target words than the QAD patients, but
there was no difference between the AD converters
and the stable QAD. The main effect of Lag was also
significant, F(1,68) = 94.69, MSE = 0.01 p < .01. The
completion score was better at Lag 3 than at Lag 12.
Finally, the interaction was not significant, F < 1. In the
exclusion condition, a 3 (Group) by 2 (Lag) ANOVA
did not yield any significant result (all ps > .09).

Estimates of controlled and automatic processes
The estimates of controlled and automatic processes

are shown in the lowest part of Table 2. Controlled
process estimates underwent a two-way ANOVA
(Group × Lag). The results revealed a main effect of
Group, F(2, 68) = 8.93, MSE = 0.06, p < .01. Con-
trolled processes were less efficient in the QAD
patients than in the controls, with no difference
between the two patient subgroups. There was also
a main effect of Lag, F(1,68) = 77.00, MSE = 0.01,
p < .01, showing a decrease in controlled processes as
the retention interval increased (3 vs. 12). The Group
by Lag interaction was not significant (F < 1). As for
the estimates of automatic processes, a 3 (Group) by
2 (Lag) ANOVA showed a significant main effect of
Lag, F(1,68) = 5.03, MSE = 0.01, p < .05. This effect
showed that automatic processes were lower at Lag
12 than at Lag 3. Automatic processes did not dif-
fer between groups, and there was no interaction
(Fs < 1).

Finally, as the women/men ratio differ between the
patient group and the control group (56% of women
in the patient group vs. 81% of women in the control

group), the ANOVAs were also performed with gen-
der as a between-subject variable. No difference as a
function of gender was observed, and there was no
significant interaction between gender and group.

Influence of the level of education on controlled
and automatic processes

Among the AD converters, there were 20 patients
with a high educational level (74%) and 7 patients
with a low educational level. In the stable QAD
group, there were 18 high-educated patients (78%)
and 5 low-educated patients. There was no difference
in the proportion of high- and low-educated patients
between the groups (Chi-square = 0.12, p > .72). Given
the small number of participants in some subgroups,
between-group comparisons of controlled and auto-
matic processes estimates were performed using
non-parametric Mann-Whitney tests. The compari-
son of high-educated and low-educated patients in
each group (converters and stable QAD) failed to
reveal any significant difference on controlled and
automatic estimates (all ps>.14). When the perfor-
mance of each subgroup was compared with that of
controls with the same educational level (4 controls
with a low educational level and 17 controls with a
high educational level), both the converters and the
stable QAD with high educational level showed defi-
cient controlled memory processes, Z = −3.7 and −1.9
respectively, p < .05, but preserved automatic memory
processes, Z = 0.09 and 0.08 respectively, p > .92. The
comparison of converters and stable QAD with low
educational level (n = 5) versus controls (n = 4) failed to
reach significance for controlled estimates, Z = −1.6,
p < .11, and was not significant for automatic estimates,
Z = −0.2 and 0.8 respectively, p > .39. However, given
the very small number of participants included and the
absence of difference in other comparisons, it certainly
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Fig. 2. Results of SPM5 analysis in the QAD patients who subsequently converted to AD: Positive correlation between metabolic activity of
the dorsomedial prefrontal cortex and right posterior cingulate cortex and controlled memory processes (C) in the AD converters is displayed
on a T1-weighted MRI, and the corresponding design matrix is shown.

is hazardous to conclude that low-educated patients
had preserved controlled memory processes.

Metabolic data

Metabolic comparisons between converters and
stable QAD

This comparison was performed in SPM5 taking age
and MMSE score as confounding covariates. Patients
who subsequently converted to Alzheimer type demen-
tia showed significantly decreased brain metabolism
at baseline compared to stable QAD (p < .001 uncor-
rected) in the left precuneus, the right inferior parietal
lobule and bilateral middle temporal cortex. Such a
distribution of impaired metabolism in associative cor-
tices is classically observed in neuroimaging studies of
AD patients [33, 34].

Cognitive and metabolic correlations
Voxel-based correlations were computed (p < .05

FWE-corrected and p < .001 uncorrected) for the AD
converters and the stable QAD groups and SVC was
further applied in specific brain coordinates associated
with controlled and successful retrieval of information
from episodic memory (pSVC FWE-corrected, voxel-
level < .05).

When looking at the metabolic correlates of con-
trolled memory processes at entry in the 27 patients
who subsequently converted to AD (during the
36-month follow-up period), significant positive cor-
relations were found in the right dorsal posterior
cingulate cortex (∼BA 31, MNI coordinates x = 4
y=–34 z = 38, pSVC corrected < .05) and the dorsome-
dial prefrontal cortex (∼BA 8, MNI coordinates x = 2
y = 36 z = 48, p corrected for the entire brain < .05; see
Fig. 2). This suggests that decreased activity in those
dorsomedial and posteromedial regions is related to
poorer controlled memory performances in very early
AD patients.

In the 23 QAD patients who remained stable, lower
scores of controlled memory processes were correlated
with decreased metabolic activity in the left ante-
rior medial temporal lobe (MTL), encompassing the
hippocampus and the entorhinal cortex (MNI coordi-
nates x = −20 y = −6 z = −24, pSVC corrected < .05,
see Fig. 3).

DISCUSSION

This study aimed at examining the neural basis of
controlled memory processes in the early stages of
Alzheimer’s disease. Controlled and automatic uses of
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Fig. 3. Results of SPM5 analysis in the stable QAD patients: Positive correlation between metabolic activity of the left anterior medial temporal
lobe and controlled memory processes (C) in the stable QAD is displayed on a T1-weighted MRI, and the design matrix is shown.

memory were isolated by means of the Process Disso-
ciation Procedure and examined in a group of 50 QAD
patients. After a follow-up period of 36 months, it was
possible to compare the patients retrospectively as a
function of the clinical outcome at the last neuropsy-
chological testing (AD or stable QAD). The metabolic
correlates of controlled memory processes in each sub-
group were explored via FDG-PET images.

The main behavioural findings were that QAD
patients showed impaired controlled memory pro-
cesses, but preserved automatic processes. Moreover,
the patients who subsequently converted to AD and
those who remained stable could not be distinguished
in terms of the severity of their controlled memory
deficit at entry in the study. However, voxel-based cog-
nitive and metabolic correlations suggested that the
cerebral regions preferentially associated with con-
trolled memory processes differed in the AD converters
and the stable QAD patients.

At a clinical level, the follow-up of the patients
with a neuropsychological battery confirmed that the
diagnosis of QAD (or MCI) incorporates qualitatively
different patients [16, 21]. It should be noted that the
50 patients analyzed in the study came from an original
group of 59 QAD patients. Among the 9 patients who
were not included in the analyses, five patients did not
complete the follow-up, two converted to frontotempo-

ral dementia, one returned to the normal level and one
was diagnosed with depression. Approximately 45%
of the initial group progressed to AD in 3 years. This
conversion rate is similar to what has previously been
reported for follow-up periods of 36 to 48 months [35,
36]. Interestingly, most conversions to AD occurred
within one year after entry into the study. Moreover,
multiple-domain aMCI patients seemed to progressed
to AD at a higher rate and earlier than single-domain
aMCI patients, as previously reported [37]. A high
level of education is known to delay the onset of
Alzheimer’s disease in community-based elderly peo-
ple (e.g. [19]), but little is known on its influence on
conversion in QAD populations. In the current study,
there was no difference related to educational level
between converters and stable QAD. It should be noted
however that most patients were highly educated, and
all but one passed the primary school diploma. Leten-
neur et al. [19] showed that the critical educational
threshold is the achievement of the primary school
diploma, as people who reached this threshold have a
lower risk, independently of the number of years of
education they completed afterwards. As almost all
patients could be considered as high-education with
regard to Letenneur et al.’s categorization, differences
in educational level probably had a very limited impact,
if any, on the progression to dementia in our sample.
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Memory performances

At the behavioural level, QAD patients were charac-
terized by a dissociation between impaired controlled
memory processes and intact automatic processes.
Even after the shortest retention interval (three inter-
vening items), the patients found it difficult to
consciously recall the previous occurrence of studied
words. In contrast, when they failed to explicitly recall
the studied word, the previous encounter with this word
nevertheless influenced (primed) their response to the
stem. So priming seems to be intact in QAD patients,
at least when assessed by a word stem completion
paradigm and when one uses a procedure that avoids
contamination of implicit memory by explicit retrieval.
This result extends to patients with QAD the disso-
ciation between controlled and automatic processes
previously observed in AD [8].

It is noteworthy that scores for controlled mem-
ory processes could not distinguish the patients who
would develop dementia in the following 36 months
from those who would not. At first sight, this finding
somewhat contrasts with the idea that a deficit affect-
ing controlled aspects of cognition represents an early
indicator of dementia [4]. However, Fabrigoule et al.
distinguished future converters from future normal par-
ticipants, whereas our study compared two subgroups
of cognitively impaired elderly participants. Thus, one
could argue that stable QAD patients may eventually
convert to AD later on. Moreover, we focused on the
memory domain, while Fabrigoule et al. examined a
general cognitive factor that incorporates controlled
aspects of a variety of tasks. Actually, our results sug-
gest that even if a deficit affecting particularly the
controlled aspects of memory function is sensitive to
early dementia, it may not be specific. In fact, such a
deficit has been described in a number of other patholo-
gies, such as depression [38], chronic pain [39] and
hippocampal amnesia [40, 41].

Neural correlates of controlled processes in
pre-dementia stages of Alzheimer’s disease

Although the neural correlates of episodic memory
were previously searched for in the AD literature [9,
10, 42–48], previous studies did not specifically assess
controlled memory retrieval uncontaminated by auto-
matic processes. Among the AD converters, we found
that the poorer the controlled memory performance for
cued retrieval, the lower the metabolism in the poste-
rior cingulate cortex and in the dorsomedial prefrontal

cortex (BA 8). Thus, whereas important lesions of the
medial temporal lobe are present very early in AD
[13] and have sometimes been related to AD patients’
impaired retrieval of information from episodic mem-
ory (e.g., Lekeu et al. [46]), the present study
indicates that the deficit affecting controlled processes
in episodic memory cannot be reduced to the prominent
pathology of the hippocampal formation but is associ-
ated with a dysfunction of anterior and posterior medial
cortical regions. This is also consistent with evidence
that a relative dysfunction, at a pre-dementia stage, of
medial frontal regions and posterior cingulate cortex is
characteristic of future AD patients [33, 34, 49–51].

An association between controlled memory pro-
cesses and the dorsomedial prefrontal cortex has been
previously reported in the neuroimaging literature [52].
Activation of a nearby region has been reported in
several fMRI studies of episodic memory, particularly
when participants successfully recollected contextual
information (during source or contextual memory [32,
53, 54] or for Remember versus Know responses [30]).
Interestingly, a recent study showed that, in patients
with mild AD, the proportion of correctly recollected
words (as measured by Remember responses) corre-
lated with metabolism in the frontal regions, including
a dorsomedial prefrontal region very close to the one
reported here [55]. The dorsomedial prefrontal cortex
was also activated when normal participants elaborated
on episodic memories and possible future episodic
events [56]. Finally, in a PET study, D’Argembeau et
al. [57] reported that the dorsomedial prefrontal cor-
tex increased its activity when participants engaged in
reflection about themselves, another person or society
in contrast to at rest. They suggested that this region
may play a role in the monitoring of personal or other
persons’ states or characteristics (e.g., considering
one’s own internal experience or understanding other
people’s mental states). Together, these neuroimaging
data suggest that the dorsomedial prefrontal cortex
plays a role in controlled memory processes as they
relate to reflective and monitoring processes. These
processes may be useful for monitoring the products of
retrieval (including associated contextual information)
and deciding whether the word generated in response
to the stem has actually been studied.

The finding that the metabolic activity of the pos-
terior cingulate cortex was positively correlated with
successful use of controlled memory processes in the
AD converters is in keeping with previous studies
showing an involvement of this region in episodic
memory performance of QAD patients [25, 58–60].
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For example, Chételat et al. [25] found a relationship
between verbal free recall performance in QAD and
posterior cingulate glucose metabolism. Also, fMRI
studies showed that MCI subjects activated the pos-
terior cingulate cortex less than control participants
during episodic memory retrieval [58, 60]. Moreover,
the region found here corresponds to the locus of the
posterior cingulate regions activated by recollection
more than familiarity [30, 61], and by successful source
retrieval [62]. Thus, the posterior cingulate cortex may
play a role in the reactivation of previously encoded
episodes.

Neural correlates of controlled processes in stable
QAD

In the stable QAD patients, more efficient con-
trolled memory processes were associated with higher
metabolic activity in the anterior part of the left MTL,
encompassing the hippocampus and entorhinal cor-
tex. Previous imaging studies in healthy participants
and in early AD suggested that the anterior hippocam-
pal formation plays a role in reactivating associations
created at encoding, allowing subjects to recollect the
contextual details linked to items [26, 43, 63, 64]. The
possibility that the left anterior medial temporal area is
involved in associative retrieval is compatible with the
demands of the present task, which consisted of cued
recall in which a stem must reactivate an old word and
potentially its associated context at encoding.

It should be considered that the anterior part of
the parahippocampal region has also been associated
with familiarity-based retrieval, that is, the feeling
that a piece of information is old without any recol-
lection of the context of encoding [65]. One cannot
exclude a contribution of familiarity in the present
task, because, in presence of a stem, a previously seen
word may come automatically to mind and then be
consciously judged as old because it feels familiar
to the participant, although there is no recollection
of contextual details. However, in fMRI studies of
retrieval processes, familiarity is associated with deac-
tivation, rather than activation, of the anterior medial
temporal lobe. Yet, in the present study, a positive
association was observed between anterior hippocam-
pal/entorhinal metabolic activity and higher controlled
memory performance.

Heterogeneity of metabolic correlations in QAD

The current findings of different brain correlates of
controlled memory processes in AD converters and sta-

ble QAD may be interpreted in light of the dynamical
brain changes over the course of mild cognitive impair-
ment and early Alzheimer’s disease. Early in the course
of mild cognitive impairment, when dysfunction of
the hippocampus and entorhinal cortex is still mini-
mal, hyperactivation of the medial temporal lobe can
be seen during a memory task performed in an fMRI
scanner [66–68]. Regional cerebral blood flow mea-
sured with continuous arterial spin-labeling magnetic
resonance imaging has also been found to be increased
in the hippocampus and amygdala in MCI patients
[69]. Increased activation/activity of the MTL may
indicate that compensatory mechanisms are at work
[69, 70]. Such compensatory processes may explain the
relationship between MTL activity and controlled pro-
cesses in some stable QAD patients. Indeed, patients
with the highest MTL metabolism demonstrated bet-
ter use of controlled memory processes. Hence, the
stable QAD patients are at a sufficiently early stage, so
that MTL activity can still support controlled memory
processes.

When patients enter a more advanced stage of mild
cognitive impairment, that follow-up revealed to be a
very early AD stage, the medial temporal structures
may be so damaged that they can no longer support
memory processes, and then controlled memory pro-
cesses are preferentially associated with other brain
regions. In the present group of very early AD patients,
controlled memory processes correlated with activity
in the dorsomedial prefrontal and posterior cingulate
cortices. This is consistent with the idea that MTL
atrophy leads to some reorganization in brain func-
tioning at the MCI stage of Alzheimer’s disease. For
instance, in QAD, the volume of right hippocampus
and entorhinal cortex correlated negatively with per-
fusion in the medial and dorsolateral prefrontal cortex
[71]. Increased perfusion of the prefrontal cortex has
also been found in MCI who converted to AD within
2 years compared to controls and non-converters [72].
The results suggest that even at a very early AD stage,
the MTL was too damaged to support memory pro-
cesses and the much variable activity in dorsomedial
prefrontal and posterior cingulate cortex was preferen-
tially responsible for the variability in controlling the
retrieval of information from episodic verbal memory.

Finally, it should be noted that the correlational
approach used here underlined the existence of a con-
tinuum in the neuropsychological deficit demonstrated
by the patients as well as in their functional brain dam-
age. The analyses revealed that, within this functional
continuum, there are two nodes, the variable activity of
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which was more particularly associated with controlled
memory processing: on the one hand, the medial tem-
poral lobe in stable QAD patients, and on the other
hand, the posterior cingulate/dorsomedial prefrontal
regions in very early AD patients when damage to the
MTL do no longer support individual performance in
controlled processes.

Potential models of the neural correlates of
controlled memory processes in dementia

It is interesting to note that the regions found to
correlate with controlled memory processes in pre-
dementia AD patients and stable QAD patients belong
to the default network, a network of intrinsically cor-
related regions that activates during free-thinking in
resting state and internally-focused tasks [73, 74].
The regions belong also to the core network which
is involved in retrieving previous events and imagin-
ing future ones [56–75]. Previous studies have shown
a disruption of the default network in Alzheimer’s
disease and mild cognitive impairment [76–82] and
suggested a link with the memory deficit observed in
the patients. The current data suggest that, within the
default or core network, whose general function may
be mental simulation or anticipating the future, the
medial prefrontal cortex, the posterior cingulate cortex
and the hippocampal formation are more specifically
concerned with the controlled access to memory repre-
sentations of personally experienced events. Recently,
Jaffard et al. [83] proposed that, within the default net-
work, the medial prefrontal cortex and the posterior
cingulate cortex have a role in top-down inhibitory
control, which serves to refrain from reacting automat-
ically to events. Our results thus join them in relating
these regions to the concept of controlled processes
(see also [52]).

A concept closely related to that of control
is consciousness. Although the distinctions con-
scious/unconscious and controlled/automatic are not
interchangeable (i.e. controlled processes are not
always conscious [84, 85]), Jacoby argued that the
Process Dissociation Procedure applied to word stem
completion distinguishes controlled and conscious
reactivation of a memory trace from automatic and
unconscious influence of memory on performance
[14]. From this point of view, the current data can
be related to the neuronal global workspace for con-
scious processing of information [86–88]. In this
model, the neuronal global workspace constitutes a
distributed neural system interconnected to distant

cortical and subcortical processors specialized in the
non-conscious processing of specific type of informa-
tion. Via top-down mobilization, the neuronal global
workspace can amplify information from a processor
and make it experienced consciously and available to
various processes, including memory, evaluation and
verbal reports. In AD, the decrease in controlled pro-
cesses of memories associated with a dysfunction of
the medial frontal and posterior regions may represent
an aspect of the dysfunction of the neuronal global
workspace for conscious processing of information.

However, relating the neural correlates of controlled
memory processes as measured by the Process Dissoci-
ation Procedure to theoretical models of consciousness
is complicated by the ambiguous relationship between
the concepts of consciousness and controlled pro-
cesses. Moors [84] has proposed specific definitions of
each concept. Thus, controlled processes refer to pro-
cesses for which one has a goal (to engage the process
or to stop it) and which end with the achievement of
the desired effect. In contrast, consciousness refers to
the availability of some content to a subjective feeling.
In the present task, controlled completion of the stems
with a studied word also involved awareness of its sta-
tus as an old item. So the task did not allow assessing
orthogonally controlled processes and consciousness.
Formally, it is the distinction controlled/automatic that
is put forward here, and the results suggest that, in very
early AD, the dorsomedial prefrontal cortex and the
posterior cingulate cortex are associated to top-down
control over memory production.
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Abstract. Despite brain perfusion SPECT with technetium radiopharmaceuticals has not been formally included among the
biomarkers for the early diagnosis of Alzheimer’s disease (AD), its worldwide availability and the large literature evidence
in AD and related disorders still make of it a valid alternative to FDG-PET, wherever the latter is unavailable. In this article,
baseline brain SPECT has been evaluated in 80 subjects presenting with a cognitive complaint who have been followed for a
mean of about two years, when twelve patients developed AD-dementia (AD-D), nineteen showed significant memory decline
(D), and forty-three had normal cognition assessment (stable: S), while six patients dropped-out. Volumetric Regions of Interest
(VROI) analysis was performed in six associative cortical areas in each hemisphere. ANOVA for repeated measures showed
significant effects for both the group (S, D, and AD-D; p < 0.004) and VROI (p < 0.0001) factors, with significant group*region
interaction (p < 0.01). At post-hoc comparison, hippocampal VROIs values were lower in AD-D than in D and S, while parietal
VROIs values were lower in D and AD-D than in S. These four VROI significantly correlated with verbal delayed recall score at
follow-up visit. Receiver operating characteristic (ROC) curves for the mean hippocampal VROI value showed 0.81 sensitivity
with 0.86 specificity in separation of S + D from AD-D (p < 0.0001), and 0.69 sensitivity with 0.75 specificity in separation of
S from D + AD-D (p < 0.0002). ROC curves for the mean parietal VROI value showed 0.62 sensitivity with 0.70 specificity in
separation of S from D + AD-D (p < 0.0002). Baseline SPECT can support outcome prediction in subjects with MCI and assist
clinicians in identifying MCI patients with biological signs of neurodegeneration of the AD-type in critical cortical areas.
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INTRODUCTION

There is a strong heterogeneity among non-
demented subjects with cognitive complaints who
access clinical evaluation. Secondary causes of cogni-
tive impairment, such as systemic pathologies and drug
abuse, should be ruled out. Detectable neurological
and psychiatric diseases, mainly including cerebrovas-
cular disease and depression, should be identified
and treated. Even after these causes of cognitive
disturbances are excluded, the underlying pathophysi-
ological mechanisms remain to be clarified.

A part of these subjects does not actually show any
objective impairment and are referred to as subjects
with ‘subjective memory complaints’. Some evidence
points to a slightly increased risk to develop demen-
tia in these subjects [1], which remains uncertain and
considerably lower than in patients with objective cog-
nitive deficit [2]. An objective cognitive deficit can
be proven by neuropsychology, which also allows fur-
ther classification into subjects with a memory deficit
(amnestic Mild Cognitive Impairment, aMCI) and sub-
jects with a deficit in other cognitive domains (non
amnestic MCI, naMCI) [3]. These populations share
a higher risk to develop dementia, but especially the
former is prone to develop Alzheimer’s disease (AD)
[3, 4].

In the last years, efforts have been directed toward
finding biomarkers of conversion to dementia in sub-
jects with MCI. Some of these biomarkers have been
established, such as medial temporal lobe (MTL)
atrophy assessment at Magnetic Resonance Imaging
(MRI), posterior temporal-parietal hypometabolism
at Positron Emission Tomography (FDG-PET), and
altered amyloid precursors and tau protein levels in
cerebrospinal fluid, but they are supported by evidence
mainly limited to subjects with aMCI [5]. Amyloid
PET imaging is a new promising biomarker but, to
date, amyloid tracers are not available on the market
yet. These, as well as other potential biomarkers, have
been poorly evaluated in subtypes of MCI other than
aMCI, such as subjective memory complaints (SUBJ)
and naMCI. According to the new proposed lexicon
in AD, such biomarkers would allow the diagnosis of
prodromal AD before dementia is clinically defined
[6].

Brain perfusion Single Photon Emission Computed
Tomography (SPECT) has been used for years in
patients with cognitive disorders, yielding to the iden-
tification of topographic patterns of brain dysfunction
in the main dementias [7]. In aMCI, perfusion SPECT

has consistently replicated, although with a slightly
lower accuracy, the main findings obtained with
FDG-PET, showing hypoperfusion in the posterior
temporal-parietal associative cortex, in the posterior
cingulate-precuneus, and in the MTL [8–16]. The
lower spatial resolution and sensitivity of SPECT as
compared to FDG-PET is still counterbalanced by its
wider availability and lower costs [17].

In a previous paper, baseline SPECT findings in
different subtypes of MCI, classified according to
their neuropsychological profile, were reported at their
first access to memory evaluation units [16]. Super-
ficial temporal hypoperfusion in both hemispheres
was found both in aMCI and naMCI groups, while
hippocampal hypoperfusion characterized aMCI and
lateral frontal hypoperfusion characterized naMCI. On
the other hand, no significant changes were observed in
SUBJ in comparison to controls. While SPECT data in
aMCI confirmed the results of previous SPECT stud-
ies, novel findings were reported both in naMCI and
SUBJ subjects, highlighting new potentials of SPECT
in the basal evaluation of subjects with subtypes of
MCI.

Most of those subjects taking part in the baseline
SPECT study has been followed-up through clini-
cal and neuropsychological assessment for a mean of
about two years. They were re-classified at the last
follow-up visit into subjects without memory decline
(stable = S), with memory decline but not demented
(D), or with dementia of the Alzheimer type (AD-
D). Baseline SPECT measures were re-considered
according to this new grouping, in order to pick out
prognostic differences of cerebral perfusion at baseline
evaluation.

METHODS

Subjects

The ‘DESCRIPA’ multicenter study (http://www.
descripa.eu/) is an EU-funded concerted action (5th
framework program) undertaken by European demen-
tia clinics in the frame of the European Alzheimer
Disease Consortium (EADC; http://eadc.alzheimer-
europe.org/). DESCRIPA is aimed to the development
of screening guidelines and clinical criteria of prede-
mentia AD.

The inclusion criteria, detailed elsewhere [16, 18],
basically included outpatients aged 55 years or older,
newly referred for cognitive complaints but with-
out dementia. All kinds of referrals were considered,
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including self- or relative-referral, referral from gen-
eral practitioner and from first-level neurological or
geriatric clinics. Cognitive complaints mainly included
memory complaints but they could also include diffi-
culties in other cognitive domains, such as attention
and orientation. All the secondary causes of cognitive
impairment were excluded, as previously described
[18]. Dementia at baseline was excluded by the clin-
ical interviews with subjects and caregivers and by
means of formal questionnaires assessing the basic and
instrumental activities of daily living. At last, subjects
were classified into those without any objective deficit
(SUBJ) and those with an objective deficit, either in the
memory domain (aMCI) or in non-memory domains
(naMCI).

Perfusion SPECT was optional in the research pro-
tocol and SPECT results were not used to classify
subjects. SPECT was performed at baseline in six
DESCRIPA centers, but the present study concerns
only the three centres using 99mTC-ECD. After
baseline visit, a yearly clinical-neuropsychological
follow-up started. The study was approved by the local
Medical Ethics Committee in each centre.

Definition of MCI subtypes

The baseline assessment has been detailed previ-
ously [18]. Briefly, all subjects underwent a standard
battery of examinations, including clinical history,
medical and neurological examinations, laboratory
tests, functional evaluation using the Clinical Demen-
tia Rating scale (CDR), rating scales for depression
and neuropsychiatric symptoms, a neuropsychologi-
cal test-battery, and structural neuroimaging. General
cognition was assessed using the Mini-Mental State
Examination (MMSE). Depression was assessed by
the 15-item Geriatric Depression Scale or the Center
for Epidemiologic Symptoms of Depression (CES-D)
scale [19]. A depressive trait was defined according to
the standard cut-off of each scale.

In each center, a battery of neuropsychological tests
was performed to assess cognitive performance in the
domains of memory, language, executive function and
attention, and visuoconstruction. Raw scores were con-
verted to age, education, and gender corrected Z-scores
according to locally collected or published normative
data and these Z-scores were used for further analysis,
as described elsewhere [16, 18].

Baseline classification included 3 groups, on the
basis of test performances in these cognitive domains.
Impairment was defined as a Z-score of –1.5 or lower.

Subjects without impairment in any domain were
classified as SUBJ. aMCI and naMCI were defined
according to Petersen et al. [20]. The aMCI and naMCI
subgroups were not subdivided into single or multiple
domain subgroups in order to avoid groups with too
few subjects to be analysed.

Due to variability among the neuropsychological
protocols, the tests used to define MCI subtypes var-
ied between centres, as detailed in the baseline SPECT
paper [16]. This was due to the observational nature of
the Descripa study, as approved by the European Com-
mission, according to which each center should have
used the routinely applied tests. In detail, the tests for
memory were the learning measure and delayed recall
measure of the Rey Auditory Verbal Learning test
(1 centre), of the Buschke-Fuld Selective Reminding
test (1 center), or of the Grober-Buschke test (1 center).
The tests for language were 1-minute verbal fluency
for animals (1 center), 2-minute verbal fluency for ani-
mals (1 center), or 1-minute verbal fluency for fruits,
animals and car trades (1 center). Executive function
and attention were assessed with the Trail Making Test
part A and B (TMT A and B) in all centers. The tests
for visuoconstruction were the copy subtest of the
Rey-Osterrieth complex figure (2 centers) and the
copy of figures from the Mental Deterioration Battery
(1 center).

Follow-up examination

The 80 subjects started the yearly-based follow-up in
the same way as the rest of the DESCRIPA population,
undergoing the same clinical and neuropsychological
assessment as at baseline. The last available follow-
up visit was considered. This varied between 1 and
3 years. Five subjects dropped out before reaching
the 1-year visit and were excluded. The remaining 75
subjects (93.7%) were classified as follows. Subjects
with normal clinical and neuropsychological exami-
nations were labelled as ‘stable’ (S) (mean follow-up
time: 2.2 ± 0.7 years). Subjects with a Z score < 1.5
on the delayed recall measure of verbal episodic
memory test were labelled as ‘significant memory
decline’ (D) (mean follow-up time: 2.1 ± 0.9 years).
Finally, subjects matching the NINCDS-ADRDA and
the DSM-IVr criteria for AD were diagnosed as AD
dementia (AD-D; diagnosis made 1.3 ± 0.5 years after
the baseline visit, but all still followed for at least
two years). One patient developed fronto-temporal
dementia according to the current criteria [21] and was
excluded from further analysis. Diagnoses were made
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in each centre by a multidisciplinary team blinded for
baseline (including SPECT) data.

SPECT acquisition and reconstruction

Subjects underwent 99mTc-ECD SPECT 0.1 ± 0.2
(mean ± SD) years after the baseline clinical assess-
ment, according to the guidelines of the European
Association of Nuclear Medicine [22]. About 1000
MBq of 99mTc-ECD were injected i.v. through a
catheter while the subject was lying on a reclining
chair, in a silent and dimly-lit room, eyes closed and
ears unplugged, being unaware of injection. Thirty to
ninety min after injection, image acquisition started for
a time ranging from 20 to 35 min. Radius of rotation
was < 15 cm. A 2-head camera, equipped with low-
energy, high-resolution, parallel beam collimators, was
employed in Brescia (Helix, Elscint) and in Genoa
(Millenium VG, General Electric), and a 3-head cam-
era, equipped with low-energy, ultra high-resolution,
fan beam collimators, in Montpellier (Prism 3000,
Picker).

Image reconstruction and post-processing proce-
dures were undertaken in order to reduce inhomogene-
ity among centres [16]. Briefly, a 1-mm thick glass
capillary was acquired in each centre and transmitted
together with the subjects’ scans to the elabora-
tion centre in Genoa, where data reconstruction was
performed. On the basis of the analysis on the cap-
illary data, it could be concluded that the camera
plus collimator performance was nicely comparable
among the three centers in terms of spatial resolution.
The number of acquired angular views was 120 in
Brescia and Genoa and 90 in Montpellier. In princi-
ple, the 3-head gamma camera could generate data of
better quality in comparison with the other 2 cam-
eras, but the choice of acquiring only 90 projections
in Montpellier generated images of quite compa-
rable quality. The projections were reconstructed
with the Ordered Subsets Expectation Maximiza-
tion algorithm (8 iterations, 10 subsets) followed
by 3D Gaussian postfiltering (FWHM = 9 mm). The
projector-backprojector pair embedded in the itera-
tive algorithm compensated for the camera spatial
resolution and for attenuation [23, 24]. Attenuation
was modelled to be uniform (linear attenuation coeffi-
cient = 0.10 cm−1) inside the skull volume, which was
automatically computed based on the head skin contour
uptake. In this way, the peculiar anatomical features of
each subject were accounted for. No scatter subtraction
was performed. After inspecting some sample images,

the same value for the linear attenuation coefficient was
judged to be applicable to the reconstruction of data
from the three centres. Independently of the original
pixel size on the detector, all images were reconstructed
with an isotropic voxel side of 2.35 mm.

Volumetric Regions of Interest (VROI)

SPECT images were normalized in the Montreal
Neurological Institute space using Statistical Paramet-
ric Mapping (SPM2). A study-specific 99mTc-ECD
SPECT template, generated using both SPECT and
MRI scans of a MCI group [25], was used. This
allows for a better normalisation procedure, since
both the deep and cortical hypoperfusion effects are
taken into account.The following VROI were chosen
in each hemisphere from the Pick atlas by a sub-
routine implemented on SPM2 [26]: hippocampus and
para-hippocampal gyrus as taken together, posterior
cingulate, precuneus, medium frontal gyrus, inferior
parietal lobule and superior temporal gyrus (Fig. 1).
The choice of these regions was based on previous
SPECT and PET studies in subjects with MCI [8–11,
13, 15, 27–31]. The whole cerebellum was chosen for
normalization of VROI counts.

Statistics

The following analyses used VROI values, corrected
for age and center, since the statistical analysis on
baseline data had already showed a significant effect
of both these variables (p < 0.05). Vascular risk fac-
tors and other clinical features, such as the presence
of treated thyroid disease and depression, as well as
years of education were not considered because they
did not show any effect on SPECT data in the analysis
at baseline [16].

ANOVA for repeated measures was run on SPECT
data of the 74 subjects, considering the three groups
(S, D, AD-D) as between-subject source of vari-
ation, VROI as within-subject source of variation,
and group*VROI interaction. SPECT data distribu-
tion within each region and group was preliminarily
evaluated by Shapiro-Wilk statistic in order to detect
deviations from the normal distribution and to apply
suitable transformations. The same statistic was then
applied to ANOVA residuals to check for fulfillment
of basic assumptions.

Post-hoc analysis of between-group differences in
each region was performed by applying the Duncan
multiple range test. Moreover, correlation was assessed
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Medium frontal gyrus Superior temporal gyrus Inferior parietal lobule

Posterior cingulatePrecuneus
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Fig. 1. Volumetric regions of interest (VROIs) are selected according to the Pick atlas, a sub-routine implemented in SPM, superimposed to
transaxial sections of a 99mTc-ECD SPECT MCI-specific template. Example images of medium frontal gyrus, superior temporal gyrus, inferior
parietal lobule, hippocampus and the para-hippocampal gyrus, precuneus and posterior cingulate are shown in the left hemisphere.

between those VROI that significantly differed among
groups and the Z score of verbal episodic memory
test (delayed recall) at follow-up. To this purpose, the
product-moment correlation (Pearson) between each
VROI and the Z score at the memory test was com-
puted and suitably transformed into t-value in order to
estimate the associated probability level.

Finally, the receiver operating characteristic (ROC)
curves were computed for the VROI yielding signif-
icant differences among groups. ROC curves were
computed in all subjects. Morever, since just one
subject in the SUBJ group showed memory decline
at follow-up (which might ‘spuriously’ increase the
specificity in the whole sample of 74 subjects), ROC
curves were also computed after eliminating the SUBJ
group (i.e., naMCI + aMCI) and then in aMCI group
only. For ROC curves, the area under curve (AUC)
with the associated significance level, and the optimal

threshold of perfusion level, with associated sensitiv-
ity and specificity values, were computed. The optimal
threshold was estimated by searching along the ROC
curve for the point closest to (0, 1), i.e., the point
yielding maximum sensitivity and specificity.

Statistical analyses were performed using the sta-
tistical package of SAS software (SAS/STAT, v.8.1,
Copyright© 1999 SAS Institute Inc., Cary, NC, USA)
and RocKit software (ROCKIT, Kurt Rossmann Labo-
ratories for Radiologic Image Research, University of
Chicago, Chicago, IL, USA).

RESULTS

According to baseline classification, there was no
significant difference for age, years of education,
CDR-Sum of Boxes (CDR-SB), vascular risk fac-
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Table 1
Main characteristics of 74 patients observed at follow-up, according to follow-up classification

All subjects 1. Stable 2. Decline 3. AD-D Statistics
(n = 74) (n = 43) (n = 19) (n = 12) Overall Group

p value comparisons

Baseline classification 22 SUBJ 21 SUBJ 1 SUBJ
16 naMCI 13 naMCI 2 naMCI 1 naMCI
36 aMCI 9 aMCI 16 aMCI 11 aMCI

Age, years (SD) 72.1 (6.9) 71.0 (6.2) 75.0 (8.8) 71.6 (4.7) n.s.
Sex, n female (%) 41 (55) 24 (55.8) 10 (52.6) 7 (58.3) n.s.
Education, years (SD) 9.7 (4.4) 9.2 (4.3) 10.3 (3.6) 10.4 (5.9) n.s.
MMSE (SD) 27.4 (2.2) 28.7 (1.6) 26.2 (1.6) 24.7 (1.1) p < 0.01 3 < 2 < 1
CDR-SB (SD) 1.6 (0.9) 1.2 (0.5) 1.7 (0.9) 2.6 (1.2) p < 0.01 3 < 1,2
Hypertension, n (%) 39 (52.7) 25 (58) 10 (53) 4 (33) n.s.
Diabetes Mellitus, n (%) 2 (2.7) 1 (2) 1 (5) 0 n.s.
Hypercholesterolemia, n (%) 33 (44.6) 22 (51) 6 (32) 5 (42) n.s.
Ischemic heart dis., n (%) 8 (10.8) 4 (9) 2 (11) 2 (17) n.s.
Thyroid disease, n (%) 10 (13.5) 5 (12) 4 (21) 1 (8) n.s.
Current smoking, n (%) 8 (10.8) 4 (9) 3 (16) 1 (8) n.s.
Depression, n (%) 19 (25.7) 11 (26) 3 (16) 5 (42) p < 0.05 1,2 < 3
White matter hyperintensities (n = 50) (n = 29) (n = 12) (n = 9)

ARWMC score (SD)* 5.75 (3.9) 6.2 (4.2) 4.7 (2.2) 5.7 (5.1) n.s.

One-way ANOVA was performed to test between-group differences for quantitative variables; the Fisher’s exact test was applied to compare
frequencies for categorical variables. The last column reports separation among groups when descriptive statistic indicates a significant difference.
SUBJ = subjective cognitive complaints; naMCI = non amnestic Mild Cognitive Impairment; aMCI = amnestic Mild Cognitive Impairment;
MMSE = Mini-Mental State Examination; CDR-SB = Clinical Dementia Rating scale – Sum of Boxes; ARWMC = Age-Related White Matter
Changes scale. SD = standard deviation; AD = Alzheimer’s disease. * Values recorded at baseline. The numbers in bold following white matter
hyperintensity refer to the number of subjects in whom MRI data are available. Of the original 80 patients, five dropped-out during follow-up
and one developed fronto-temporal dementia.

tors, depression, and white matter hyperintensity score
among groups (Table 1, top). A prevalence of females
was found in naMCI group, whereas the MMSE score
was lower in aMCI group.

At follow-up visit, 21 out of 23 subjects with SUBJ
had no memory impairment (S), one showed memory
impairment (D) and one dropped-out. Thirteen out of
the 17 naMCI subjects did not show memory impair-
ment at follow-up (S), 2 showed memory impairment
(D), one developed AD-D, and one dropped-out.
Finally, 9 aMCI subjects no longer had memory decline
(S), 16 showed again memory impairment (D), 11
developed AD-D, 1 FTD, and 3 dropped-out. There-
fore, according to follow-up classification, there were
43 S subjects (21 from SUBJ, 13 from naMCI, 9 from
aMCI), 19 D subjects (1 from SUBJ, 2 from naMCI,
16 from aMCI) and 12 AD-D patients (1 from naMCI,
11 from aMCI).

The main characteristics of these 74 subjects are
shown in Table 2, according to follow-up classifica-
tion. The MMSE score progressively declined from S
to D and to AD-D groups, whereas the CDR-SB was
significantly higher in AD-D group than in the other
two groups.

Shapiro-Wilk statistic showed minor deviations
from normal distribution (involving four region-group
subsamples out of 36 at 0.05 probability level) which
were balanced by data standardization at zero mean,
followed by asymmetric power transform. No signif-
icant deviations from normal distribution were found
by Shapiro-Wilk test applied to ANOVA residuals.

ANOVA for repeated measures on SPECT data
showed a significant effect of region (F = 170.9,
p < 0.0001), a significant effect of follow-up grouping
(F = 5.95, p < 0.004), and a significant group*region
interaction (F = 2.66, p < 0.01).

The post-hoc comparison between regions showed
significantly hypoperfusion in the AD-D group ver-
sus the other two groups in the left (F = 12.95,
p < 0.0001) and right (F = 18.97, p < 0.0001) hip-
pocampus. Instead, significantly hypoperfusion was
found in right (F = 8.25, p < 0.0006) and left (F = 4.33,
p < 0.02) parietal lobules in both D and AD-D groups
in comparison to S group. Finally, hypoperfusion
(F = 2.73, p = 0.07, borderline significance) was found
in the right posterior cingulate in AD-D group versus S
group, while D group could not be distinguished from
either AD-D or S (Fig. 2).
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Fig. 2. Graphs of the mean (and standard errors) VROI values (y axis) for the three groups at follow-up (AD-D, D, and S). These mean VROI
values have been obtained by averaging the individual mean VROI value, normalized on the cerebellum, of each patient belonging to the group.
Data in AD-D (black lines), D (thin grey lines) and S (thick grey lines) are shown in this order. Significance levels (*: p < 0.02; **: p < 0.001;
***: p < 0.0001) refer to post-hoc Duncan’s multiple range test, following repeated measures ANOVA.

Perfusion values and verbal delayed recall Z score
at follow-up were directly correlated just in the same
five regions that also yielded significant perfusional

differences among groups, namely the left hippocam-
pus (r = 0.495, p < 0.0001) (Fig. 3), right hippocampus
(r = 0.393, p < 0.0007), right parietal lobule (r = 0.424,

VR0I
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Fig. 3. Correlation between left hippocampal perfusion (normalised on mean cerebellar counts) and verbal memory test (delayed recall) Z scores
at follow-up in the whole sample of 74 subjects. A highly significant correlation was found (r = 0.495, p < 0.0001).
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p < 0.0002), left parietal lobule (r = 0.307, p < 0.01),
and right posterior cingulate (r = 0.268, p < 0.03).

ROC curve analysis in the whole of subjects showed
that both hippocampal (AUC = 0.77; p < 0.0002) and
parietal (AUC = 0.72; p < 0.0002) relative perfusion
(mean between the two sides) yielded moderate accu-
racy in separating S group from D + AD-D groups.
The cut point for hippocampal perfusion was 0.81,
with 69% sensitivity and 75% specificity (Fig. 4a). On
the other hand, mean hippocampal perfusion yielded
rather good accuracy (AUC = 0.90; p < 0.0001) in sepa-
rating AD-D from D + S, while mean parietal perfusion
did not. The cut point for hippocampal perfusion
was 0.783, with 81% sensitivity and 86% specificity
(Fig. 4b).

After eliminating the SUBJ group, ROC curve anal-
ysis showed better discrimination values achieved
by mean hippocampal perfusion in separating either
D + AD-D from S (AUC = 0.78, p < 0.0001; sensitivity
0.66 with 0.80 specificity; cut point 0.806) or AD-D
from S + D (AUC = 0.89, p < 0.0001; sensitivity 0.82
with 0.83 specificity; cut point 0.788) than parietal
perfusion.

When considering the aMCI group only, ROC curve
analysis confirmed the good discrimination values of
hippocampal perfusion in separating either D + AD-D
from S (AUC = 0.84, p < 0.0001; sensitivity 0.76 with
0.75 specificity; cut point 0.813) or AD-D from S + D
(AUC = 0.88, p < 0.0001; sensitivity 0.77 with 0.85
specificity; cut point 0.775).

DISCUSSION

The clinical-neuropsychological outcome of sub-
jects deserves some epidemiological considerations.
The 17.3% of all subjects developed dementia (all
but one of the AD type), with an annual conversion
rate of about 8%, which is slightly lower than that
reported in epidemiological studies on the MCI popu-
lation [3, 20], as a likely consequence of inclusion of
twenty-two subjective cognitive impairment subjects.
When computing the annual conversion rate just in the
fifty-three MCI subjects, it is about 12% and increases
to 17% if only the aMCI group is considered. More-
over, all but one of the AD-D patients come from the
aMCI group, confirming that episodic verbal memory
deficit is actually the most typical neuropsychological
deficit in AD patients before dementia [5]. Looking
at the aMCI group, the clinical outcome was almost
equally distributed among S, D and converters to AD-
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Fig. 4. (a) Receiver operating characteristic (ROC) curves for mean
values of the two hippocampal VROI (black line) and of the two
parietal VROIs (grey line) in the comparison between S versus AD-
D + D. The two curves indicate a discrimination power significantly
greater than random (p < 0.0002), reaching a sensitivity of 69% and
a specificity of 75% for hippocampal VROI; a sensitivity of 62%
and a specificity of 70% for parietal VROI. Chi-square statistic for
the difference between the two ROC curves was χ2 = 1.057; p: not
significant. (b) ROC curves for mean values of the two hippocam-
pal VROI (black line) and of the two parietal VROIs (grey line)
in the comparison between S + D and AD-D. Discrimination power
of the hippocampus was highly significant (p < 0.0001), leading to
81% sensitivity with 86% specificity, while the parietal VROI did
not yield significant results. Chi-square statistic for the difference
between the two ROC curves was χ2 = 9.3; p < 0.01. AUC = area
under curve. The threshold point with optimal sensitivity and speci-
ficity for hippocampal perfusion value was 0.81 in (a) and 0.783
in (b).
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D, while just three out of the 16 subjects with naMCI
showed further deterioration after two years (1 AD-
D, 2 D), with a lower rate than aMCI. Indeed, it is
known that a transient deficit in a non-memory domain
can be the results of a variety of conditions, such
as a depressive trait, low social-education environ-
ment, or inadequacy to the neuropsychological setting.
Concerning these subjects, some of them still showed
impairment in a non-memory domain at follow-up,
but we choose to considered only memory decline
as an outcome measure. By this choice, we wanted
to focus on memory decline as the main hallmark of
AD-D and, more generally, of dementia rather than
on other domains which are too heterogeneous to be
meaningfully analysed, given the limited number of
subjects.

Baseline hippocampal perfusion progressively
declined across S, D and AD-D (Fig. 2), significantly
separated AD-D from the other two groups, especially
left hippocampal perfusion, and was highly correlated
with the delayed recall score at follow-up. Moreover,
ROC curve analysis showed sensitivity and specificity
values around or above 0.80, which are particularly
high when considering that they were reached in the
MCI stage. Moderate accuracy was also reached in sep-
arating S group from the other two groups. This figure
is just a bit lower than accuracy reached by FDG-
PET and supports the use of perfusion SPECT as a
biomarker for AD in an aMCI population, wherever
FDG-PET is unavailable or cannot be accessed due to
logistic constraints.

Just belonging to the SUBJ group yielded the highest
likelihood not to develop either D or AD-D at follow-
up. This could vanish the utility of SPECT in these
subjects and spuriously increase specificity of SPECT
in the analysis of the whole sample. We therefore re-
computed the ROC curves in naMCI and aMCI groups
only, as well as in the aMCI group only, and the results
were substantially confirmed. Irrespective of whether
ROC curve analysis was conducted in the whole of
subjects or in subgroups, the cut-points of about 0.81
in separating S from D + AD-D groups and of 0.78 in
separating AD-D from S + D groups were consistently
found, with a ‘shadow’ zone between these two val-
ues. By taking in mind that these values were obtained
with 99mTc-ECD, they may serve as a starting point
for further evaluation in larger samples of subjects. In
fact, the procedure adopted in the present study (image
normalization in the stereotactic space, application of
VROI from a standardized atlas and normalization
of VROI uptake values on cerebellar counts) might

be simple enough to be further evaluated and may
represent a step forward in finding shared Standard
Operational Procedures for brain SPECT imaging in
AD and related conditions. This perspective could lead
to apply SPECT in the clinical setting with greater
confidence.

The finding related to hippocampal hypoperfusion
raises the question about why hippocampal dysfunc-
tion has not been reported as an early marker of aMCI
by a substantial portion of the SPECT/PET literature
[8–10, 12, 14, 15], despite being largely expected on
the basis of current knowledge on the pathophysi-
ology of AD. This issue has been deeply discussed
[32], pointing to the problems of low spatial res-
olution of first-generation SPECT/PET equipments.
As a matter of fact, hippocampal dysfunction has
been also reported by a voxel-based analysis (VBA)
approach by more recent reports, employing both
SPECT [11, 13, 33] and PET [27, 28] last-generation
equipments. Even more important, the smoothing pro-
cedure needed by the software programs performing
VBA, which is avoided by a VROI-based approach,
may contribute to mask hippocampal dysfunction.
In fact, it has been recently shown that VBA pos-
sibly fails to detect dysfunction within small brain
structures, such as hippocampus, especially in MCI
when functional changes are still of moderate extent
[34, 35]. On the contrary, hippocampal dysfunction
has been often reported by a VROI-based approach
on both SPECT [36] and PET [31] data. Another
consideration is that we merged together the hip-
pocampus and the para-hippocampal gyrus within the
same hippocampal VROI. Indeed, functional com-
pensation has been recently shown by means of
99mTc-ECD SPECT in the hippocampal head (i.e.,
relative hyperperfusion), while functional depression
(i.e., hypoperfusion) in the parahippocampal gyrus
[37]. Thus, future works should take into account this
compensation/depression mismatch in the MTL and
choose to select just the parahippocampal gyrus which
could be more sensitive than the whole hippocampal
region. Furthermore, partial volume effect (PVE) cor-
rection was not performed in the present study, as well
as in the majority of SPECT studies, thus hippocam-
pal hypoperfusion likely represents a mixed of MTL
atrophy and dysfunction. However, most studies in
which PVE correction was performed, reported a rel-
ative independence of functional measurements from
brain atrophy [38]. Nonetheless, in previous studies on
normal elderly [35], correction for atrophy generally
led to increased –rather than decreased- statistical val-
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ues, improving the detection of significant functional
alterations.

Baseline parietal perfusion levels, especially in the
right hemisphere, significantly distinguished the S
group from AD-D + D, and were similarly correlated
with delayed recall score at follow-up, as hippocampal
perfusion levels. ROC curve analysis showed a mod-
erate accuracy in identifying S group from the other
two groups, but no accuracy in identifying AD-D from
the other two groups. Therefore, parietal perfusion lev-
els seem similarly useful as hippocampal perfusion
levels in predicting S at follow-up, but not useful to
predict AD-D conversion. In fact, while hippocampal
perfusion progressively reduced from S to AD, parietal
perfusion dropped between S and D and then remained
substantially constant in AD. An interpretation might
be that the majority of D subjects are late converters,
thus already showing SPECT signs of neurodegener-
ation. If this was the case, we should admit that up
to the 80% of present aMCI subjects will develop AD
in future years. This may be verified when the 5-year
follow-up data will be available, but seems unlikely
according to a recent pooled meta-analysis [39]. Alter-
natively, parietal perfusion levels would mainly reflect
memory performances, as shown by the high corre-
lation with the delayed recall score in our data and
supported by experimental data [40], but they would
not necessarily be a marker of AD conversion.

Perfusion reduction in the posterior cingulate just
showed borderline statistical significance. Posterior
cingulate hypoperfusion has been reported in some
series of MCI subjects [9, 13, 15], but often hypoper-
fusion has been rather reported in the posterior parietal
cortex and the hippocampal region [8, 10–12]. Notably,
among SPECT studies, only those performed using
99mTc-HMPAO [9, 15] or 123I-iodoamphetamine [13]
disclosed posterior cingulate hypoperfusion, which has
not, however, been reported by 99mTc-ECD studies
[8, 12]. This may be correlated with the different distri-
bution among tracers within the brain of both healthy
subjects and AD patients [41].

However, posterior cingulate hypometabolism was
found in a recent FDG-PET study in both aMCI
patients converting to AD-D and aMCI patients not
converters at 2-year follow-up [42]. Thus, it could be
an early sign of memory deficit rather than a specific
hallmark of AD conversion. Nestor et al. [43] have
suggested that significant hypometabolism in the pos-
terior cingulate is typical of all MCI patients, without
a direct relationship to their future conversion. In a
recent SPECT study, aMCI converters and nonconvert-

ers were found to share a common retrosplenial pattern
of hypoperfusion [33], suggesting that retrosplenial
cortex dysfunction could be the pathophysiological
correlate of memory impairment, without being a
biomarker of conversion to dementia. Although a 2-
year follow-up may be still insufficient, the risk of AD
conversion is at a maximum within the first few years
following the diagnosis of aMCI, and then substan-
tially decreases [39]. SPECT and FDG-PET long-term
follow-up studies in stable aMCI are needed to show
whether posterior cingulate dys-function is confirmed
over time despite the lack of dementia or whether
subjects with dys-function in this region convert to
AD-type dementia over longer follow-up intervals.

In the previous study on baseline SPECT Descripa
data, we found also bilateral temporal relative hypop-
erfusion in both aMCI and naMCI, and right frontal
hypoperfusion in naMCI. None of these regions was
shown to be predictive of 2-year outcome. Bilateral
temporal as well as frontal hypoperfusion may indeed
be revealed in hypertensive patients [44], in patients
with vascular dementia [45] and in depression [46]
without having a specific meaning as a marker of AD
conversion. More recently, some FDG-PET studies
have highlighted the relevance of lateral frontal cor-
tex hypometabolism as one of the areas involved in the
conversion pattern [26, 29] but it should be noted that
FDG-PET is more sensitive to dysfunction than per-
fusion SPECT in patients with AD, especially in the
frontal areas [47].

Methodological issues

In this study we had to face the problem of
inhomogeneity of SPECT data coming from three dif-
ferent equipments. This issue has been analysed in
ad-hoc investigations. In a methodological study, deal-
ing with three different cameras, it was shown that
the major source of variability was the physiologi-
cal/pathological condition, accounting for about 17%
of between-subject variability. The between-camera
variability was slightly higher (about 8%) than the
within-camera (about 5%) variability, when some com-
pensation was applied during the reconstruction step
(as in the present study), even by using different recon-
struction protocols (either filtered back-projection or
iterative) [48]. To minimize inhomogeneities, in the
present study the reconstruction phase was centralized
and the same protocol was used. We also avoided to
apply VBA because we judged more prudent to use
a VROI-based approach when managing data com-
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ing from three different cameras. Despite the efforts
done in SPECT reconstruction, some residual inho-
mogeneity at voxel level might persist, affecting VBA
more likely than VROI-based analysis, as the latter
minimizes such inhomogeneities by averaging across
all voxels within the VROI. In fact, between-camera
inhomogeneities seemed ininfluent when using a ROI-
based approach in a FDG-PET study [49]. A second
methodological aspect is the a-priori selection of
VROI, which reduced the issue of multiple compar-
isons on the one hand, but that, on the other hand,
prevented the detection of other possibly significant
areas.

Some evidence in the literature suggests that AD
patients with high education show more severe hypop-
erfusion than severity-matched patients with low
education [50]. However, we did not correct SPECT
data for the years of education because the groups were
very similar as for educational level and the variable
‘education’ was not shown to significantly influence
SPECT data using stepwise regression analysis, as
detailed in a previous paper [18].

To conclude, baseline perfusion SPECT is an useful
aid in the prediction of outcome in patients presenting
with memory complaints, by integrating data coming
from clinical and neuropsychological evaluations. Hip-
pocampal hypoperfusion appears to play a major role in
prediction of an AD neurogeneration pattern in patients
with memory impairment.

ACKNOWLEDGMENTS

This research has been partly funded by the
European Commission within the 5th Framework, pro-
gramme ‘Quality of Life and management of living
resources’, key action 6: The aging population, and
priority 6.1: Age-related illnesses and health problems.

Concerted action QLRT-2001-02455/Contract num-
ber QLK6-CT-2002-02455.

REFERENCES

[1] Mol ME, van Boxtel MP, Willems D, Jolles J (2006) Do sub-
jective memory complaints predict cognitive dysfunction over
time? A six-year follow-up of the Maastricht Aging Study. Int
J Geriatr Psychiatry 21, 432-441.

[2] Reisberg B, Gauthier S (2008) Current evidence for subjective
cognitive impairment (SCI) as the pre-mild cognitive impair-
ment (MCI) stage of subsequently manifest Alzheimer’s
disease. Int Psychogeriatr 20, 1-16.

[3] Petersen RC (2004) Mild cognitive impairment as a diagnostic
entity. J Intern Med 256, 183-194.

[4] Visser PJ, Kester A, Jolles J, Verhey F (2006) Ten-year risk
of dementia in subjects with mild cognitive impairment. Neu-
rology 67, 1201-1207.

[5] Dubois B, Feldman HH, Jacova C, DeKosky ST, Barberger-
Gateau P, Cummings J, Delacourte A, Galasko D, Gauthier S,
Jicha G, Meguro K, O’Brien J, Pasquier F, Robert P, Rossor M,
Salloway S, Stern Y, Visser PJ, Scheltens P (2007) Research
criteria for the diagnosis of Alzheimer’s disease: revising the
NINCDS-ADRDA criteria. Lancet Neurol 6, 734-746.

[6] Matsuda H (2007) Role of neuroimaging in Alzheimer’s dis-
ease, with emphasis on brain perfusion SPECT. J Nucl Med
48, 1289-1300.

[7] Dubois B, Feldman HH, Jacova C, Cummings JL, Dekosky
ST, Barberger-Gateau P, Delacourte A, Frisoni G, Fox NC,
Galasko D, Gauthier S, Hampel H, Jicha GA, Meguro K,
O’Brien J, Pasquier F, Robert P, Rossor M, Salloway S,
Sarazin M, de Souza LC, Stern Y, Visser PJ, Scheltens P
(2010) Revising the definition of Alzheimer’s disease: a new
lexicon. Lancet Neurol 9, 1118-1127.

[8] Encinas M, De Juan R, Marcos A, Gil P, Barabash A, Fernan-
dez C, De Ugarte C, Cabranes JA (2003) Regional cerebral
blood flow assessed with 99 mTc-ECD SPET as a marker
of progression of mild cognitive impairment to Alzheimer’s
disease. Eur J Nucl Med Mol Imaging 30, 1473-1480.

[9] Huang C, Wahlund LO, Almkvist O, Elehu D, Svensson L,
Jonsson T, Winblad B, Julin P (2003) Voxel- and VOI-based
analysis of SPECT CBF in relation to clinical and psycholog-
ical heterogeneity of mild cognitive impairment. Neuroimage
19, 1137-1144.
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A Tale of Two Tracers: Glucose Metabolism
and Amyloid Positron Emission Tomography
Imaging in Alzheimer’s Disease
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Abstract. The development of prevention therapies for Alzheimer’s disease (AD) would greatly benefit from biomarkers that
are sensitive to subtle brain changes occurring prior to the onset of clinical symptoms, when the potential for preservation of
function is at the greatest. In vivo brain imaging is a promising tool for the early detection of AD through visualization of
abnormalities in brain structure, function and histopathology. Currently, Positron Emission Tomography (PET) imaging with
amyloid-beta (A�) tracers and 2-[18F]fluoro-2-Deoxy-D-glucose (FDG) is largely utilized in the early and differential diagnosis
of AD. A� PET tracers bind to A� plaques in brain, and provide an in vivo estimate of AD pathology. FDG-PET is used to
measure glucose metabolism, a marker of brain activity. This paper reviews brain A�- and FDG-PET studies in AD patients as
well as in non-demented individuals at risk for AD. We then discuss the potential of combining symptoms-sensitive FDG-PET
measures with pathology-specific A�-PET to improve the early detection of AD.

Keywords: Positron Emission Tomography, cerebral metabolic rate of glucose (CMRglc), amyloid-beta, preclinical detection,
normal aging

ABBREVIATIONS

18F-FDG PET 2-[18F]fluoro-2-Deoxy-D-
glucose Positron Emission
Tomography

AD Alzheimer’s disease
A� amyloid beta
APP amyloid precursor protein
ApoE apolipoprotein E
CMRglc cerebral metabolic rate of glucose
EOFAD early onset familial AD
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New York NY 10016. Tel.: +212 263 3255; Fax: +212 263 3279;
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MRI magnetic resonance imaging
MCI mild cognitive impairment
Pittsburgh N-methyl-[11C]2-(4′-methyla-

Compound-B, minophenyl)-6-hydroxybenzo-
PIB thiazole

INTRODUCTION

Alzheimer’s disease (AD) is becoming an increas-
ingly important reason for concern for healthcare and
society. AD is the most common form of dementia,
affecting approximately 1% of individuals 65 years
of age, with the prevalence doubling every 5 years
up to age 80, above which the prevalence exceeds
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40% [1]. In 2007, there were more than 26.6 million
people affected by AD in the world [2]. The preva-
lence of AD is estimated to be further increasing in
the next few years, as the baby-boomers generation
ages [3]. The main reason for increasing prevalence
in AD is the lack of disease-modifying treatments.
Once disease-modifying drugs become available, they
will likely be most effective if administered early in
the course of disease, before irreversible brain dam-
age has occurred. Therefore, another major problem
in AD is the lack of diagnostic markers, especially for
the early stages of disease when clinical symptoms are
not clearly expressed. Detection of preclinical patho-
logical modifications in the brain is likely the key to
identify individuals bound to develop AD.

Brain imaging, among other techniques, is a promis-
ing tool for the early detection of AD. Changes in
brain histopathology, and consequently in its struc-
ture and function, are known to precede the clinical
manifestations of disease by many years. These
modifications can be visualized in vivo using brain
imaging modalities. In chronological order, Com-
puterized Tomography (CT) came first, followed by
Magnetic Resonance (MR), and Positron Emission
Tomography (PET) with functional tracers such as 2-
[18F]fluoro-2-Deoxy-D-glucose (FDG), and to a lesser
extent with receptor ligands. Not yet 10 years ago, PET
tracers for fibrillar amyloid-beta (A�), the principal
constituent of AD senile plaques, have been developed,
which made detection of AD pathology in vivo a reality.
Presently, many AD clinical and research centers per-
form A� PET imaging, and an effort has been made in
the United States to receive FDA approval for amyloid
PET ligands in the diagnosis of AD and other demen-
tias [4]. However, much remains to be learned about
fibrillar A� as a biomarker for AD, especially at the
early stages of disease. Prior to development of A�
tracers, FDG was the most widely used PET tracer.
FDG-PET was used to measure cerebral metabolic
rates of glucose (CMRglc), a proxy for neuronal
activity, in clinical AD patients and in at risk indi-
viduals. The present paper reviews FDG-PET findings
in the early detection of AD, and discusses the value
of performing FDG-PET with or without amyloid
imaging.

Why we need brain imaging for the early detection
of Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative
disorder with insidious onset and progressive declines

in memory, attention and language [5]. Currently, the
provisional diagnosis of AD remains based on clini-
cal history, neurological examination, cognitive testing
and structural neuroimaging, while the definitive diag-
nosis of AD is based on the postmortem detection
of specific pathological lesions: Aß plaques in the
extracellular space and blood vessels, intracellular neu-
rofibrillary tangles (NFT), neuronal and synaptic loss
in specific brain regions [6]. There are no tests for the
definitive diagnosis of AD in vivo. Ironically, we ulti-
mately define the disease with pathological criteria, but
we have hardly any information in this regard during
life. As a result, patients may be misdiagnosed with AD
when in fact they have another dementia, or may be left
undiagnosed [7]. The lack of standardized diagnostic
tests for AD greatly limits the potential for an accurate
diagnosis, and even more so, for early detection.

The problem is not what to measure, but how to mea-
sure it. Once the ‘how’ is resolved, the next question is
when - how early in life can we detect clear-cut signs
of an ongoing neurodegenerative process distinct from
normal aging. Neurodegeneration in AD is estimated to
begin 20–30 years before the clinical manifestations of
disease become evident [8–11]. According to a popular
theoretical model in AD, the “amyloid cascade hypoth-
esis” [12], during this preclinical phase, A� plaques
and NFT load increase, causing synapse loss and neu-
ronal death. In light of recent findings that A� fibrils do
not appear to be the main promoter of neuronal degen-
eration [12], the amyloid hypothesis was reformulated
by stating that A� oligomers confer neurotoxicity to
neurons by disrupting nerve signaling pathways in AD
[13, 14].

While the causes of AD are being investigated, con-
sensus exists as to where neurodegeneration strikes
first in AD. The medial temporal lobes (MTL, i.e.,
hippocampus, transentorhinal/entorhinal cortex, and
subiculum), which are critically involved in the neu-
ral control of memory functions, are most vulnerable
to AD pathology [9, 11, 15–17]. The posterior cin-
gulate, parieto-temporal and frontal cortices become
affected later in the course of disease, in keeping with
progression of clinical symptoms [9, 11, 15–17]. The
local and distant effects of AD pathology on tissue
physiology impair neuronal function in these vulner-
able regions [18], causing cognitive impairment and
dementia [19]. While post-mortem staging is based
on cross-sectional detection of different patterns of
anatomical involvement across subjects with different
levels of dementia severity, longitudinal imaging stud-
ies enabled us to characterize the temporal progression
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of these regional brain deficits in the same individual,
as discussed below.

Why we have been using FDG-PET imaging

The early appearance of pathological lesions and
the progressive nature of cognitive deterioration in AD
indicate a great need for developing biological mark-
ers of disease, sensitive to early, longitudinal changes.
Until 10 years ago, when A� PET imaging was devel-
oped, other technologies had to be used to measure
surrogate markers of AD pathology. The most read-
ily available techniques were Magnetic Resonance
Imaging (MRI), which is used to measure structural
tissue loss (i.e., atrophy), and FDG-PET to measure
the functional effects of neuronal activity at the tissue
level.

A growing list of observations has highlighted the
importance of FDG-PET as a tool to distinguish AD
from other dementias, predict and track decline from
normal cognition to AD, and to identify individuals
at risk for AD prior to the onset of cognitive symp-
toms. What we have learned from over 30 years of
FDG-PET research in AD is that, first of all, AD is
characterized by a specific regional pattern of CMR-
glc reductions. AD patients show consistent CMRglc
deficits in the parieto-temporal areas [20, 21], poste-
rior cingulate cortex (PCC) [22], and MTL [23]. As the
disease progresses, frontal association cortices become
involved, while cerebellum, striatum, basal ganglia,
primary visual and sensorimotor cortices remain pre-
served [21, 23]. The extent and regional distribution
of hypometabolism may vary across subjects, and
hemispherical asymmetries are often noted [23, 24],
especially at the early stages of AD. This in vivo pat-
tern of hypometabolism is found in the vast majority
of clinically diagnosed AD patients, and in over 85%
pathologically confirmed AD cases [21].

CMRglc is highly correlated with clinical dis-
abilities in dementia [25]. Clinical AD symptoms
essentially never occur without CMRglc decreases, the
extent of which is related to the severity of cognitive
impairment [26–29]. Moreover, despite some overlap,
the characteristic AD-pattern of CMRglc reductions
yields high sensitivity in distinguishing AD from con-
trols [30, 31], from other neurodegenerative dementias,
such as frontotemporal (FTD) and lewy body demen-
tia (DLB) [21, 31], and from cerebrovascular disease
[32]. In a large multi-center study of NL, AD, FTD and
DLB, individual FDG-PET scans were processed using
automated voxel-based methods to generate disease-

specific patterns of regional FDG uptake [31]. These
standardized disease-specific PET patterns correctly
classified 95% AD, 92% DLB, 94% FTD, and 94%
NL [31]. The method yielded high discrimination
accuracy in patients with mild dementia as well as
moderate-to-severe dementia [31]. Altogether, these
findings support the use of FDG-PET in the differential
diagnosis of the major neurodegenerative dementing
disorders.

Second, CMRglc reductions on FDG-PET precede
the onset of AD symptoms in predisposed individu-
als, including both genetic and non genetic AD forms
(Table 1). Presymptomatic persons carrying autoso-
mal dominant genetic mutations associated with early
onset familial AD (EOFAD, onset age < 65 yrs) show
the typical AD pattern of hypometabolism compared
to age-matched mutation non-carriers [33–35]. FDG-
PET abnormalities were observed up to 13 years prior
to the onset of symptoms in EOFAD subjects [35].
While findings in EOFAD may not apply to the more
common forms of late-onset AD, studies of patients
with Mild Cognitive Impairment (MCI) have reported
similar evidence for presymptomatic CMRglc reduc-
tions. Among MCI patients, those presenting with
more pronounced, or more AD-like, CMRglc reduc-
tions decline to AD at higher rates than those who
do not show hypometabolism [22, 36–38]. CMRglc
reductions in MCI predict future AD with 75%–100%
accuracy [22, 36–41]. While early and late onset AD
may or may not share a common pathology [12], FDG-
PET studies have identified a similar outcome pattern
of hypometabolism that appears to be a prodromal
“metabolic signature” of AD independent of the age
at onset of disease. More studies are needed to exam-
ine and compare the mechanisms underlying CMRglc
reductions in the early and late onset AD.

A few FDG-PET showed an even earlier prediction
capacity at the normal stages of cognition. By moni-
toring progression to MCI and AD among cognitively
normal (NL) elderly, these studies showed that CMR-
glc reductions precede the onset of dementia by many
years [42–45], and predict cognitive decline from NL
cognition to MCI/AD with over 80% accuracy [42,
43]. The decliners to MCI and AD showed greater
rates of CMRglc reductions as compared to the non-
decliners [38, 42–45]. Progressive CMRglc reductions
were observed years in advance of clinical symptoms
in a clinico-pathological series of subjects followed
with longitudinal in vivo FDG-PET scans from normal
cognition to the clinical diagnosis and to post-mortem
confirmation of AD [45].
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Table 1
FDG- and PIB-PET findings in preclinical AD

At-risk group Control group FDG-PET findings vs controls References PIB-PET findings vs controls References

Presymptomatic Early-onset Mutation non-carriers Cross-sectional • Whole brain hypometabolism 33 • Higher PIB retention in striatum 71
Familial AD • Parieto-temporal, PCC, frontal cortex,

and MTL hypometabolism
Longitudinal • Greater CMRglc declines over time 33 N.A.

NL decliners to MCI and to
AD

Stable NL Cross-sectional (baseline
data predicts clinical
change)

• MTL hypometabolism when NL 42 • Higher PIB retention in frontal,
PCC/PRecuneus, temporal and
parietal cortex

85–87

• Parieto-temporal and PCC
hypometabolism at time of decline to
MCI/AD

Longitudinal • Greater CMRglc declines over time 43 N.A.
MCI decliners to AD Stable MCI Cross-sectional (baseline

data predicts clinical
change)

• Parieto-temporal, PCC and frontal
cortex hypometabolism

22 • Higher PIB retention in PCC
and frontal cortex

82–84

• Higher cortical FDDNP binding 106
Longitudinal • Greater CMRglc declines over time 38 • Increases in cortical FDDNP

binding
106

NL with Subjective Memory
Complaints

NL without Subjective
Memory Complaints

Cross-sectional • Parieto-temporal and MTL
hypometabolism

48 • No diffferences 102

Longitudinal N.A. N.A.
NL ApoE-4 carriers NL ApoE-4 non-carriers Cross-sectional • Parieto-temporal, PCC, thalamus, and

frontal cortex hypometabolism
49 • Higher PIB retention in frontal,

temporal, PCC/precuneus,
parietal cortex and basal
ganglia

88

Longitudinal • Greater CMRglc declines over time 51, 52 N.A.
NL Kibra CC carriers NL Kibra CT and TT

carriers
Cross-sectional • PCC/Precuneus hypometabolism 55 N.A.

Longitudinal N.A. N.A. N.A.
NL with a 1 st degree family

history of late onset AD
NL with negative family

history of AD
Cross-sectional • Parieto-temporal, PCC, frontal cortex,

and MTL hypometabolism in NL with
AD mothers as compared to those with
AD fathers and to those with no
parents with AD

56 • Higher PIB retention in frontal,
temporal, PCC/precuneus,
parietal cortex and striatum

89

Longitudinal • Greater CMRglc declines over time in
NL with AD mothers as compared to
those with AD fathers and to those
with no parents with AD

57 N.A.
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CMRglc deficits resembling those in clinical AD
patients have been observed in NL individuals at clin-
ical or genetic risk for AD. With respect to AD risk
established on clinical grounds, cognitively normal
individuals with subjective memory complaints are
regarded as a group at increased risk for dementia [46,
47]. On FDG-PET, middle-age to old normal indi-
viduals with subjective memory complaints showed
CMRglc reductions in AD-vulnerable brain regions
as compared to demographically matched individu-
als with no such complaints [48]. With respect to
genetic risk factors for late-onset AD, many studies
have shown that non-demented individuals carrying
an Apolipoprotein E (ApoE) ε4 allele have CMR-
glc reductions as compared to ApoE ε4 non-carriers
[49–53]. CMRglc deficits in NL ApoE ε4 carriers are
progressive, correlate with reductions in cognitive per-
formance [49, 52], and occur in young adulthood [53].
Likewise, NL carriers of the KIBRA CC haplotype,
a risk factor for memory impairment in late life [54],
showed CMRglc reductions as compared to low-risk
KIBRA TT and CT carriers [55].

First degree relatives of AD patients also appear
to be at high risk for late onset AD. In particu-
lar, a maternal history of AD was shown to affect
brain metabolism in NL individuals [56, 57]. CMR-
glc deficits in AD-vulnerable regions were observed
in NL with a maternal family history of AD as com-
pared to those with a paternal history and those with
no family history of AD (Fig. 1) [56]. Interestingly,
NL children of AD fathers did not show CMRglc
abnormalities [56]. Over a 2-year period, NL individ-

uals with an AD mother showed progressive declines
in regional CMRglc compared to those with no par-
ents with AD as well as to those with an AD father
[57]. The genetic mechanisms that underlie maternally
inherited CMRglc reductions are under investigation
[58]. More studies are needed to replicate these first
reports and to identify the genetic factors involved in
hypometabolism in preclinical AD.

Overall, the major strengths of FDG-PET in AD can
be summarized as: high sensitivity to distinguish AD
from controls and from other neurodegenerative dis-
eases, and individuals at higher vs lower AD risk, and
good quantitative and topographical correlation with
clinical progression. However, a major limitation to
most of the above FDG-PET studies is the absence of
post-mortem data. Doubt remains as to whether clini-
cal symptoms and CMRglc reductions are due to AD
pathology or to other causes. Using clinical diagnosis
as the gold-standard may lead to erroneously include
patients with a dementia other than AD in the AD
group, and viceversa. In asymptomatic subjects show-
ing hypometabolism, CMRglc deficits may develop for
reasons other than AD, and not all subjects showing
hypometabolism will necessarily decline to AD. Here
is where, in our opinion, imaging of AD pathology
plays an essential role.

When FDG-PET alone is not enough,
and the advent of amyloid PET tracers

Several PET tracers for A� plaques have been
developed in the last few years. The best known

Fig. 1. Brain regions showing reduced CMRglc on FDG-PET in cognitively normal individuals with a maternal family history of AD (FHm)
as compared to demographically matched subjects with a paternal family history (FHp) and with a negative family history of AD (FH-)57.
Statistical parametric maps showing regions of hypometabolism in NL FHm are displayed on a purple-to-yellow color coded scale at P < 0.001.
Figure shows the left lateral and superior views of a 3D volume-rendered MRI.
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tracers are N-methyl-[11C]2-(4′-methylaminophenyl)-
6-hydroxybenzothiazole, aka Pittsburgh Compound-B
(PIB) [59], 4-N-[11C-methyl]amino-4′-hydroxystil-
bene (SB13) [60], 2-(1-96-(2-18F-fluoroethyl)(methyl)
amino)-2-naphthyl)ethyldene)malono nitrile (FDDN-
P) [61] and more recently the trans-4-(N-
methyl-amino)-4′-2-[2-(2-[18F]fluoro-ethoxy)-etho-
xy]-ethoxy-stilbene (BAY94-9172) [62]. Among
these tracers, PIB is the most widely utilized and best
characterized in terms of tracer kinetics, modeling,
and analytic methods. PIB binds to fibrillar A�
plaques with high affinity [63]. Several PIB-PET
studies demonstrated significant PIB retention in AD
patients as compared to controls, mostly in the frontal
cortex, parieto-temporal, PCC/precuneus, occipital
lobes, thalamus and striatum [63–67], consistent with
the known pattern of A� plaques deposition observed
at post-mortem. Significant PIB retention is found in
over 90% clinically diagnosed AD patients, in as many
as 60% of MCI [64–70] and 30% of NL elderly [67].
PIB-PET showed higher A� load in asymptomatic
and symptomatic individuals carrying presinilin-1
(PSEN1) and APP mutations as compared to controls
[71]. PIB retention was especially high in the striatum
of mutation carriers as compared to controls and to
sporadic AD patients [71]. These findings suggest that
the striatum may be more affected in early onset AD,
and the neocortex in the late onset AD forms. How-
ever, there is discordance between the striatal pattern
seen on PIB imaging and the more severe cortical A�
pathology found at post-mortem in early-onset AD
[12], and PIB was shown to bind poorly to plaques
in transgenic mice expressing many FAD mutations
[72], although binding improved at higher specific
activity [73]. It remains to be established whether
PiB imaging may underestimate the extent of A�
pathology in EOFAD.

Interestingly, subjects can be easily dichotomized
as showing either significant (PIB+) or absent PIB
retention (PIB-), but hardly show intermediate lev-
els [64–70]. This could facilitate interpretation of
PIB-PET scans for clinical use. The presence of a
PIB + pattern has been shown to improve the differen-
tial diagnosis of AD from FTD and from Parkinson’s
disease [67, 74]. However, significant PIB retention is
observed in DLB [64], and in patients with cerebral
amyloid angiopathy (CAA) [75].

The impact of vascular amyloid on PIB signal is
particularly relevant in view of using PIB, or other A�
tracers, in the early detection of AD. A study showed
that PIB is not specific for dense, classical plaques [76],

but rather binds to a family of amyloid substrates rang-
ing from diffuse plaques to plaques in the vascular
system (i.e., CAA) [77]. Vascular pathology is com-
mon in the elderly, and it is not known how much of the
PIB retention observed in NL elderly is due to vascular
A� deposits. Moreover, it is known from post-mortem
studies that typical amyloid and NFT lesions are found
in both demented and non-demented individuals [10,
11, 78–80]. Non-demented cases with substantial AD
pathology are often described as a ‘preclinical’ AD
group given the absence of cognitive abnormalities
[10, 80]. This observation brings up the important, and
often overlooked, discrepancy between AD-pathology
and AD-dementia [81]. Those NL and MCI showing an
AD-like PIB pattern (and therefore A� pathology) are
conceivably at higher risk for developing AD-dementia
as compared to individuals without brain A� pathol-
ogy. However, having A� plaques does not equal to
being at a ‘pre-dementia stage’, and the prognostic
value of increased A� load on PET has to be estab-
lished. Since A� imaging is a relatively new technique,
there aren’t enough published longitudinal PIB-PET
studies to draw conclusions on its preclinical value in
AD and the utility of this technique for early detection
of AD pathology in non-demented individuals is less
understood than with FDG (Table 1). A few studies
in MCI have shown that, at baseline, those MCI who
later declined to AD showed higher PIB retention as
compared to the non-decliners [82–84]. Additionally,
recent PiB-PET studies have shown that high PiB is
a risk fator for longitudinal decline in cognitively NL
elderly [85–87]. PiB-PET has also been shown to be
of value for the early detection of amyloid pathology
in elderly individuals with known risk factor for AD,
such as those carrying the ApoE ε4 genotype and those
with a maternal history of AD. Increased PIB retention
in AD-vulnerable regions was observed in NL ApoE
ε4 carriers compared to non-carriers [88], and in NL
with a maternal history of AD compared to those with
a paternal history and negative family histories [89].
Although the predictive value of PIB abnormalities in
the asymptomatic ApoE ε4 carriers and adult children
of AD-mothers is not known, PIB measures may be
useful to discriminate NL individuals at higher vs lower
risk for AD [88, 89].

Multi-tracer FDG and amyloid PET studies have
begun to answer questions about the relationship
between brain amyloidosis and activity in vivo. In AD
patients, negative correlations between PiB retention
and metabolism were reported by some studies [63, 90,
91], but not others 92–94], while positive correlations
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were observed in MCI [95]. The few published multi-
tracer studies in NL elderly reported generally absent
correlations between A� and metabolism [95, 96].
Interestingly, Cohen et al. (2009) provided intriguing
evidence that local elevations in glucose metabolism
are associate with increased PiB retention at the MCI
stage of AD, with the expected trend inversion occur-
ring after the onset of dementia, suggesting that the
relationship between amyloid, glucose metabolism and
clinical status is quite complex [95].

In fact, while Aß deposition and metabolic impair-
ments are likely co-occurring phenomena in the
pathogenesis of AD, the causal and temporal rela-
tionship between these AD biomarkers remains to be
clarified, and discrepancies in timing and regional dis-
tribution are to be expected, especially at the early
stages of disease. Overall, the correlation between
PIB retention and cognition does not appear to be
as strong as with functional PET or structural MRI
[97], consistent with the notion that A� plaques dis-
tribution does not necessarily correlate with clinical
symptoms in AD [98]. While some PiB reports sug-
gested a correlation between PiB binding and cognitive
impairment in AD [99], most did not [63, 94, 96, 100,
101]. For instance, Jagust et al. (2009) showed that,
in AD patients, Mini-Mental State Examination score
was significantly correlated with FDG-PET but not
with PIB-PET or CSF Abeta 1-42 [94]. Likewise, Furst
et al. (2010) reported strong associations between glu-
cose metabolism and cognitive measures in AD, and
no correlations between regional and global PiB load
and clinical status or metabolism [96]. Chetelat and
colleagues showed that PiB load was strongly related
to global and regional atrophy on MRI in subjects with
subjective cognitive impairment (SCI) [102]. How-
ever, the correlation was not significant in MCI and
AD patients, and direct comparison of patients with
and without SCI showed reduced gray matter volumes
in SCI but no significant differences in PiB retention
[102].

Additionally, the few published longitudinal PIB-
PET papers indicate a lack of progression of PIB
uptake in NL, MCI and AD [90, 103, 104]. AD patients
apparently reach a plateau in PIB retention, despite pro-
gression of their clinical symptoms and worsening of
hypometabolism on FDG-PET [90]. Jack et al. [103]
examined longitudinal PIB-PET in NL, MCI and AD
and showed that the rate of PIB change did not differ
by clinical group. The lack of longitudinal progression
suggests that PIB deposition could be an early event
during aging and disease. Otherwise, lack of change

suggests that PIB and similar tracers may not be the
best option for longitudinal studies (discussed below),
although amyloid tracers are obviously more suitable
than FDG to test the effects of amyloid-based thera-
pies. A recent paper by Rinne et al. (2010) showed
that AD patients showed a reduced rate of PiB accu-
mulation compared to placebo-treated patients over 78
weeks of treatment with Bapineuzumab, an antibody
targeted against the N terminus of amyloid � that has
been used as a passive immunotherapy [105].

In terms of capturing the effect of naturally occur-
ring amyloid deposition, FDDNP appears to have an
advantage over PIB [61]. FDDNP binds both Aß fibrils
and NFT, and shows a cortical binding pattern similar
to PIB, and additionally binds to the MTL [61, 106].
FDDNP uptake was highly correlated with scores on
memory and global cognition [106]. Although limited
by the small sample, longitudinal progression effects
were reported for 3 non-demented subjects that deterio-
rated over 2 years, including one subject that declined
from NL to MCI, and 2 MCI that converted to AD
[106]. The major limitation to using FDDNP is the low
specific to non-specific binding ratio of the tracer [61,
106] which may make these scans difficult to interpret
for clinical use.

It is important to mention that, in order to be accepted
in clinical practice, a tracer must be widely accessible.
The key difference between carbon-11 and fluorine-
18 radionuclides is their rate of decay or their decay
‘half-life’. This physical parameter determines both
how quickly the radiolabeled form disappears from
the body and how far they can be distributed from
the point of radiochemical production. The decay half-
live of carbon-11 is approximately 20 min and that of
fluorine-18 is approximately 110 min. Only a minority
of PET centers world-wide have the on-site capability
of producing high specific activity carbon-11-labeled
products, and need to rely on external production of
fluorine-18 radiotracers (such as FDG) by regional
cyclotron facilities that distribute the radiotracers to
local scanners. The approximately 110 min half-life of
fluorine-18 allows distribution within a 2–4 h travel
radius, whereas the 20 min half-life of carbon-11 does
not. As such, PiB and other 11C-ligands are not widely
available, and several companies are now developing
18F-amyloid ligands. Among these, for example, Flor-
betapir, Flutemetamol and Florbetaben are promising
18F-labeled amyloid tracers that are being developed
for clinical use [62, 107–110]. 18F-Florbetapir has been
validated against pathology showing 96% agreement
between in vivo PET images and postmortem results
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rated as positive or negative for �-amyloid [108]. Many
other fluorinated tracers for amyloid PET are being
developed, as reviewed elsewhere [110–112].

While PIB and FDG may have complementary diag-
nostic roles, recent studies have demonstrated that
early time-point PIB frames are perfusion-dominated
and correlate highly with FDG, suggesting that PiB
could serve as a double source of information: PiB
binding potential and cerebral blood flow [112, 113].
This procedure may reduce costs and burden for
patients. However, as discussed above, PiB is not read-
ily available to most PET centers, and the procedure is
based on dynamic modeling, which requires an expert
image analyst, and patients need to be in the scan-
ner for 90 minutes, which may create discomfort and
increase movement artifacts. It is nonetheless an inter-
esting approach.

Using FDG-PET with or without amyloid imaging
for the early detection of AD

Given the low specificity of FDG-PET for AD
pathology, the addition of amyloid PET tracers may
be useful in the early detection of AD. An effective
strategy to increase the preclinical diagnostic accuracy
would be to combine the sensitivity of FDG-PET with
pathology-specific Aß measures.

For clinical purposes, amyloid-PET appears to be
most useful to distinguish AD from non-amyloid
dementias, such as FTD. Such capacity may prove par-
ticularly useful at the mild stages of dementia, when
symptoms are not fully expressed, and FDG-PET scans
may not show clear-cut regional metabolic abnormal-
ities. Amyloid imaging would be suitable to rule out
AD in the presence of a PIB- scan, since a demented
patient without brain Aß can not have AD-dementia
by definition. However, false negatives amyloid scans
have been observed [114, 115]. On the other hand, if a
patient with uncertain diagnosis is PIB+, it would not
possible to distinguish between AD, DLB and CAA
based on PiB scans alone.

Diagnosis of AD at early stages of dementia would
also be problematic because many NL elderly with
brain Aß deposits never develop dementia in life [116].
Amyloid imaging is necessary for the early detec-
tion of Aß pathology, but is not sufficient to make
an early diagnosis of AD-dementia. Histology stud-
ies have shown that, among individuals with AD
pathology, what differentiates demented from non-
demented subjects is the presence of neuronal loss.
In general, non-demented subjects with AD pathology

do not show neuronal loss at post mortem, while
demented subjects with AD pathology show decreases
in neuronal number and volume [116]. These find-
ings indicate that neuronal degeneration is a stronger
predictor of dementia than AD pathology [116]. There-
fore, functional tracers like FDG-PET, whose signal
correlates well with cognitive impairment, may be
needed to appreciate the extent to which Aß is affect-
ing brain function. Non-demented individuals showing
increased Aß load and reduced CMRglc would be the
ideal target population for prevention studies in AD
(Fig. 2).

FDG-PET studies have shown preclinical CMRglc
abnormalities in individuals in their 40’s [53]. It is not
known how early in the course of disease Aß deposi-
tions can be detected. Except for the known presence
of amyloid deposits in young individuals with Down’s
syndrome [117, 118], Aß plaques are more prevalent
in brains of individuals older than age 50 [119, 120]. It
was hoped that Aß imaging would facilitate the study
of the time course of amyloid deposition in brain. How-
ever, people appear to either have substantial brain Aß
or not, and to remain relatively unchanged over time.
This could be due to the fact that Aß deposition is a
very early event in AD. Should this be the case, amyloid
tracers may be more useful for longitudinal examina-
tion of younger individuals with minimal tracer uptake,
who may still show progression effects. Otherwise,
lack of effects could be due to technical issues, such
as the intrinsically low spatial resolution of PET scan-
ners, or to the fact that PIB uptake reflects the presence
of Aß fibrils, but not fibrils’ dimension or growth [121,
122].

The exact role played by Aß plaques in AD is not
clear. Recent studies have shown that A� dimers and
oligomers, not plaques, promote neuronal degenera-
tion [12, 13, 123, 124]. A� plaques represent a fraction
of total A� in the brain that has been condensed and
neutralized, and no longer contributes to neurotoxic-
ity [124]. Measurement of soluble A� is needed to
correctly estimate risk for developing AD, but trac-
ers for soluble Aß are not available. Measurement of
fibrillar A�, as achieved with PET, could be seen in
two opposing ways: either as an index of how much
soluble A� the brain has been dealing with, and there-
fore as a sign of increased risk, or as an index of how
well the brain has been getting rid of toxic A�, and
therefore as a sign that the brain is strong enough
to cope with the bad A�. The question of whether
Aß predisposes to AD-dementia will be answered
once treatment against fibrillar Aß becomes available.
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Fig. 2. Coregistered PIB and FDG-PET scans in 2 representative cognitively normal individuals at conceivably low risk for AD (top row:
negative PIB and normal FDG uptake), and at high risk for AD (bottom row: positive PIB and reduced FDG uptake) based on PET imaging
findings. Cerebral-to-cerebellar PIB Standardized Uptake Value ratios (SUVR) are displayed for each modality using a color coded scale.

Further research is required to clarify the relation
of PiB retention to clinical impairment and to eluci-
date the influence of mediating factors. One of these
potentially mediating factors is cognitive reserve (CR),
which is a broad concept conferring a reduced suscep-
tibility to impairment due to individual characteristics
such as increased synaptic or neuronal capacity, greater
efficiency engaging brain networks, or the use of alter-
native strategies [92, 125, 126]. There is evidence
that highly educated AD patients show increased PIB
uptake and lower CMRglc as compared to patients
with low education, but with a similar degree of cog-
nitive impairment [23, 92, 125, 126]. Interestingly, in
NL elderly, CR significantly modified the relationship

between PiB uptake and neuropsychological test per-
formance, such that at progressively higher levels of
CR, increased amyloid deposition was less or not at
all associated with poorer cognition [126]. Further-
more, Cohen et al. [95] showed negative correlations
between amyloid load and metabolism in AD, whereas
a positive correlation was found in MCI, although FDG
uptake was not significantly reduced in MCI compared
to controls. The Authors hypothesize that higher basal
metabolism may retard the conversion from clinical
MCI to AD, as a form of “brain reserve” such as
developing cognitive impairment would require more
A� deposition at higher levels of baseline metabolism
[95]. Age at symptoms onset is known to influence
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brain metabolism in AD [23, 24]. For instance, a large
FDG-PET analysis of 120 AD patients by Kim et al.
(2005) [24] showed that glucose hypometabolism was
more severe and extended in those AD patients who
developed symptoms before age 65 (early onset AD)
than in those who were diagnosed after age 65 (late
onset AD), although groups were comparable for over-
all dementia severity. The Authors suggest that the
more severe hypometabolism observed in early onset
relative to late onset patients of comparable dementia
severity may reflect greater brain reserve in the younger
early-onset group [24]. Overall, these results support
the hypothesis that cognitive or brain reserve influences
the association between A� pathology, metabolism and
AD symptoms [23, 24, 92, 95, 125, 126].

It is also worth pointing out that, in the enthusi-
asm of being able to image A� in vivo, tau pathology
has been somewhat neglected. Although the relation-
ship between these two abnormal proteins in AD is
not clear [98, 123], the diagnosis of AD remains based
on the presence of both plaques, NFT, and neuronal
loss with a specific neuroanatomy. Imaging NFT is
particularly important as NFT progression follows the
expected pattern of regional involvement based on clin-
ical symptoms [11], and unlike A� plaques, NFT load
correlates with cognitive impairment in AD [127]. In
vivo imaging of NFT is still under development. Hope-
fully, continued technological progress will one day
allow us to image all aspects of AD pathology in vivo,
at proper microscopic resolution, without the need for
invasive procedures.

Finally, structural CT and Magnetic resonance (MR)
imaging has long been used in the diagnostic work up
of AD to exclude alternative causes of dementia, such
as brain tumor, subdural haematoma, and cerebrovas-
cular disease such as cerebral infarcts and white-matter
lesions. Volumetric MRI analysis shows that brain
atrophy is an early event in AD and correlates with
disease progression (for review see [128]). Studies that
compared FDG to MRI showed that metabolic alter-
ations precede atrophy in at risk individuals [35, 42,
129] and yield higher accuracy for differential diagno-
sis of AD from other dementias [23]. However, MRI
is more readily accessible than FDG-PET, has higher
anatomical resolution and does not require exposure
to radioactive tracers. More studies are needed to
establish with biomarker yields the highest positive
and negative predictive value for detection of AD
risk in yet asymptomatic individuals. For a recent
review of MRI and PET studies in AD, please see
[128, 130].

In conclusion, much research has been done with
FDG-PET in AD since the first studies in the
1980’s. Thanks to the technique’s sensitivity to pro-
gression effects, FDG-PET is a prime candidate
modality for detecting functional brain changes in
early AD. Technical improvements, particularly the
enhanced resolution of modern PET-CT and HRRT
scanners, have led to increased anatomical accu-
racy. Nonetheless, there remains a great need to
increase preclinical diagnostic specificity. It is possible
that the combination of dementia-sensitive CMR-
glc with pathology-specific A� and NFT imaging
would improve the early, differential diagnosis of AD.
Since emerging evidence suggests that distinct pat-
terns of change may be detected in each modality
for patients and people at risk, an effective strategy
may be to combine dementia-sensitive FDG-PET with
pathology-specific Aß measures. For clinical purposes,
we offer that a double-tracer approach will likely lead
to the most accurate diagnosis. For example, FDG-PET
is an FDA-approved test for the differential diagnosis
of AD from FTD. However, while an abnormal FDG-
PET scan may be used to determine the presence of a
dementing disorder, oftentimes the picture is not clear-
cut and diagnosis may remain uncertain. An additional
positive finding on amyloid-PET would successfully
distinguish AD from FTD, which typically has much
less amyloid deposition and therefore is more likely to
show a negative PiB scan.

On the other hand, PiB has limited value for differen-
tial diagnosis of AD from DLB and vascular pathology
(i.e., congophylic amyloid angiopathy, CAA), as these
patients may exhibit PiB uptake comparable to AD. In
case of a PiB+ scan, FDG-PET evidence of occipito-
parietal hypometabolism characteristic of DLB, or
global hypometabolism typical of vascular disease
would further improve discrimination. Additional val-
idation studies are needed before A� PET imaging can
enter into clinical practice, and more longitudinal stud-
ies are necessary to establish the limits and strengths of
both tracers for early diagnosis of AD. Specific gaps
in knowledge that are preventing immediate clinical
application of amyloid-PET are:

– PiB positive scans are found in pathologies other
than AD, including Parkinson’s, DLB, CAA, etc,
which limits the use of amyloid-PET for differ-
ential diagnosis. Nonetheless, amyloid-PET is of
value for the discrimination of AD from non-
amyloidogenic disorders such as FTD.
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– PiB positive scans are found in up to 50%
cognitively normal elderly, which prevents
implementation of amyloid-PET imaging to dis-
criminate AD from normal aging.

– More longitudinal studies with longer time to fol-
low up are needed to establish whether amyloid
load and glucose hypometabolism on PET are
accurate predictors of future AD. At present, the
few published longitudinal studies have been pub-
lished provide encouraging evidence that these
may be the case. However, these studies were
performed in a research setting and results were
based on detection of group differences. In order
to validate PET imaging as a prognostic marker
for AD: (1) The positive and negative predictive
value of these tracers must be established based on
examination of correspondence between individ-
ual scans and clinical outcome; and (2) research
findings must be confirmed in community-based
studies.

Once more multi-modality PET studies are avail-
able to clarify the incremental accuracy of FDG and
amyloid-PET for differential diagnosis, we believe that
most suspected AD patients will benefit from receiv-
ing both FDG and amyloid PET imaging. Likewise,
we offer that accurate characterization of the extent
and nature of brain damage in individual cases, based
on converging evidence from different biomarkers,
will likely play an important role in the prediction
of subjects’ clinical course. Other potential benefits
include the selection of individualized treatment plans
and screening of patients with more uniform under-
lying pathology for targeted research and drug trials.
It is momentous that on April 19 th 2011, for the first
time in 27 years, new criteria and guidelines for the
diagnosis of AD have been published by three expert
workgroups spearheaded by the Alzheimer’s Associa-
tion and the National Institute on Aging (NIA) of the
National Institutes of Health (NIH). Along with ready-
to-use clinical diagnostic criteria for AD and MCI due
to AD, a research agenda was proposed for preclin-
ical AD to expand the definition of Alzheimer’s to
include two new phases of the disease: (1) presymp-
tomatic and (2) mildly symptomatic but pre-dementia,
along with (3) dementia caused by Alzheimer’s. This
reflects current thinking that AD begins creating dis-
tinct and measurable changes in the brains of affected
people years, perhaps decades, before memory and
thinking symptoms are noticeable. However, the use
of biomarkers in AD and MCI, let alone at pre-AD

states, was proposed as a research agenda only, and
is not intended for application in clinical settings at
this time. The early detection of AD is challenging,
both mathematically and ethically, while disease-
modifying treatments remain unavailable. There are
several potential dangers of misdiagnosis using PET
or any other biomarker in yet asymptomatic indi-
viduals. Even in a disease such as breast cancer, in
which early detection may be indisputably linked to
improved clinical outcome, there is considerable con-
troversy about the methodology and ethics of providing
genetic testing as a means of assessing the risk for
eventual development of this disease. No data are cur-
rently available to provide insight into the policies and
choices that would be made and the repercussions that
may ensue if PET, or some other measure of the pre-
clinical risk of AD, were to be used in asymptomatic
individuals. For more discussion on this important
issue, we recommend [128–130].
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Abstract. This study used PET with the amyloid-� (A�) imaging agent 11 C Pittsburgh Compound-B (PIB) and the glucose
metabolic tracer 18F-fluorodeoxyglucose (FDG) to map the relationship of A� deposition to regional glucose metabolism in
Alzheimer’s disease (AD). Comparison of 13 AD patients’ FDG scans with 11 healthy controls confirmed a typical temporo-
parietal hypometabolic pattern in AD. In contrast, PIB distribution-volume-ratios showed a distinct pattern of specific tracer
retention in fronto-temporo-parietal regions and striatum in AD with peaks in left frontal cortex, precuneus, temporal cortex,
striatum and right posterior cingulate. There were no region-to-region or within region correlations between FDG and PIB
uptake in PIB positive AD patients but when the impact of A� load on glucose metabolism was assessed via probabilistic maps,
increased amyloid burden was coupled with decreased metabolism in temporo-parietal regions and the posterior cingulate.
However, importantly, severe A� burden was not associated with comparable metabolic decreases in large parts of the frontal
lobes, the striatum and the thalamus.

Keywords: Alzheimer’s disease, amyloid plaques, amyloidosis, fluorodeoxyglucose, glucose metabolism, Pittsburgh
compound-B

INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenera-
tive disease with a distinct neuropathology involving
extracellular neuritic amyloid-� (A�) plaques and
intraneuronal neurofibrillary tangles (NFT) [1–3].
Triggered by findings that genetic defects in the
amyloid-� protein precursor (A�PP) gene lead to over-
production of A� and early-onset familial AD [4, 5],
it has been suggested that A� is in fact the primary
cause of AD [6]. According to this framework A�
causes synaptic dysfunction, synapse loss, and neu-
ronal death and eventuates in the formation of NFT.
However, deposition of A� plaques correlate poorly

∗Correspondence to: Dr. Ansgar Furst, War Related Illness and
Injury Study Center, VA Palo Alto Health Care System, 3801
Miranda Ave, Mailcode 151Y, Palo Alto, CA 94304-1290, USA.
Tel.: +650 493 5000 1 1, x68652; E-mail: ajfurst@stanford.edu.

both spatially and temporally with the occurrence of
NFT [2, 3, 7]. While global insoluble A� plaque con-
centration does not seem to be a good predictor of
dementia severity [8–10], recent evidence suggests that
soluble A� oligomers play a central role in synaptic
loss in AD [11] and soluble A� correlates with cogni-
tive status [12]. Evidence from mouse models suggests,
however, that A� plaques do disrupt the synchrony of
converging neuronal inputs and therefore may influ-
ence network efficiency in AD [13, 14]. Clearly, while
A� occupies a central role in the pathophysiology of
AD, its relationship to both NFT and brain function is
unclear.

The regional effects of A� deposition on brain func-
tion can be assessed by combining recently developed
PET ligands that track A� deposition with measures
of glucose metabolism using 18F-fluorodeoxyglucose
(FDG). In particular, [N-methyl-11C]-2-(4’-methy-
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laminophenyl)-6-hydroxybenzothiazole, more com-
monly known as Pittsburgh Compound-B (PIB),
specifically binds to fibrillar A� both in vitro [15] and
in vivo [16] and has been used to study AD, normal
aging, mild cognitive impairment (MCI), frontotem-
poral dementia (FTD) and other dementias [16–29].
The available evidence suggests that A� deposition
while most prominent in frontal, parietal, tempo-
ral, posterior cingulate and striatal regions, does not
exert uniform effects on brain function since regional
hypometabolism appears to be limited to posterior cin-
gulate and temporoparietal cortex.

Some authors [16, 30] using region-of-interest (ROI)
analyses have reported negative correlations between
A� load and glucose metabolism in temporal and pari-
etal regions. These correlations included PIB negative
healthy controls or PIB negative AD patients, how-
ever, and did not include effects of atrophy on the data.
More recently, Cohen and colleagues [31] performed a
detailed ROI and voxel-based analysis of the relation-
ship between A� deposition and metabolism in PIB
positive controls, MCI and AD patients which included
atrophy correction. They reported a local negative cor-
relation between FDG uptake and PIB retention in pari-
etal and precuneus cortices of AD patients along with a
more tenuous association with PIB uptake in the frontal
cortex. However, the inverse correlation between FDG
and PIB in AD has been challenged by several other
groups. Li and colleagues [32] studied this relationship
using an ROI approach combined with probabilistic
gray matter masking and did not find any negative
correlations. Similarly, Furst et al. [33] explored this
question in the to-date largest AD cohort and did not
find any inverse correlations using ROI and voxel-wise
approaches with or without atrophy correction.

The current study aimed at investigating the relation-
ship between A� deposition and glucose metabolism
by comparing PIB and FDG scans in AD patients with
�-amyloidosis contrasting traditional correlational
approaches with Bayesian probabilistic modeling.

MATERIALS AND METHODS

Subject selection

Patients were recruited from an AD research cohort
followed at the University of California San Francisco
Memory and Aging Center (UCSF-MAC). The clinical
evaluation included a history and physical examina-
tion by a neurologist, a structured caregiver interview
administered by a nurse, and a comprehensive battery

of neuropsychological tests. Patients’ functional sta-
tus was measured using the Clinical Dementia Rating
Scale (CDR) [34]. Clinical diagnoses were assigned
by consensus at a multidisciplinary conference using
standard research criteria [35].

Patients were considered eligible for the study if they
had a clinical diagnosis of probable AD, did not have
significant co-morbid medical, neurological or psychi-
atric illness and had a PIB positive scan according
to a previously established cut-off [36]. Two subjects
were excluded from the final analysis due to techni-
cal reasons (motion artifact, incomplete study). Our
final cohort consisted of 13 patients with probable AD
(Table 1). Five subjects were included in a previously
published series examining the utility of PIB-PET in
differentiating between AD and frontotemporal lobar
degeneration [20].

Eleven control subjects were recruited from the
community by advertisement. All were free of signifi-
cant medical illnesses and were not taking medications
deemed to affect cognition. Control subjects were
judged to be cognitively normal following an eval-
uation that included a medical history, functional,
neurological and neuropsychological assessment.

The study was approved by the University of Califor-
nia at Berkeley Campus Committee for the Protection
of Human Subjects and the University of California
San Francisco Committee for Human Research.

Radiochemical synthesis

11C-PIB was synthesized at the Lawrence Berke-
ley National Laboratory’s Biomedical Isotope Facility
using a previously published protocol [37]. The
final compound was injected at high specific activity
(average 3369 mCi/�mol, range 1356–9461). 18F-
fluorodeoxyglucose was purchased from a commercial
vendor (Eastern Isotopes, Sterling, VA).

Table 1
Group characteristics. P values correspond to comparisons between

AD and controls

AD Control p

n 13 11
Age 63.9 (7.1) 72.6 (4.3) < .01
Male/Female 6/7 5/6 ns
Education 15.9 (3.4) 18.1 (2.9) ns
MMSE 20.0 (7.0) 29.4 (0.7) < .01
CDR 0.9 (0.2)* N/A
PIB positive 13 0

* - Data not available for one subject; AD = Alzheimer’s disease;
MMSE = Mini-Mental State Exam; CDR = clinical dementia rating;
N/A – not available; ns = not statistically significant (p > 0.05).
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Image acquisition

PET scans were performed at Lawrence Berke-
ley National Laboratory using a Siemens ECAT
EXACT HR PET scanner in 3D acquisition mode.
All 24 subjects underwent PET imaging with 11C-
PIB. Between 10–20 mCi of 11C-PIB was injected as
a bolus into an antecubital vein. Dynamic acquisition
frames were obtained as follows: 4 × 15 s, 8 × 30 s,
9 × 60 s, 2 × 180 s, 8 × 300 s and 3 × 600 s, for a total
of 90 min. The same subjects also underwent PET
imaging with 18F-FDG. 18F-FDG imaging began a
minimum of two hours following 11C-PIB injection
(six Carbon-11 half-lives). Six emission frames of
5 min each were acquired starting 30 minutes after
injection of approximately 10 mCi of the tracer, with
the patient resting quietly in a well lighted room with
minimum ambient noise, and eyes and ears open during
tracer uptake. Ten minute transmission scans for atten-
uation correction were obtained either immediately
prior or following each 11C-PIB and 18F-FDG scan.
PET data were reconstructed using an ordered sub-
set expectation maximization algorithm with weighted
attenuation. Images were smoothed with a 4 mm Gaus-
sian kernel with scatter correction. All images were
evaluated prior to analysis for patient motion and ade-
quacy of statistical counts.

All patients underwent MRI scans on a 1.5-T Mag-
netom VISION system (Siemens Inc., Iselin, NJ)
using a previously published protocol [38]. In patients
with multiple MRIs, the MRI closest to the date of
the PET scan was used for analysis. T1-weighted
images for control subjects were collected on a 1.5T
Magnetom Avanto System (Siemens Inc., Iselin, NJ)
with a 12 channel head coil run in triple mode.
Volumetric magnetization prepared rapid gradient
echo (MP-RAGE) scans were collected on each sub-
ject (TR/TE/TI = 2.11 s/3.58 ms/1.1 s, flip angle = 15°),
with 1 mm3 voxel dimensions.

Image pre-processing for voxel-wise analysis in
SPM2

Subjects’ structural scans (T1-weighted MRIs) were
manually reoriented to the anterior–posterior com-
missure plane and origins were set to the anterior
commissure (AC). Structural images were segmented
in SPM2 (http://www.fil.ion.ucl.ac.uk/spm) and the
resulting gray and white matter images were added
to form a brain mask. This mask was then applied
to the original structural scan to effectively skull-

strip the brain. The skull-stripped image was used to
determine the spatial normalization parameters (SPM2
defaults) to warp the structural scan to the Ch2bet tem-
plate, a high-resolution skull-stripped single-subject
T1-weighted scan in Montreal Neurological Insti-
tute (MNI) space [39]. The resulting normalization
parameters were then inverted and used to perform a
reversed (backwards) MNI-to-native space normaliza-
tion of two (MNI space) reference region templates that
included the cerebellum and the pons. The cerebellar
reference region was derived from the Ch2bet based
Automated Anatomic Labeling (AAL) Atlas [40] and
comprised the cerebellar cortex excluding peduncular
white matter. The pons reference region was drawn
directly onto the Ch2bet template. We reverse normal-
ized the MNI space template reference regions into
each subject’s native-space in order to visually inspect
and manually edit them if needed based on their orig-
inal anatomy.

Origins were manually set to AC in all PET frames.
11C-PIB frames 6-34 were coregistered and resliced
with SPM2 PET realignment parameters using a mid-
scan frame visually judged to best represent the
subject’s anatomy (usually number 17) as the refer-
ence frame. Frames 1–5 were coregistered separately
to the mean 11C-PIB image obtained from realign-
ment, since these frames typically contain a paucity of
anatomical information due to low tracer counts. 18F-
FDG scans were realigned with defaults and summed.
In order to overlay the native-space reference regions
obtained previously 11C-PIB and 18F-FDG scans were
now coregistered to the structural scans. Since the pons
has been previously shown to be preferable over the
cerebellum as reference region in FDG imaging involv-
ing AD patients [41] 18F-FDG scans were normalized
to mean activity in the pons reference region. For 11C-
PIB, voxel-wise Distribution Volume Ratios (DVRs)
were calculated using Logan graphical analysis [42],
with the cerebellum reference region time-activity
curve used as a reference tissue input function. The
cerebellum was chosen as a reference region because
it is relatively free of fibrillar plaques in AD [43],
and results obtained with this analysis are similar to
those derived from arterial input functions [16, 44, 45].
Kinetic parameters (T = 35–90 min, k2 = 0.15 min−1)
were based on previously reported values [45]. DVRs
and pons normalized 18F-FDG scans (FDGs) were
partial volume corrected for effects of cerebrospinal
fluid (for details see 2.5.). The obtained native-space
DVRs and FDGs were later used for a separate region-
of-interest (ROI) analysis (see 2.6.). However, for
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the purpose of voxel-wise analysis within SPM2 the
images underwent an additional processing step in
which the subjects’ structural scans were spatially nor-
malized to the SPM2 T1 template and the resulting
normalization parameters were applied to the FDG and
DVR volumes to allow group-wise comparisons within
SPM2.

Partial volume correction of PET scans

Using MATLAB and SPM2, a 6 degree of freedom
coregistration of the subject’s PET scan to the struc-
tural scan was calculated, inverted and applied to the
structural scan to bring it into the subject’s native PET
scan space. The structural scan was then segmented
and gray and white matter combined to specify a brain
mask. This binary brain mask was convolved with
the specific point spread function of our scanner to
estimate the fraction of brain matter in each region.
The PET scan was then divided by this proportion to
account for the spill out into non-brain regions. This
one compartment model does not account for different
uptake in white and gray matter regions [46-48].

Native space gray matter ROI analysis in
FreeSurfer

Pre-processed native-space partial volume corrected
DVRs and FDGs (see 2.5 & 2.6) were used for
this analysis. In order to obtain optimized gray-
matter only ROIs a separate stream of T1-weighted
image processing and native space ROI labeling was
implemented using the FreeSurfer software package
(http://surfer.nmr.mgh.harvard.edu/), which has been
described in detail elsewhere [49–53]. In brief, T1-
weighted scans were resampled to 1 mm isotropic
dimensions, intensity normalized, and skull stripped.
A white matter-based segmentation procedure was
performed, and subcortical structures were labeled
based on a probabilistic atlas and voxel intensity val-
ues. The gray/white matter and pial surfaces were
defined, and topology correction was applied to the
reconstructed surfaces. Resulting outputs were visu-
ally confirmed and manual edits were performed when
necessary. Finally, cortical ROIs were labeled along
the reconstructed surface using a probabilistic atlas
and each subject’s surface geometry. An a priori set
of FreeSurfer ROIs were overlaid on the coregistered
native-space partial volume corrected DVR and FDG
images and values were extracted from both PET
modalities.

ROIs from association cortices and the striatum were
selected since these regions have been shown to have
high DVR values in AD [16, 21]. In our native space
analysis, we sought to confirm differences in DVR
counts between AD and controls, and also explore the
relationship between PIB and FDG in brain regions
vulnerable to A� pathology. Based on the available
a priori set the following ROIs were used/defined:
dorsolateral (dlFr = caudal and rostral middle frontal
gyrus) and medialorbital (moFr) prefrontal cortex,
anterior (aCin = rostral anterior cingulate) and pos-
terior (pCin = isthmus cingulate) cingulate, parietal
(Par = inferior parietal and supramarginal gyrus), tem-
poral (Temp = middle & superior temporal gyrus),
occipital cortex (Occi = cuneus and lingual gyrus),
thalamus (Thal), caudate (Caud), putamen (Put) and
precuneus (Pre). In an additional analysis partial cor-
relations were computed between ROI counts in PIB
vs. FDG scans from AD patients only controlling for
age and education. We adopted a liberal p < . 05 (omit-
ting Bonferroni correction) in order to be able to pick
up potential trends.

Voxel-wise analysis

First, two (one-tailed) independent sample compar-
isons were performed. One compared FDG scans in
AD patients vs. controls and the other PIB DVR scans
between the two groups. T-maps were thresholded at
a false discovery corrected t = 3.3, p < 0.05 and t = 3.1,
p < 0.01, respectively. We also computed average DVR
images to demonstrate the specific retention pattern
seen in AD patients compared to the non-specific tracer
uptake in controls.

The second analysis investigated the impact of A�
load (DVRs) on glucose metabolism (FDGs) in AD
patients only. For this purpose all functional images
were additionally intensity normalized by dividing
each voxel in a given PET scan by the maximum
value of that scan. We opted for intensity normaliza-
tion rather than z-score transformation because the
former results in images with a range from 0 to 1
instead of positive and negative values clustered around
a zero mean. For FDG-PET scans, for example, val-
ues closer to 0 represent voxels that show the most
severe hypometabolism whereas in PIB-PET scans this
corresponds to areas with the lowest A� burden. Con-
versely, values approaching 1 stem from regions of
highest metabolic activity and highest A� load for
FDG- and PIB-PET scan, respectively. We hypothe-
sized that if A� load is indeed detrimental to local
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synaptic activity/integrity one would expect relatively
increased DVR values to be accompanied by rela-
tively decreased FDG values (DVR-FDG > .0). In order
to test this hypothesis we created difference images
subtracting FDGs of each patient from their DVR
counterparts. In order to assess the strength of the
hypothesized relationship on a continuous scale we
opted for Bayesian posterior probability maps (PPMs)
rather than standard t-maps since the former show
exact probabilities for the research hypothesis rather
than the null hypothesis. We further plotted the high-
est (95–100%) and lowest (0–5%) probabilities for
DVR-FDG approaching 1 in regions of very high A�
load (top 25% DVR counts in a given patient) while
excluding white matter. The chosen probability thresh-
olds are roughly equivalent to p < 0.05 and p > 0.95 in
null-hypothesis testing. Note that this approach was
preferred over running voxel-wise correlations since
the latter can be problematic due to lack of degrees
of freedom, false-discovery correction issues and the
less straightforward interpretation of correlation coef-
ficients.

Statistical analysis

Group differences in demographic and neuropsy-
chological measures were examined using two-tailed

independent sample t-tests. Dichotomous variables
were analyzed using Fisher’s Exact tests. Mean FDG
ROI values were compared between groups using two-
tailed independent sample t-tests with a Bonferroni
corrected p of 0.0045 (0.05/11). An analogous analy-
sis was carried out with the DVR ROI data. Statistical
analyses were implemented in Statistica 6.0 software
(StatSoft Inc., Tulsa, OK).

RESULTS

AD patients were significantly younger than con-
trols (see Table 1). As expected patients scored
significantly lower on the MMSE compared to con-
trols. The two groups did not differ concerning, gender
or years of education.

Native space mean ROI analyses of FDG uptake
revealed a significant metabolic reduction in parietal
cortex (−17%) in AD patients compared to con-
trols (see Table 2). Reductions were also seen in
precuneus (−16%), and posterior cingulate (−13%)
although these were not significant after Bonferroni
correction, and a trend was noted in temporal cortex
(−10%). Mean PIB DVR values obtained in native
space ROIs were significantly elevated everywhere
except the thalamus (trend) when patients were com-
pared with controls (see Table 3). The largest relative

Table 2
Comparison of FDG uptake in AD vs. Controls in selected brain regions

dlFr moFr aCin pCin Par Temp Occi Thal Caud Put Pre

AD 1.19 1.06 0.90 0.87 0.98 1.02 1.10 0.97 0.94 1.00 0.93
(0.15) (0.15) (0.13) (0.13) (0.14) (0.14) (0.12) (0.16) (0.12) (0.16) (0.11)

Con 1.27 1.00 0.88 1.00 1.18 1.13 1.16 1.00 0.99 0.99 1.11
(0.16) (0.18) (0.19) (0.18) (0.15) (0.14) (0.20) (0.15) (0.18) (0.18) (0.17)

Decr* −7 N/A N/A −13 −17 −10 −5 −3 −5 N/A −16
p 0.19 0.38 0.82 0.05 0.003 0.08 0.40 0.63 0.43 0.88 0.005

* Relative decrease (%) of FDG uptake in AD when compared to controls. Bold figures indicate a significant effect at a corrected p < 0.0045.
dlFr = dorsolateral prefrontal cortex, moFr = medialorbital prefrontal cortex, aCin = anterior cingulate, pCin = posterior cingulate, Par = parietal
cortex, Temp = temporal cortex, Occi = occipital cortex, Thal = thalamus, Caud = caudate, Put = putamen, Pre = precuneus.

Table 3
Comparison of PIB uptake (DVRs) in AD vs. controls in selected brain regions

dlFr moFr aCin pCin Par Temp Occi Thal Caud Put Pre

AD 2.35 2.25 2.14 1.96 2.17 2.22 1.59 1.89 1.77 1.90 2.17
(0.32) (0.41) (0.40) (0.31) (0.34) (0.39) (0.17) (0.22) (0.25) (0.27) (0.36)

Con 1.49 1.32 1.35 1.34 1.44 1.42 1.35 1.72 1.38 1.36 1.32
(0.11) (0.08) (0.07) (0.07) (0.06) (0.06) (0.09) (0.14) (0.12) (0.05) (0.08)

Incr* 58 70 58 46 51 56 18 10 28 40 64
3E–0 2E–0 2E–0 2E–0 5E–0 8E–0 4E–0 4E–0 1E–0 1E–0 1E–0

p 8 7 6 6 7 7 4 2 4 6 7

Relative increase (%) of PIB uptake in AD when compared to controls. Bold Fig.s indicate a significant effect at a corrected p < 0.0045.
dlFr = dorsolateral prefrontal cortex, moFr = medialorbital prefrontal cortex, aCin = anterior cingulate, pCin = posterior cingulate, Par = parietal
cortex, Temp = temporal cortex, Occi=occipital cortex, Thal = thalamus, Caud = caudate, Put = putamen, Pre = precuneus
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increases of PIB uptake were observed in medialorbital
prefrontal cortex (+70%) and precuneus (+64%).

Voxel-wise comparison of FDG in AD patients and
controls revealed significant (p < .05, FDR corrected)
bilateral hypometabolism in angular gyrus, precuneus,
posterior cingulate, and middle/inferior temporal cor-
tex (see Fig. 1). Hypometabolism was most severe in
the left angular gyrus. Group averaged DVRs showed
a distinct pattern of specific PIB retention in AD
whereas only low non-specific retention was observed
in controls (Fig. 2). Map-wise t-tests (p < 0.01, FDR
corrected) confirmed that PIB uptake was significantly
higher in AD compared to controls (Fig. 4, A1 & 2)
in bilateral precuneus, angular gyrus, anterior & poste-
rior cingulate, superior and middle frontal, dorsolateral
(BA 9 & 46) and ventrolateral (BA 44, 45, 47) pre-
frontal and orbitofrontal cortex, striatum, thalamus,
middle and inferior temporal cortex, fusiform gyrus,
calcarine and lingual gyrus. Peaks were located in left
precuneus, right posterior cingulate, left middle & infe-

rior temporal cortex, left fusiform gyrus, left striatum,
left orbitofrontal cortex, bilateral superior & middle
frontal cortex.

Partial correlations between DVR and FDG ROI
data of AD patients neither revealed any inverse cor-
relations nor visible trends (p > 0.10). Whole-brain
averaged intensity normalized DVRs and FDGs for
AD patients only are shown in Fig. 3. Probability
maps (PPMs) assessing the likelihood for a voxel with
increased (top 25%) A� load (DVRs) to be accom-
panied by lowered glucose metabolism (FDGs) were
computed and white matter was masked out. We then
plotted the highest (95–100%) and lowest (0–5%)
probabilities for the effect (Fig. 4, B1 & B2). High
A� load was found to be coupled with reduced glu-
cose metabolism in posterior cingulate, precuneus,
angular gyrus, middle & inferior temporal cortex.
Importantly, however, the same A� burden was not
coupled with comparable metabolic reduction in large
parts of superior & middle frontal cortex, orbitofrontal

Fig. 1. FDG uptake in AD vs. controls. A) averaged FDG scans for 13 PIB + AD patients; B) averaged FDG scans for 11 PIB- controls;
C = one-tailed t-maps comparing FDG uptake in controls and AD patients (FDR corrected at p < 0.05). All figures are in neurological orientation.
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Fig. 2. PIB uptake (DVRs) in AD vs. controls. A) averaged DVR scans for AD patients; B) averaged DVR scans for controls.

Fig. 3. Intensity normalized PIB and FDG images in AD only. A) averaged intensity normalized DVR volumes for AD patients only B) averaged
intensity normalized FDG volumes for AD patients only.

& inferiofrontal cortex, striatum, thalamus, calcarine,
lingual and inferior occipital lobes. Furthermore, as
can be seen in Fig. 4 some of these regions had been
identified earlier as showing maximal A� load when
patients were compared with controls (A1 & A2).
While high A� load seems to be consistently coupled
with metabolic reduction in temporo-parietal (poste-
rior) areas no comparable reduction can be seen in large
frontal (anterior) regions and striatum in spite of very
high levels of A�.

DISCUSSION

In this study we used atrophy corrected data to
investigate the relationship between A� plaque load
and glucose metabolism as measured by the radio-
tracers PIB and FDG and both voxel-wise and native
space ROI approaches. Analysis of the FDG data
confirmed a typical temporo-parietal hypometabolic
pattern in AD [54, 55], while PIB DVRs illustrated
a distinct pattern of specific PIB retention in fronto-
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Fig. 4. Impact of severe A� load on glucose metabolism in AD only and comparison with peak A� regions in AD vs. controls. A1 &
A2 = voxel-wise comparison of PIB uptake (DVRs) in AD patients (13) vs. controls (11). Thresholded at a corrected (FDR) p < 0.01. B1 &
B2 = voxel-wise comparison of the 25% highest PIB counts and their spatially corresponding FDG counterparts in AD patients only. Bayesian
posterior probability maps indicate regions where high A� load was coupled with lowered glucose metabolism and regions where high A�
burden was not accompanied with a comparable metabolic reduction. Slice selection is the same as in A1 & A2.

temporo-parietal, precuneus, posterior cingulate, and
striatal regions in AD and only weak non-specific
PIB retention in white matter in controls [16]. Con-
sistent with previously published data [32, 33, 56] we
did not observe any region-to-region or within region
effects between FDG and PIB in AD patients when
using partial correlations. However, our voxel-wise
analysis of PPMs showed that increased A� burden
was found to coincide with decreased metabolism in
temporo-parietal regions (including precuneus) and the
posterior cingulate. However, severe A� plaque burden
was not coupled with comparable metabolic decreases
in large parts of the frontal lobes, the striatum and the
thalamus.

These patterns of metabolic reduction and A� depo-
sition are similar to those that have been reported in
other studies [16, 18, 19, 30, 54, 55, 57–62]. Varia-
tions in the findings concerning which of these three
regions is most hypometabolic are in part accounted
by different ROI drawing methods, degrees of statis-
tical thresholding and whether the data was partial
volume corrected. However, the absence of relative
metabolic reductions despite severe A� load (top 25%
PIB counts) in frontal, striatal and thalamic regions
compared to temporo-parietal regions is intriguing and
needs to be considered in more detail.

While Cohen and colleagues [31] found in their anal-
ysis of PIB positive AD patients a negative correlation
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between metabolism in the precuneus and PIB reten-
tion in the frontal regions we did not observe any such
correlations in our ROI data. The discrepancy between
their findings and the present data are unlikely due
to differences in sample sizes with an n = 14 in their
study vs. 13 in ours. Therefore lack of statistical power
can be ruled out as an explanation particularly since
studies with considerably larger Ns (34) also failed
to find such a correlation [33]. As Cohen et al., our
studies also applied atrophy correction to adjust for par-
tial volume effects. However, interestingly the authors
applied some arbitrary pre-thresholding of their PIB
data (discarding all DVR values smaller than 0.75)
which may account for the differences in the findings
as it changes the variance and range of the underlying
data.

In order to appreciate the key findings of the present
paper it is important to consider the distinction between
correlational approaches and the increased probabili-
ties in terms of PPM as we report them here. PPMs are
not directly comparable to correlations as we aimed
at looking at the most severely affected regions of the
brain across subjects in contrast to relating FDG and
PIB in a continuous fashion. Our procedure involved
intensity normalization which allows for direct com-
parison between modalities across subjects followed
by thresholding to indentify the most severely affected
regions in terms of A� load and hypometabolism.
Obviously, this approach only looks at a subset of
the data and is not suitable for looking at continuous
effects. Nonetheless, our finding of relative metabolic
sparing in anterior compared to posterior brain regions
despite more pronounced A� burden in anterior vs.
posterior regions is intriguing and has been noted
before [32, 33].

Indeed, in a recent study using the triplet of the
tracers 2-(1-{6-[(2-[18F]fluoroethyl)(methyl) amino]-
2-naphthyl}ethylidene)malononitrile (FDDNP), PIB
and FDG [63] presented an analysis that is very rele-
vant to our findings. The authors compared the uptake
in the three tracers in AD vs age-matched controls and
found similar patterns for PIB and FDG together with
the expected differential uptake of FDDNP illustrat-
ing the tracer’s binding to both A� plaques and NFT.
Importantly, when the authors produced a visual ren-
dering of the overlap between the regions that were
both most hypometabolic and showed the largest A�
burden they found the same temporo-parietal pattern
as we report it here. However, as in our data PIB uptake
peaked in frontal (anterior) brain regions which were
relatively spared in terms of metabolism.

As hypometabolism is related to synaptic integrity
two other studies exploring the relationship between
PIB uptake and gray matter densities should be con-
sidered here. Chetelat and colleagues [64] looked at
this relationship across the diagnostic spectrum and did
not find any correlations between PIB uptake and gray
matter densities in controls, MCI or AD but only con-
trols with subjective memory complaints. By contrast
Frisoni et al. [65] found an anterior-posterior gradient
of increasing atrophy in posterior brain regions in rela-
tion to PIB uptake when combining the data of a group
of AD patients and controls. They reported a voxel-
wise pattern that closely resembles the findings of our
PPM analysis. Unfortunately, however, the authors did
not report separate regressions for AD and controls,
respectively.

Despite the fact that in AD A� load and
hypometabolism seem to spatially coincide in multiple
brain regions the lack of a direct correlation between
the two measures is consistent with the finding that
while FDG correlates reliably with measures of cogni-
tive decline PIB does not [33, 56]. These reports are in
line with longitudinal data on A� accumulation includ-
ing the very first AD patient ever scanned with PIB
[66] suggesting that A� levels remain relatively stable
as cognitive functions deteriorate [23, 67].

Similarly longitudinal MRI but not PIB changes
were found to be correlated with dementia severity in
another study [29]. Consequently, there seems to be a
growing consensus in the field that once AD pathology
is fully present A� is no longer a driving factor of the
continued cognitive decline [7, 29, 68].

The above suggests that ongoing clinical trials aimed
at lowering A� levels in AD [69] may ultimately fail in
improving the symptoms at such a late stage of the dis-
ease. Instead intervention at pre-symptomatic stages
seems to be more promising.
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Florbetaben to Trace Amyloid-� in
the Alzheimer Brain by Means of PET
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Abstract. PET imaging of amyloid-� has recently emerged as a valuable biomarker to support the in vivo diagnosis of Alzheimer’s
disease (AD). So far, however, no tracer is available suitable for general clinical routine application. Florbetaben is a promising
18F-labeled amyloid-�-targeted PET tracer currently in Phase2/3 clinical development. This review provides an overview on
the current knowledge and future research activities on florbetaben. Recently, the first worldwide multi-center trial to test the
diagnostic performance of amyloid-� PET in AD was conducted with this tracer. From this trial, a sensitivity and specificity
of 80 and 91% in the discrimination between patients with probable AD and age-matched healthy controls was reported.
Ongoing florbetaben PET trials deal with correlating the in vivo PET signal to post mortem histopathology evaluation, and with
investigating the value of the tracer to predict progression to AD at the stage of mild cognitive impairment. The preclinical
and clinical data currently available verify florbetaben as a safe and efficacious PET tracer suitable for detection of amyloid-�
deposition in the brain. The results of the ongoing trials will contribute to current knowledge on the characteristics of florbetaben,
and will help to determine the future potential of florbetaben PET imaging as a visual adjunct to supplement the routine clinical
“AD diagnostic toolbox”.

Keywords: Alzheimer’s disease, amyloid-�, PET imaging, florbetaben

INTRODUCTION

In the Alzheimer’s disease (AD) community, there is
increasing understanding of the importance to incorpo-
rate biomarker information into the diagnostic work-up
[1,2]. Amongst the different biomarker alternatives
to support the in vivo AD diagnosis, positron emis-
sion tomography (PET) imaging of brain amyloid-�
(A�) is particularly appealing as it permits direct non-
invasive visualization and quantification of one of the
two histological hallmarks of the disease. Amongst the
different available A�-targeted PET tracers, [11C]PIB
was so far most frequently used [3]. The short radioac-
tive half life of the label (20 min), however, limits
the use of this tracer to PET facilities with an on-
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site cyclotron. Therefore, there is currently intensive
research to identify more stable A�-targeted PET trac-
ers. In this overview, we describe florbetaben as a
promising 18F-labeled A�-PET tracer with favorable
characteristics to potentially allow future routine use in
the clinic to support AD diagnosis. We review the cur-
rent knowledge on florbetaben as it was obtained from
recent preclinical and clinical studies, and summarize
future directions to develop this tracer.

PRECLINICAL DATA ON FLORBETABEN

Florbetaben ([18F]BAY 94-9172, trans-4-(N-methyl
-amino)-4′-2-[2-(2-[18F]fluoro-ethoxy)-ethoxy]-etho
xy-stilbene) is an polyethylene glycol stilbene deriva-
tive. The first radiosynthesis of this tracer including
the radio-labelling of the non-radioactive precursor
(BOC-Stilbenmesylate) with 18F (the radioactive
fluoride provided by an onsite cyclotron) followed
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by acid hydrolysis and semi-preparative HPLC for
purification was described by Zhang et al. (2005) [4].

Florbetaben showed high binding affinity to syn-
thetic A�1-42 fibrils in vitro (inhibition of [125I]IMPY
binding: IC50 = 146 nM) and to human post-mortem
AD brain homogenate (inhibition of [125I]IMPY
binding: IC50 = 24 nM). Fluorescence microscopy
demonstrated that the non-radioactive drug substance
does not bind to hyperphosphorylated tau deposits on
FTD and AD brain tissue sections. Further, employing
radioligand binding assays for the non-radioactive drug
substance, a broad panel of animal and human recep-
tors and transporters not related to A� were tested: no
significant binding of florbetaben was observed.

In NMRI mice, a high initial brain uptake of flor-
betaben was detected (4.77% ID/g at 2 min p.i.).
Blood serum clearance in rats was rapid (3.1 l/h/kg)
and bone uptake was low over a long time span
(4.64% ID/g at 4 h p.i.).

The tracer’s pre-clinical safety evaluation also
showed favorable results. Further, in the extended sin-
gle dose and repeated dose pre-clinical toxicity studies
the non-radioactive drug substance was well tolerated,
and the in vitro and in vivo genotoxicity assays per-
formed did not reveal a mutagenic potential.

PREVIOUS CLINICAL DATA ON
FLORBETABEN

Florbetaben was initially tested in Australia by
Rowe et al. (2008) [5]. To provide proof of mecha-
nism for the ability of florbetaben to image A�, 15
AD patients, 15 healthy controls (HCs) as well as five
patients with frontotemporal lobe dementia (FTLD)
underwent PET imaging. The visual and quantitative
PET data obtained in this trail allowed discriminating
the subject cohorts with high power: In visual PET
data analysis, all AD patients were scored as positive
for A�, 13 of the 15 HCs as A�-negative, and all FTLD
patients as A�-negative. In quantitative analysis, neo-
cortical tracer uptake was significantly higher for the
AD patients as compared to the HCs (SUVR 2.0 ± 0.3
vs. 1.3 ± 0.2, p < 0.0001) [5].

Further to this first in man trial, O’Keefe and
colleagues initially determined the human radiation
exposure related to the application of florbetaben:
By investigation three elderly healthy controls, the
highest absorbed dose was found for the gall
bladder. The effective dose was determined to be
14.7 ± 1.4 mSv/MBq [6] which translates to a radia-

tion exposure of 4.4 mSv in case of a standard activity
of 300 MBq. This amount of radiation is similar to what
subjects are routinely exposed to in case of other brain
PET tracers, without radiation effect concerns.

OUR OWN CLINICAL EXPERIENCES
WITH FLORBETABEN

Our group also performed a Phase 0 trial employ-
ing florbetaben, the results of which were recently
published [7]. The primary aim of this trial was to
investigate the diagnostic efficacy, pharmacokinetics,
safety and tolerability of florbetaben in a European
population. Further, various quantitative PET param-
eters were investigated for their potential to serve as
surrogate markers of cognitive decline. Finally, we
for the first time aimed at developing a compartment
model for florbetaben suitable for obtaining outcome
measures of the brain A� concentration. In this trial,
ten patients with probable AD and ten age-matched
HCs were included. All subjects underwent dynamic
PET imaging up to 4 h after tracer injection. The PET
data were analyzed visually, by means of volumes of
interest (VOIs), by a voxelwise analysis approach, as
well as by full kinetic modeling. The kinetic PET data
obtained in this trial showed that PET image analysis
was optimal with regard to the group discrimination at
a time-point of ∼90 min p.i. Visual PET data analysis
by three blinded reader discriminated well between AD
patients and HCs: 9 of the 10 AD patients and 1 of the
10 HCs were scored as positive for A� (p = 0.001). This
was accomplished with high inter-reader agreement
(weighted kappa = 0.88 to 0.94). With regard to the
VOI analysis performed, the neocortical florbetaben
uptake was significantly higher for the AD patients
when compared to the HCs in frontal, lateral tem-
poral, occipital, anterior and posterior cingulate, and
parietal cortices (p = 0.003 to 0.010). Voxelwise anal-
yses permitted determination of the individual brain
volume affected by A�. Of interest, this new mea-
sure of the “whole brain A� load” was – amongst all
PET parameters compared – best correlated with the
severity of cognitive deficits, following a non-linear
regression curve [7]. The results of this European proof
of mechanism Phase 0 trial provided further evidence
for the efficacy and safety of florbetaben PET in detect-
ing brain A� and stimulated the tracer testing in a
multi-center, multi-camera setting.

During the above mentioned trial, arterial blood
samples were obtained from all subjects at differ-
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ent time-points after florbetaben administration. From
these blood samples, it was possible in a sub-study to
determine the tracer metabolism over time. For that
purpose, it was possible to establish a suitable HPLC
method which revealed a rapid florbetaben metabolism
with a half life of ∼6 min, without differences between
AD patients and HCs [8].

Subsequent to the above Phase 0 proof of mecha-
nism trials, two Phase 1 safety and dosimetry trials
with florbetaben PET were performed in Caucasian
and Japanese HCs and a multi-centre Phase 2 trial
was conducted. The primary endpoints of the latter
trial were the sensitivity and specificity of indepen-
dent visual assessment of 90–110 min p.i. florbetaben
PET images in discriminating AD patients from HCs.
Secondary endpoints were related to alternative imag-
ing time-points, optimized PET data analysis methods,
quantitative PET data, radiotracer safety/tolerability,
and the association between the PET data and APOE
ε4 genotype. The results of this trial were recently pub-
lished [9]. As part of this trial, florbetaben PET imaging
was carried out in 18 centers in Australia, Germany,

Switzerland, and the USA. Altogether, 81 patients
with mild to moderate probable AD (age ≥ 55 yrs,
MMSE = 18–26, CDR = 0.5–2) and 69 age-matched
HCs (MMSE ≥ 28, CDR = 0) were included. Flor-
betaben uptake in neocortical regions was visually
scored by three independent blinded readers, and quan-
tified using standardized uptake value ratios (SUVRs)
determined from pre-established VOIs on the individ-
ual grey-matter-segmented PET/MRI data. Figure. 1
shows typical florbetaben PET images of an AD
patient and a HC obtained in this trial. In the AD
patient, the tracer was taken up by different neocorti-
cal brain regions. This was in contrast to the HC which
only exhibited the typical white matter uptake pattern
(Fig. 1).

The blinded read of the 90–110 min p.i. florbetaben
PET data resulted in a sensitivity of 80% (95% CI
71–89%) and a specificity of 91% (95% CI 84–98%)
in discriminating between the two subject cohorts,
which was achieved with high inter-reader agreement.
Of interest, a post-hoc modeling approach which is
able to account for the imperfectness of the clini-

A B

1.0 2.5SUVR

Fig. 1. Typical axial and sagittal florbetaben PET images (top) and co-registered PET/T1-weighted MR images (bottom) of an AD patient (A)
and a HC (B). The PET images are 90–110 min p.i. standardized uptake value ratio (SUVR) data using the cerebellar cortex as reference region.
Reprinted from The Lancet Neurology, volume 10, Barthel et al., Cerebral amyloid-� PET with florbetaben (18F) in patients with Alzheimer’s
disease and healthy controls: a multicentre Phase 2 diagnostic study, pages 424–435, copyright 2011, with permission from Elsevier.
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cal diagnosis as standard of truth (as compared to
the diagnostic gold standard histopathology, clinical
diagnosis owes a limited positive predictive value
of 70–90% [10, 11]) resulted in adjusted sensitivity
and specificity values for florbetaben of 96 and 97%,
respectively. With regard to the PET image quantifica-
tion, the SUVRs were significantly higher for the AD
patients as compared to the HCs in different neocortical
brain regions. Highest effect size for group discrimina-
tion was observed for the posterior cingulate (Cohen’s
d = 1.49). Figure 2 gives the composite and posterior
cingulate SUVRs determined for the study population
(Fig. 2).

A linear discriminant analysis of the quantitative
PET data resulted in a sensitivity of 85% and a speci-
ficity of 91% for the discrimination between AD
patients and HCs. For the association between the
quantitative PET data and the cognition scores, we
interestingly found significant correlation only for the
AD patients, and only for neocortical brain regions (for
instance lateral temporal SUVRs vs. word-list memory
scores: r = −0.33, p = 0.004). For the relation between
the florbetaben PET data and the APOE ε4 genotype,
it was found that in AD patients with A�-positive
(according to blinded read) PET scans APOE ε4 alleles
were more frequent than in A�-negative AD patients.
A similar tendency was observed for the HCs (Fig. 3).

Fig. 2. Composite and posterior cingulate standardized uptake value
ratios (SUVRs) 90–110 m min p.i. of florbetaben PET in AD patients
and HCs. Box plots (median, 25 and 75% quartiles) with whiskers
with maximum 1.5 inter-quartile range, as well as cut-off value
(red dotted line) for maximum accuracy in group differentiation.
Reprinted from The Lancet Neurology, volume 10, Barthel et al.,
Cerebral amyloid-� PET with florbetaben (18F) in patients with
Alzheimer’s disease and healthy controls: a multicentre Phase 2 diag-
nostic study, pages 424–435, copyright 2011, with permission from
Elsevier.

Fig. 3. Comparison of APOE ε4 allele carrier rate between
florbetaben PET-positive and PET-negative subjects, separately
investigated for AD patients and HCs. Reprinted from The Lancet
Neurology, volume 10, Barthel et al., Cerebral amyloid-� PET with
florbetaben (18F) in patients with Alzheimer’s disease and healthy
controls: a multicentre phase 2 diagnostic study, pages 424–435,
copyright 2011, with permission from Elsevier.

During this trial, no safety or tolerability problems
were observed for florbetaben PET imaging [9]. In
conclusion, this largest and first global trial on a 18F-
labelled A�-targeted PET tracer provided evidence in
a multi-center, multi-camera setting for the efficacy,
safety and biological relevance of florbetaben PET.
In a population representative for a clinical routine
situation, the florbetaben PET data could be reliably
assessed on a visual base, as well as quantified in an
objective manner.

ONGOING STUDIES WITH FLORBETABEN

Presently, a dual-center Phase 2 trial assessing the
efficacy of florbetaben PET in patients with Down syn-
drome (ClinicalTrials.gov Identifier: NCT00928304)
has completed its recruiting phase. This study is aimed
at providing additional evidence for the assumption
that the tracer binds to brain A�. Further, a mono-
center florbetaben trial in subjects with mild cognitive
impairment is still active (NCT01138111). In this
trial, the potential of the tracer to predict the conver-
sion to AD is being examined. In addition, a pivotal,
multi-center Phase 3 trial (NCT01020838) investigat-
ing the association between the in vivo florbetaben
brain uptake and the post mortem brain A� deposi-
tion, as determined by histopathology is currently in the
recruitment phase. Finally, a mono-center investigator
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initiated trial (NCT01222351) is currently evaluating
the association between the florbetaben brain uptake
and A� plasma levels in elderly subjects. So far,
florbetaben was not intra-individually compared with
[11C]PIB. Such comparison would allow determining
similarities or differences with regard to the diagnostic
accuracy of both tracers. Therefore, it should also be
in the focus of the future research.

SUMMARY AND CONCLUSIONS

The preclinical and clinical data currently available
verify florbetaben as a safe and efficacious PET tracer
suitable for detection of A� deposition in the brain.
The results of the ongoing trials will contribute to cur-
rent knowledge on the characteristics of florbetaben,
and will help to determine the future potential of flor-
betaben PET imaging as a visual adjunct to supplement
the routine clinical “AD diagnostic toolbox”.
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Abstract. The role of hypoperfusion in Alzheimer’s disease (AD) is a vital component to understanding the pathogenesis of this
disease. Disrupted perfusion is not only evident throughout disease manifestation, it is also demonstrated during the pre-clinical
phase of AD (i.e., mild cognitive impairment) as well as in cognitively healthy persons at high-risk for developing AD due to
family history or genetic factors. Studies have used a variety of imaging modalities (e.g., SPECT, MRI, PET) to investigate
AD, but with its recent technological advancements and non-invasive use of blood water as an endogenous tracer, arterial spin
labeling (ASL) MRI has become an imaging technique of growing popularity. Through numerous ASL studies, it is now known
that AD is associated with both global and regional cerebral hypoperfusion and that there is considerable overlap between the
regions implicated in the disease state (consistently reported in precuneus/posterior cingulate and lateral parietal cortex) and
those implicated in disease risk. Debate exists as to whether decreased blood flow in AD is a cause or consequence of the disease.
Nonetheless, hypoperfusion in AD is associated with both structural and functional changes in the brain and offers a promising
putative biomarker that could potentially identify AD in its pre-clinical state and be used to explore treatments to prevent, or
at least slow, the progression of the disease. Finally, given that perfusion is a vascular phenomenon, we provide insights from
a vascular lesion model (i.e., stroke) and illustrate the influence of disrupted perfusion on brain structure and function and,
ultimately, cognition in AD.

Keywords: Alzheimer’s disease, hypoperfusion, perfusion, stroke, mild cognitive impairment, ASL, MRI, vascular risk factors
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative
disorder characterized by gradual onset, progressive
deterioration, and decreased regional cerebral blood
flow (CBF) [1]. Indeed, vascular factors play a crit-
ical role in the pathogenesis of AD [2, 3], and it is
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currently debated whether decreased CBF is a cause
or a consequence of AD [1]. Perfusion deficiencies
are present from the very early pre-clinical phases of
AD (i.e., during mild cognitive impairment (MCI)) and
persist well into the latest stages of the disease, demon-
strating a pattern of increased hypoperfusion with
disease development. This phenomenon, over time,
yields catastrophic consequences on brain structure,
function, and cognition, leaving the patient irreversibly
impaired, especially in their memory faculties.

Although there is no cure for this devastating
illness, identification of pre-symptomatic AD is nec-
essary to explore treatments (pharmacological and
non-pharmacological) that could potentially prevent or
at least slow the progression of the disease. Thus, much
research has been focused on identifying biomarkers
associated with AD manifestation as well as biomark-
ers in individuals at high risk for developing AD.
Among the most promising of these putative biomark-
ers are the well-documented abnormalities in CBF
associated with AD and its development.

Investigating perfusion in AD, however, is no
straightforward task, as decreased CBF is only one
of many neuropathological characteristics associated
with AD. Indeed, the co-occurrence of hypoperfu-
sion, arterial plaques, neurofibrillary tangles, vascular
amyloid deposits, atrophy, and stenosis complicate the
investigation of any one neuropathological feature, and
it becomes increasingly difficult to distinguish cause
from consequence. Thus, in order to better understand
the effects of perfusion disruption in AD, a vascular
lesion model such as stroke that examines the simplest
form of perfusion alteration can be examined in order
to gain further insight.

The following review investigates the role of perfu-
sion in the development of AD. After a brief review of
the genetic and vascular risk factors associated with
AD, we discuss 1) imaging methods used to mea-
sure perfusion, 2) the brain regions most frequently
disrupted by hypoperfusion in both pre-clinical and
progressive AD, 3) the effects of hypoperfusion on the
structure and function of the brain in AD, and 4) the
role of disrupted perfusion in aging and stroke and its
relation to AD.

VASCULAR RISK FACTORS

The prevalence of late-onset AD, which accounts for
approximately 97% of AD cases, is highly associated
with the presence of the �4 allele of the apolipoprotein

E (APOE) gene on chromosome 19. The presence of
one copy of the �4 allele, which is carried by about
half of all patients with dementia [4], is reported to
increase the likelihood of developing AD by fourfold
while two copies of the �4 allele may increase risk by
ninefold [5]. This genetic factor (APOE4), however, is
neither necessary nor sufficient to cause AD, and so it
remains of critical importance to identify biomarkers
associated with developing AD in high-risk groups.

Vascular factors are repeatedly implicated in the risk
for developing AD [1]. Factors such as ischemic stroke,
atherosclerosis, hypertension, diabetes, and cardiac
disease have been reported to result in cerebrovascu-
lar disease and trigger AD pathology in older adults
[6–9]. Hypercholesterolemia in midlife also can lead
to AD and has been targeted as a potentially modifiable
risk factor [10]. Animal studies suggest that amyloid-
� deposition in the brain, a hallmark characteristic of
AD, is stimulated by hypercholesterolemia [11] and
may be modified with the use of lipid-lowering agents,
such as statins [12]. A recent study in humans showed
that simvastatin improved cognition in asymptomatic
middle-aged adults with a parental history of AD with-
out significantly changing CSF A�42 or total tau levels
[13].

The vascular risk factors associated with AD, how-
ever, also play a fundamental role in the development
of vascular dementia (VaD), which by current diagnos-
tic criteria, is differentiated from AD by its vascular
pathology and its abrupt clinical onset [1]. The diag-
nostic mutual exclusivity of these two dementias is
further equivocated by evidence from epidemiologi-
cal, neuropathological, clinical, pharmacological, and
functional studies which report considerable overlap
in the risk factors and pathological changes associ-
ated with AD and VaD [1]. In this light, recent AD
studies have focused more on brain circulation abnor-
malities and have collectively found that such vascular
factors, including hypoperfusion, are more commonly
associated with AD than was previously thought [14].

MEASURING PERFUSION

In AD, perfusion (cerebral blood flow, cerebral
blood volume (CBV)) has been measured using a num-
ber of different imaging modalities including magnetic
resonance imaging (MRI), CT, single photon emis-
sion computed tomography (SPECT), and regional
cerebral metabolism using 2-deoxy-2-[F-18]fluoro-D-
glucose (FDG-PET). Perfusion in AD has also been
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investigated using dynamic perfusion computed
tomography and transcranial Doppler, but the inci-
dence of such studies is far lower [14]. For the past
two decades, SPECT and FDG-PET have served as
the mainstream imaging techniques for perfusion and
metabolism studies in AD, respectively [14]. SPECT,
despite its relatively low spatial resolution (∼1 cm),
lends to a large number of applications [15–17],
while FDG-PET, with higher sensitivity and spatial
resolution than SPECT, is better able to measure
regional cerebral metabolism in low perfusion areas
[14]. These techniques, however, require the use of
exogenous radioactive tracers and are more expensive
than the more recently developed perfusion-weighted
MRI (PW-MRI) techniques. PW-MRI, as an alternative
to nuclear imaging techniques, offers the benefits of
1) economic efficiency (PET may require a cyclotron in
proximity which is expensive to maintain), 2) accessi-
bility (most hospitals now have at least one MRI system
used for clinical practice but rarely have a cyclotron),
and 3) higher spatial accuracy (MRI systems have a
spatial resolution of up to 0.1 mm while PET systems
are only capable of 5-mm resolution). Indeed, PW-MRI
is a powerful and promising brain imaging technique
and is currently being used by many researchers inves-
tigating perfusion in AD.

PW-MRI techniques can be divided into two cat-
egories based on the type of contrast agent used.
Techniques that use an exogenous contrast tracer
(such as dynamic contrast enhancement imaging and
dynamic susceptibility contrast [DSC]) fall into the
dynamic perfusion imaging subcategory, and tech-
niques that use an endogenous contrast tracer fall into
the arterial spin labeling (ASL) subcategory [14]. Cur-
rently, the AD perfusion literature is dominated by
studies using DSC MRI [14], but many researchers
are now migrating towards the use of ASL MRI
because it is completely non-invasive and poses less
risk for the patient. ASL measures CBF directly by
using magnetically-labeled arterial blood water as an
endogenous tracer [18]. In addition, ASL can be used
to investigate blood flow associated with task per-
formance by using a subtractive method similar to
that used in blood oxygen level-dependent (BOLD)
functional MRI (fMRI) studies. ASL, though equal
in sensitivity as the BOLD signal for detecting task-
induced changes in local brain function, provides more
quantitative information and has been shown to be
more robust than BOLD-fMRI with reduced intra- and
inter-subject variability [19, 20]. ASL is further divided
into sub-classes based on the labeling method (contin-

uous, pulsed, or velocity-dependent) and can quantify
CBF in single slices or for the whole brain. With its
many recent advancements, ASL is fast becoming a
popular choice for AD researchers and is thus the
modality of focus for the current review.

ARTERIAL SPIN LABELING

Numerous studies have used ASL perfusion MRI
to investigate CBF in AD, MCI, and in individuals at
high-risk for developing AD, i.e., those with a parental
history of AD or with at least one copy of APOE4.
While individuals with AD demonstrate a global
decrease in blood flow (averaged 40%) compared to
healthy controls [21], CBF reduction may be specific
to certain regions of the brain. Indeed, research has
shown that individuals with AD consistently demon-
strate reduced CBF in regions of the precuneus and/or
posterior cingulate and frequently in lateral parietal
cortex [see 18 for a review]. Other regions associ-
ated with decreased CBF in AD compared to healthy
controls include regions of the temporo-occipital and
parieto-occipital association cortices [22] as well as
bilateral inferior parietal regions [23], hippocampus
and parahippocampal gyrus [21], and regions in the
prefrontal cortex [24] including bilateral superior and
middle frontal gyri [23]. Even in studies which include
an atrophy correction for gray matter loss, individuals
with AD persist at demonstrating reduced CBF in the
right inferior parietal lobe extending into the bilateral
posterior cingulate gyri, bilateral middle frontal gyri
[23], posterior cingulate extending into the precuneus,
inferior parietal cortex, left inferior lateral frontal and
orbitofrontal cortex [25]. Also, perfusion measures
have been shown to correlate with dementia severity in
the parieto-occipital region [as measured by a subset
of the Blessed Dementia Scale; 22] and parietal cor-
tex along with the precuneus/posterior cingulate [as
measured by the Mini-Mental State Examination; 24].

Interestingly, some studies report elevated blood
flow in AD compared to healthy controls. Individ-
uals with AD have been reported to demonstrate
hyperperfusion, even after atrophy correction, in hip-
pocampus, parahippocampal gyrus, temporal pole,
superior temporal gyrus [26] and anterior cingulate
[25, 26]. Hyperperfusion in the prefrontal cortex
may serve as a compensation mechanism, especially
in the early stages of disease [14]. As for hyper-
perfusion in the hippocampal regions, it should be
noted that increased blood flow to this region is in
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contrast to the previously discussed hypoperfusion [see
21 above]. Perhaps this discrepancy is attributable to
differences in patient demographics as the study report-
ing hyperperfusion investigated individuals with AD
of unspecified severity and a mean age of 75.6 ± 9.2
yrs [26] whereas the study reporting hypoperfusion
investigated individuals with mild AD and a mean age
70.7 ± 8.7 yrs [21].

Studies of patients with MCI, a condition of mem-
ory impairment considered to be the clinical transition
stage between normal aging and dementia [27, 28],
provide insight into the prodromal phases of AD. Inves-
tigations of brain perfusion in individuals with MCI
show that this group, in comparison to a healthy control
group, demonstrates a reduction of CBF in the poste-
rior cingulate with extension to the medial precuneus
[atrophy corrected CBF; 25] as well as in right infe-
rior parietal lobe (IPL) [23]. In the study by Johnson
et al. [23], which compared individuals with AD and
MCI to healthy controls, decreased perfusion in IPL
was observed in both the AD and MCI groups but was
more significantly reduced in the AD group. Compared
to the MCI group, the AD group also demonstrated
greater hypoperfusion in bilateral precuneus/posterior
cingulate and bilateral inferior parietal lobe [23].

Hyperperfusion of certain brain regions has also
been reported in MCI and other high-risk groups. MCI
has been associated with increased blood flow in left
hippocampus, right amygdala, and right basal ganglia
compared to healthy controls [25]. Non-symptomatic
high-risk groups also demonstrate hyperperfusion in
the hippocampus; middle-aged (average 58.5 years)
individuals with a parental history of AD and at least
one copy of APOE4 showed an approximately 25%
elevated blood flow in the hippocampus compared to
non-high-risk subjects [29].

Recent studies suggest that MCI may be a clini-
cally heterogeneous syndrome [30]. Chao et al. [31]
examined this idea by investigating CBF differences
in two groups of single-domain MCI patients - those
with isolated memory impairments (amnestic MCI)
and those with isolated executive dysfunction impair-
ments (dysexecutive MCI). Both groups demonstrated
hypoperfusion in posterior cingulate compared to
healthy controls, but individuals with dysexecutive
MCI had significantly lower perfusion in left middle
frontal gyrus, left posterior cingulate, and left pre-
cuneus when compared to individuals with amnestic
MCI [31]. In another study investigating CBF dur-
ing rest and during a memory encoding task, amnestic

MCI patients demonstrated hypoperfusion in right pre-
cuneus and cuneus during the control state which
extended to the posterior cingulate during task perfor-
mance. Interestingly, healthy controls demonstrated a
significant increase in perfusion in the parahippocam-
pal gyrus when comparing task to baseline rest, but
this increase was not observed in the MCI group. This
suggests that individuals with amnestic MCI may lack
the dynamic capability to modulate regional CBF in
response to task demands [32]. In summary, research
consistently demonstrates reduced CBF in posterior
cingulate in MCI which could be a promising region
for early detection [18].

PERFUSION AND STRUCTURAL
CHANGES

The pathway leading to AD genesis is marked not
only by CBF deficiency but also by structural changes
observed in AD and MCI, which are debated by some
to be a consequence of primary hypoperfusion (see
[33] or [1] for an extensive review). Numerous stud-
ies have utilized voxel-based morphometry (VBM), a
fully-automated technique that allows the quantifiable
investigation of structures across the whole brain [34],
to investigate atrophy in the brains of patients with
AD and MCI. Collectively, these studies report numer-
ous regions of cell death that are either specific to the
pre-clinical phase (MCI), specific to disease manifes-
tation, or that overlap both groups. Studies of patients
with AD report atrophy of the entire hippocampus and
regions of the temporal lobe, cingulum, precuneus,
insular cortex, caudate nucleus, amygdala, entorhinal
cortex, medial thalamus, and frontal cortex [35–39].
Studies of patients with MCI report atrophy of the
parahippocampal gyrus and medial temporal lobe [40],
entorhinal cortex and cingulum [41], and insula and
thalamus [37].

Patients with MCI, especially of the amnestic type,
can be divided longitudinally by those who progress to
AD and those who do not, and these groups show dif-
ferential atrophy. Studies show that over time, patients
with amnestic MCI who eventually progress to AD
demonstrate gray matter loss in the medial and infe-
rior temporal lobes, the temporoparietal neocortex,
posterior cingulate, precuneus, anterior cingulate, and
frontal lobes compared to amnestic MCI patients who
are clinically stable [42]. Atrophy, however, is not
exclusive to memory-impaired MCI patients; brain
volume changes are also observed in cognitively



B.P. Austin et al. / Hypoperfusion in Alzheimer’s Disease 257

healthy individuals. Studies report that individuals
with a parental history of late-onset AD demonstrate
decreased gray matter volume in precuneus, middle
frontal, inferior frontal, and superior frontal gyri com-
pared to individuals without a parental history of AD.
Also, persons carrying the APOE4 allele have been
reported to demonstrate decreased volume in hip-
pocampus and amygdala compared to those without
the APOE4 allele [43, 44].

Hypoperfusion may also lead to changes in corti-
cal thickness as obtained from structural MRI scans.
Cortical thickness measures are significant predictors
of evolution to AD for subjects with MCI [45]. Carri-
ers of the APOE4 allele, a demographic with reported
decreased glucose metabolism in medial temporal and
parietal lobes [46, 47], demonstrate accelerated corti-
cal thinning in areas most vulnerable to aging (medial
prefrontal and pericentral cortices) as well as in areas
associated with AD and amyloid-aggregation (e.g.,
occipitotemporal and basal temporal cortices) [48].
Also, these carriers demonstrate significantly reduced
cortical thickness in the entorhinal cortex when com-
pared to non-carriers [49]. There is some evidence that
the APOE4 allele has a stronger effect on cognitive
decline in the earlier stages of AD and is less severe in
the later stages [50].

PERFUSION AND FUNCTIONAL CHANGES

In addition to abnormal perfusion and structural
changes, individuals with AD also demonstrate func-
tional changes in the brain. Functional connectivity is
the temporal dependence of neuronal activity patterns
of anatomically separated brain regions [51, 52]. This
phenomenon can be investigated using MRI BOLD
signal which is collected during rest (i.e., the signal
is not driven by task performance). Although resting
functional connectivity, or resting fMRI, methodolo-
gies are relatively new compared to those developed
in task-driven fMRI, research has already yielded sig-
nificant findings in AD. Because of the network-wide
changes demonstrated as a result of local structural
changes, AD is considered to be a disconnection syn-
drome [53]. During rest, patients with AD demonstrate
decreased functional connectivity in both the default
mode network (DMN) and the dorsal visuo-spatial sys-
tem. The default mode network describes a set of brain
regions that demonstrate decreased activation during
task performance [54–57], i.e., these regions demon-

strate high BOLD activity and a high degree of intrinsic
functional connectivity during rest and are “deacti-
vated” during task- or stimulus-driven activity [58–62].
The regions of the DMN include both medial (ante-
rior and posterior cortical midline regions such as the
ventromedial prefrontal cortex, the dorsomedial pre-
frontal cortex, different parts of the anterior cingulate
cortex, the posterior cingulate cortex and precuneus)
and lateral brain regions (lateral parietal cortex and
hippocampus) [59].

Functional connectivity in AD as measured by rest-
ing fMRI may vary with severity of symptoms. Zhang
et al. [63] investigated resting activity in three separate
AD groups – those with mild, moderate, and severe
AD. Their results show that all three groups demon-
strated dissociated functional connectivity between the
posterior cingulate cortex (PCC) and a set of other
regions including bilateral visual cortices, inferior
temporal cortex, hippocampus, and especially medial
prefrontal cortex and precuneus/cuneus. Interestingly,
the disruption of these various networks involving
PCC intensified with increasing severity of AD. It
should also be noted that certain regions (extending
from left lateralized frontoparietal regions and spread-
ing to bilateral frontoparietal regions) demonstrated
increased connectivity to PCC with increasing severity
of AD [63].

PERFUSION IN AGING AND STROKE

Aging is the leading risk factor for the develop-
ment of late-onset AD. Investigation of the normal
aging brain and age-related changes in vasculature
serves as a fundamental template on which to better
understand the pathogenesis of AD and its effect on
cognition. Evidence from aging and stroke studies sug-
gest that chronic brain hypoperfusion (CBH) leads to
tissue pathology and cognitive impairments that are
characteristic of AD.

With normal aging, cerebral vasculature undergoes
both structural and functional changes that may act as
a catalyst for cerebrovascular diseases and subsequent
cognitive deficits. For example, changes in vascu-
lar ultrastructure, vascular reactivity, resting cerebral
blood flow (rCBF) and oxygen metabolism are all asso-
ciated with age [64]. There is also evidence that aging,
per se, in the absence of other risk factors, promotes
thickening and stiffness of the arteries and increases
the morbidity and mortality of myocardial infarction
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and stroke [65, 66]. Perfusion studies have shown that
in normal aging, uncomplicated by the presence of
hypertension, diabetes, arteriosclerosis or dementia,
there is evidence for decreased CBF, CBV, cerebral
metabolic rate for oxygen (CMRO2), and glucose oxi-
dation without significant change in oxygen extraction
or blood brain barrier permeability [e.g., 67]. Also,
these changes in CBF and CMRO2 have been found to
be largely restricted to discrete brain regions presumed
to be associated with cell loss [68].

Studies have documented that CBF decreases with
age, either globally or in a region specific manner. In
an ASL study, Bertsch et al. demonstrated an asso-
ciation between the age-dependent decline in global
rCBF and performance in an attention task [69], but
other studies suggest that declines in perfusion may
be more region-specific. For example, brain regions
critical to higher-cognition, such as the frontal cortex,
the medial temporal lobe, and the cingulate gyrus dis-
play local age-related decreases in rCBF, even after
controlling for partial volume effects [70, 71].

In addition to decreasing the volume of blood flow,
age-related changes in cerebral vasculature can sig-
nificantly alter the speed of blood flow during task
performance. In a functional transcranial Doppler
ultrasound study measuring cerebral blood flow veloc-
ities (BFV) in the ACA (anterior cerebral artery) and
PCA (posterior cerebral artery), Sorond et al. found
differences in BFV in healthy young and old adults dur-
ing a word stem completion and a visual search task. In
the younger subjects, greater activation was observed
in the ACA than in the PCA territories during the word
task, but older subjects did not show the same pattern.
During the visual search task, however, both younger
subjects and older subjects showed greater activation
in PCA than in the ACA territories [72]. This suggests
that blood flow to frontal areas may be altered in some
cognitive tasks as part of the aging process.

Neurovascular and physiological changes associ-
ated with normal aging are often reflected in behavioral
differences between the young and old. Studies show
that older adults tend to display a general slowing in
processing speed, a reduction in inhibitory control,
and a general decline of attentional resources [73–75].
Models of neurocognitive aging based on neuroimag-
ing studies suggest that during task performance, older
adults recruit additional brain regions compared to
younger adults due to the effects of age on brain
integrity and function [76, 77].

The relationship between perfusion and cognition in
older adults raises the question of whether hyperper-

fusion can serve as compensatory mechanism against
the cognitive decline seen in normal aging. It is known
that exercise promotes healthy cognitive aging [78].
Conversely, Mozolic et al. have recently demonstrated
that cognitive training increases rCBF in the rostrolat-
eral PFC in older adults, and that this increase in rCBF
correlated with the increase in their attention task [79].
Interestingly, models of neurocognitive aging suggest
that the PFC is the seat of compensatory recruitment
in older adults [76, 77] and sometimes in MCI. In an
fMRI study in which MCI patients were divided into
two groups based on Mattis Dementia Rating Scale
scores, higher-cognition MCI patients activated right
ventrolateral and dorsolateral prefrontal cortex dur-
ing verbal memory tasks while lower-cognition MCI
patients and control subjects did not [80]. This suggests
that PFC compensation is present at the beginning of
the MCI continuum but eventually breaks down as the
symptoms increase in severity. This is similar to the
hypothesis that PFC hyperperfusion is compensatory
in early stages of AD [14]. Another interesting con-
nection between perfusion in normal aging and in AD
was noted in a study by Lee et al. [81]. In this study,
cognitively normal elderly individuals displayed corti-
cal thinning and hypoperfusion, as measured by ASL,
in patterns similar to those observed in AD.

Animal studies have shown that reduced CBF over
long durations, or chronic brain hypoperfusion, leads
to neurochemical, metabolic, anatomic [e.g., 33, 82,
83–89], and cognitive changes that are very similar to
that observed in AD [90]. Aged rats that were sub-
jected to 1–2 weeks of 2-vessel occlusion showed
behavioral, physiological and anatomical changes. A
significant finding was that the age of the animal
together with the severity of CBH determined whether
reperfusion could aid the animals to recover the CBF
levels that existed prior to vessel occlusion. Based on
evidence from rat CBH studies, de la Torre [85] sug-
gests that aging combined with a vascular risk factor
can lead to CBH which can, upon falling below a
certain threshold (i.e., the critically attained threshold
of cerebral hypoperfusion [CATCH]), trigger hemo-
dynamic changes in the brain micro-circulature and
impair optimal delivery of glucose and oxygen needed
for normal brain cell function. Because glucose and
oxygen are the crucial substrates in the production of
tissue energy, metabolic energy deficits can trigger an
intracellular biochemical cascade that effectively com-
promises brain cells and eventually leads to metabolic,
cognitive and tissue pathology that characterize AD
[91, 92].
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There is strong evidence for hypoperfusion and the
occurrence of brain ischemia and infarcts. Patients with
severe arterial stenosis, or narrowing of the arteries,
often show the presence of microemboli that fail to get
washed out on account of reduced blood flow [93].
Hypoperfusion also leads to sub-optimal supply of
nutrients to places that may be blocked by the emboli. It
has been suggested that the degree of severity of steno-
sis is accompanied by differential rates of transient
ischemic attacks (TIA; an episode of stroke-like symp-
toms lasting less than 24 hours) and strokes. Stroke
patients in the acute and sub-acute phase show region
specific hypoperfusion leading to cognitive deficits
[94–96]. There is also evidence that chronic stroke
patients show hypoperfusion associated with cogni-
tive deficits although without accompanying structural
infarcts as indicated by T1- or T2-weighted scans
[97–99]. This suggests that functional areas receive
enough blood supply so that tissue viability is sustained
but not enough to support cognitive or neurological
functioning [100]. Twenty to twenty-five percent of
ischemic stroke patients go on to develop post-stroke
dementia, especially in patients who are 55 years or
older [101]. Patients with post-stroke dementia show
changes in cerebral blood flow, white matter hyperin-
tensities, and cortical thinning associated with varying
degrees of cognitive impairments.

Although the evidence of a direct relationship
between brain hypoperfusion and micro- or macro-
structural changes leading to cognitive impairments
is still forthcoming, recent studies suggest that the
animal model of CBH proposed by de la Tore and
colleagues [33] may very likely hold true in humans
too. The thesis that CBH is a key determinant of
eventual cognitive impairment is born out of studies
that have demonstrated that reperfusion of hypop-
erfused but dysfunctional regions leads to better
functional outcomes [e.g., 102]. We therefore suggest
that compromised vasculature may be represented on
a continuum with mild vasculopathy falling at one
end of this continuum (such as the vascular changes
seen with aging), followed by moderate vasculopathy
(such as those seen in patients with TIA or MCI) and
severe vasculopathy (as noted in patients with stroke,
VaD, or AD) falling at the other end of this contin-
uum (see Fig. 1). Chronic brain hypoperfusion may
lead to micro- and macro-structural changes that are
associated with cognitive impairments and dementia.
However, the acuity of onset of these hypoperfusion
changes contributes to the varying presentations of
clinical disease in these population subsets.

Fig. 1. Schematic figure of a perfusion model of chronic brain
hypoperfusion (CBH) and micro- and macro-structural changes
leading to behavioral deficits and cognitive impairment. The trian-
gle represents a vasculature compromised in varying degrees with
accompanying hemodynamic changes leading to CBH. Normal-
aging, followed by TIA and MCI, followed by stroke, VaD, and AD in
a graded fashion influence neural network reorganization in terms of
increasing degree of vascular/perfusion changes as well as structural
and functional mapping changes. These changes ultimately influence
neuropsychological measures. AD, Alzheimer’s disease; MCI, mild
cognitive impairment; TIA, transient ischemic attack; VaD, vascular
dementia.

CONCLUSION

Although much is known about the role of hypop-
erfusion in AD, the direct consequences of disrupted
blood flow is obscured by the co-occurrence of
other neuropathological features implicated in AD
including, e.g., arterial plaques, neurofibrillary tangles,
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vascular amyloid deposits, and cortical atrophy. Mod-
els of vascular lesion patients, however, provide a
suitable model in which to investigate this phenomenon
and help elucidate the effects of decreased perfusion
on cognition in AD. With the development of more
economically efficient and non-invasive imaging tech-
niques, such as ASL MRI, researchers are now able to
measure blood flow with unprecedented spatial accu-
racy and with minimal risk to the patient. Thus, it is
hopeful that in the near future, scientists will be able to
identify putative biomarkers in AD and develop treat-
ments to prevent, or at least slow, the progression of
this incurable disease.
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Abstract. 2-(1-{6-[(2-[fluorine-18]fluoroethyl)(methyl)amino]-2-naphthyl}-ethylidene)malononitrile (FDDNP) is the first
positron emission tomography (PET) molecular imaging probe to visualize Alzheimer’s disease (AD) pathology in living
humans. The most unique features of FDDNP are that (1) it is the only currently available radiotracer to image neurofibrillary
tangles, beside amyloid aggregates, in living humans; and (2) it is also the only radiotracer to visualize AD pathology in the
hippocampal region of living humans. In this article, we discuss FDDNP’s unique ability to image tau pathology in living
humans. Emphasizing tau pathology imaging capability using FDDNP in AD, as well as other tauopathies, is timely and ben-
eficial considering that (1) post mortem histopathological studies using human specimens have consistently demonstrated that
neurofibrillary tangles, compared with amyloid plaques, are better correlated with the disease severity and neuronal death; and
(2) recently reported clinical trial failures of disease-modifying drugs in development, based on the amyloid-cascade hypothesis,
suggest that some of the basic assumptions of AD causality warrant reassessment and redirection.

INTRODUCTION

The first attempt to visualize Alzheimer’s disease
(AD) pathology in the brain of living humans using
positron emission tomography (PET) was presented in
preliminary form by Barrio and associates in 1999 [1],
and the first full report of this work appeared in 2002
[2]. This radiotracer is 2-(1-{6-[(2-[F-18]fluoroethyl)
(methyl)amino]-2-naphthyl}ethylidene)malononitrile
(FDDNP)[3], which was demonstrated to be effective
in the measurement of in vivo brain cortical accumu-
lation of both amyloid plaques and neurofibrillary
tangles in living subjects using PET [2, 4–8]. The

∗Correspondence to: Gary W. Small, M.D., Department of
Psychiatry and Biobehavioral Sciences and Semel Institute for
Neuroscience and Human Behavior, The University of California,
Los Angeles David Geffen School of Medicine, Los Angeles, CA
90095 6948, USA. Tel.: +310 825 0291; +Fax: 310 825 3910;
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first carbon-11-labeled PET radiotracer intended
for human in vivo amyloid-beta imaging known
as Pittsburgh Compound-B (PIB) was presented in
preliminary form in 2002, with the full report in 2004
(see [9] for review)1.

After FDDNP and PIB appeared, results from
human studies with at least five other amyloid-beta
imaging PET probes have been reported (11C-SB-13
[12]; 11C-BF-227 [13], 18F-BAY94-9172 (AV-1) [14],
18F-Florbetapir (AV-45) [15], and 18F-Flutemetamol
[16]). The most unique feature of FDDNP is its abil-
ity for structural recognition of �-sheet aggregate
conformations in neuroaggregates (e.g., �-amyloid,
tau and prions) – like Congo Red and Thioflavin-T
[17]. Moreover, it is the only imaging probe to allow
the visualization of neurofibrillary tangles as well as

1 Note that there are new data on the in vivo binding properties of
PIB (see [10] and [11])



266 J. Shin et al. / The Merits of FDDNP-PET Imaging

amyloid plaques in living humans. In addition, FDDNP
is the only imaging probe which successfully visual-
izes AD pathology in the hippocampal region of living
humans.

In this article, we discuss FDDNP’s merits based
on its unique ability to image tau pathology in living
humans. While �-amyloid plaques and neurofibril-
lary tangles are two representative hallmarks of AD
pathology, the amyloid cascade hypothesis, a widely
proposed pathogenic mechanism for AD [18], has
shifted the attention to �-amyloid aggregates in the
assumption that tangle formation is a direct conse-
quence of amyloid plaque formation. However, several
lines of histopathological evidence demonstrate that
neurofibrillary tangles antecede �-amyloid plaques
in AD [19–23]. Moreover, post mortem histopatho-
logical determinations using human brain specimens
have consistently demonstrated that neurofibrillary
tangles, and not �-amyloid plaques, are best correlated
with the severity of cognitive impairment (e.g., mini-
mental state examination, MMSE) in normal aging,
mild cognitive impairment (MCI), and patients with
AD [24–27]. Finally, recently repeated clinical trial
failures with disease-modifying drugs based on the
amyloid cascade hypothesis cast significant doubts on
the basic assumptions of AD causality [28]. There-
fore, the potential benefits of tangle pathology imaging
using FDDNP in AD and other tauopthies cannot be
underestimated.

FDDNP VISUALIZES NEUROFIBRILLARY
TANGLES BESIDES �-AMYLOID PLAQUES

Earlier in vitro studies initially suggested FDDNP
binding to �-amyloid plaques and tangles and its poten-
tial for in vivo use [3]. Moreover, binding of FDDNP
to brain �-amyloid aggregates in transgenic rat models
(e.g., in a homozygous triple-transgenic rat model of
AD [Tg478/Tg1116/Tg11587]) present excellent cor-
relations (ELISA) with amyloid content [29]. Also,
aged rhesus monkeys develop amyloid plaques without
neurofibrillary tangles in the brain [30]. A recent study
with FDDNP-PET imaging in aged adult male rhesus
monkeys reported that brain regions known to have
amyloid plaque deposition showed increased FDDNP
uptake [31], yet no post mortem determination of �-
amyloid load was performed in this study. These results
support the conclusion that FDDNP binds to amyloid
plaques in the brain in vivo. Similarly, several lines
of evidence support FDDNP binding to tau aggre-

gates. First, the DDNP moiety co-crystallizes with tau
segments (VQIVYK) and the structure of the crys-
tal was resolved at atomic resolution [32]; FDDNP
also labels cell transfected with tau constructs (SY5Y)
and also labels tau aggregates in MAPT transgenic
mice (G. Cole et al, personal communication). Also,
in humans FDDNP accumulation in hippocampus has
been correlated with abundant tau tangle accumulation
in this area [5], consistent with FDDNP labeling of
tau-containing protein aggregates in brain specimens
of various neurodegenerative diseases [4, 17]. In living
patients FDDNP-PET succeeded in showing a pattern
of neurofibrillary tangle distribution in patients with
frontotemporal dementia [33], a disease with abun-
dant brain neurofibrillary tangles without significant
�-amyloid plaque deposition in the brain [34]. Sim-
ilarly, in progressive supranuclear palsy (PSP) – a
neurodegenerative disease lacking amyloid and with
various tau-positive abnormal aggregates. FDDNP-
PET shows imaging patterns highly consistent with the
presence of tau aggregation in subcortical structures
(e.g., brain stem, caudate, putamen, thalamus) and
cerebellum extending towards cortical structures with
disease progression [35]. Moreover, a recent report of
a positive association between FDDNP and CSF tau in
AD [36] further supports the binding of FDDNP to tau.

Finally, FDDNP-PET results performed indepen-
dently at three different sites agreed with the
observation that medial temporal cortical FDDNP
binding is consistently higher than neocortical FDDNP
binding in AD [2, 5, 6]. Previous post mortem
histological studies demonstrated that, in AD, �-
amyloid-plaque deposition is high in neocortical
regions but relatively lower in some medial tempo-
ral cortical substructures, e.g., hippocampus [37], even
though it is high in entorhinal cortices [10, 38]. By
contrast, tangle accumulation is high in the medial tem-
poral cortex at all levels of cognitive impairment with
subsequent neocortical increases with disease progres-
sion [37, 39]. Taken together, the available data on
FDDNP in vivo binding patterns and neuropathology
indicate that FDDNP is a sensitive in vivo marker for
neurofibrillary tangles.

FDDNP BINDING MATCHES THE
PATTERN OF BRAIN PATHOLOGY AND
CLINICAL PROGRESSION IN AD

As noted above, post mortem histopathological
determinations with human brain specimens have
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Fig. 1. Panel (A) shows a hemispheric surface map of FDDNP DVR progression/spread as mini-mental state examination (MMSE) scores
decreases. We see a similar trend between the left side and the right side. There is a bit of signal in the left temporal lobe at a normal MMSE of
30 that increases in the temporal lobe and spreads to the parietal and frontal areas as MMSE drops. This DVR spreading mimics the pathology
progression of beta-amyloid plaques and neurofibrillary tangles accumulation in Alzheimer’s disease. Panel (B) shows the surface map of
regression slope of FDDNP DVR increase per unit change of MMSE score. The higher the slope corresponds to a faster increase of the FDDNP
DVR. The areas of highest slope (red) match areas of significant beta-amyloid plaques and neurofibrillary tangles in AD that include the lateral
temporal, lateral frontal, anterior cingulate, medial temporal and posterior cingulate areas. Panel (C) shows a cortical surface map of F-statistics
of the linear regression model between FDDNP DVR and MMSE. Areas that have a significant slope with � = 0.05 are shown with colors
above dark blue. It is important to note that lateral frontal, lateral temporal, medial temporal, anterior cingulate and posterior cingulate all have
a significant slope, and all have been shown to be important in AD. Adapted and reprinted with permission from Protas et al., (2010) [Copyright
(2010) Neuroimage]

consistently demonstrated that neurofibrillary tangles,
compared with �-amyloid plaques, are better corre-
lated with the severity of cognitive impairment (e.g.,
mini-mental state examination [MMSE] or clinical
dementia rating [CDR] in normal aging, MCI, and
patients with AD) [23–27, 40–44]. Consistent with
these post mortem studies, FDDNP-PET imaging stud-
ies performed in normal aging, MCI, and patients with
AD show significant correlations with MMSE scores
[45, 46], while PET imaging studies using radiotrac-
ers (e.g., PIB and BF-227) thought to bind amyloid
plaques without binding to tangles do not [47, 48].

In addition, FDDNP signal progression in AD
matches the progressive accumulation of brain pathol-
ogy described by Braak and Braak [37] (see Fig. 1).
By contrast, PIB has not shown a progressive pattern
as expected from autopsy data [37]. For example, MCI

patients show an ‘on and off’ PIB binding pattern that
is either negative, that is similar to controls (which is
difficult to explain since brain pathology deposition is
generally present in MCI) or positive (i.e., similar to
AD) [49–51]. Further, PIB binding in the precuneus
has been found to be the highest of all cortical areas
[52], yet autopsy studies have not found higher �-
amyloid deposition in the precuneus compared with
other cortical areas [10].

FDDNP-PET SHOWS SUPERIOR
PERFORMANCE COMPARED WITH
FDG-PET AND MRI

Imaging techniques, such as 2-deoxy-2-[18F]fluoro-
D-glucose (FDG)-PET and structural magnetic
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resonance imaging (MRI) have been investigated to
classify normal aging, MCI, and patients with AD.
Small et al. [5] found global FDDNP binding values
to be more accurate than previously established sen-
sitive measures for FDG-PET [53–55] or volumetric
MRI measures [56–58] for diagnostic classification of
subjects.

In these comparisons, values for FDDNP-PET
global binding were more effective in discriminat-
ing among diagnostic groups than FDG-PET glucose
metabolism in the posterior cingulate gyrus or parietal
regions [53, 54] or MRI volumes of the medial tempo-
ral regions, which many clinicians currently rely upon
for diagnostic confirmation of AD [57].

FDDNP BINDING IS RELATED TO
NEURONAL LOSS IN THE HIPPOCAMPUS

Neurofibrillary tangle density correlates more
strongly with neuronal death than does total plaque
burden [59]. Large pyramidal neurons in the CA1 and
subicular regions of the hippocampus, a part of the
medial temporal lobe system supporting declarative
memory, are among the most vulnerable neuronal
populations affected in the earliest stages of the disease
in a pattern that differs from that of normal aging,
and is highest in entorhinal cortex and hippocampus
CA1 region [60]. Although these large pyramidal
neurons are glutamatergic in nature, they receive
inhibitory serotonergic input from the dorsal raphe
nucleus via the serotonin 1A (5-HT1A) receptors
located on their axonal hillock. Hippocampal CA1
region and subiculum have the highest density of
5-HT1A receptors in the brain, Therefore, a decrease
in 5-HT1A receptor densities in the same areas in AD
can be demonstrated in vivo by using 4-[F-18]fluoro-
N-{2-[1-(2-methoxyphenyl)piperazinyl]ethyl}-N-(2-
pyridinyl)benzamide (MPPF) PET in patients and cor-
related with the hippocampal cellular pathology, which
includes loss of glutamatergic pyramidal neurons in
the CA1 field of hippocampus. Thus, MPPF-PET can
provide a measure of hippocampal degeneration in AD,
including pyramidal neuron loss in hippocampus [61].

To investigate the relationship between FDDNP
binding and hippocampal degeneration, FDDNP-PET
and MPPF-PET scans were performed, and hippocam-
pal MPPF binding values were found to closely
correlate with cortical increases in FDDNP binding.
Moreover, they were also strongly correlated with
the severity of cognitive decline in AD, as measured

by MMSE scores [45, 61]. Particularly remarkable
is that hippocampal 5-HT1A densities were found to
be decreased in MCI subjects, making their assess-
ment a possible target for early diagnosis of AD
[61]. Densities of hippocampal 5-HT1A receptors at
pre-clinical stages of AD are affected by two oppos-
ing processes: pyramidal neuron losses in CA1 and
subiculum regions causing decreases in regional recep-
tor density, but these decreases are counteracted by
increased receptor expression on surviving pyrami-
dal neurons. In contrast to our observations, Truchot
and colleagues [62] initially reported increases in hip-
pocampal 5-HT1A receptor density in their amnestic
MCI population compared to controls measured by
MPPF-PET and attributed it to compensatory mecha-
nisms. In their subsequent paper [63] on measurement
of 5-HT1A receptor densities with MPPF-PET, they
observed decreased hippocampal 5-HT1A receptor
densities in the amnestic MCI group compared to
controls, similar to our results [61], and increased
receptor density in several neocortical regions. When
the disease reaches clinical stages, hippocampal pyra-
midal neuronal losses and volume loss in the CA1
region of the hippocampus and subiculum [64, 65]
prevail over compensatory effects, and significantly
decreased hippocampal 5-HT1A receptor densities
have been observed in all studies [61–63]. The com-
bined evaluation of FDDNP-PET (targeting tangles
and plaques) with MPPF-PET (targeting serotonin 1A
receptors as a marker of hippocampal degeneration)
offers the opportunity for reliable, non invasive detec-
tion of both AD pathology and hippocampal neuronal
loss.

By contrast, the relationship between PIB binding
and hippocampal neuronal loss is controversial: While
some studies found that global and regional atrophy
were strongly related to PIB binding in subjects with
subjective cognitive impairment, not such relationship
has been found in patients with MCI or AD [66]. Other
reports have found no associations detected between
current PIB binding and regional brain volume decline
trajectories in preceding years [67].

MULTITRACER PET IMAGING USING
BOTH FDDNP AND PIB

Because of their different imaging characteristics,
multitracer PET imaging using PIB and FDDNP
in the same subjects may help visualize different
aspects of AD development. To investigate this issue,
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Fig. 2. Co-registered FDDNP-PET (upper panel), PIB-PET (middle
panel), and MRI scans of a patient with Alzheimer’s disease. Warmer
colors (reds, yellows) indicate higher binding levels in PET scans.
Images in the left column are at the level of the parietal lobe; images
in the right column are at the level of the temporal lobe. Wamer
colors (reds, yellows) indicate higher binding levels on PET scans.

multitracer PET imaging using FDDNP and PIB in the
same subjects, with and without AD were performed
[6].

Patients with AD have consistently shown low
PIB but high FDDNP binding in the medial tem-
poral cortex (limbic regions including hippocampus,
parahippocampal areas, and entorhinal cortex), while
both PIB and FDDNP binding are significantly
increased in neocortical areas in AD compared with
age matched controls (See Fig. 2). Consistent with
these results, subtracted PET data (FDDNP minus
PIB) acquired from the same patients with AD (ana-
lyzed using statistical parameter mapping software [8])
found that the medial temporal cortex was the most sig-
nificant differential brain region in the voxel mapping
(see Fig. 3).

Post mortem studies describing the hierarchical pro-
gression of tau lesions in normal aging and early stages
of AD suggest that damage to the medial tempo-
ral cortex and association cortex would account for
the memory and non-memory cognitive impairments,
respectively [68]. Therefore, high FDDNP binding
observed in the medial temporal cortex of patients

T-statistics

Fig. 3. FDDNP minus PIB results (yellow blobs) in the same
patients with AD as statistical parameter mapping (SPM) projections
superimposed on a standardized magnetic resonance imaging brain
template in the three orthogonal right sagittal (upper left), coronal
(upper right), and axial (lower left) views (p < 0.05 (FWE); corrected,
k = 100). Adapted and reprinted with permission from Shin et al.,
(2010) [Copyright (2010) Neuroimage].

with AD is consistent with the suggested relationship
between the medial temporal tau pathology and mem-
ory impairment in AD.

MEDIAL TEMPORAL FDDNP BINDING IS
RELATED TO EPISODIC MEMORY
PERFORMANCE

Episodic memory impairment is one of the most
prevalent cognitive deficits in patients with AD [69],
and a subtle decline in episodic memory often occurs
prior to the emergence of the full dementia syndrome
in non-demented older adults who eventually develop
AD [70].

The medial temporal cortex has been well-
established as playing a central role in modulating
episodic memory [71]. We found that medial temporal
FDDNP uptake values in normal elderly subjects are
correlated inversely with long delay recall scores in
the CVLT (r = –0.684, p = 0.029), an instrument used
to test episodic memory performance [6]. By con-
trast, medial temporal PIB binding does not show a
statistically significant correlation with episodic mem-
ory performance [6]. These findings may suggest that
episodic memory impairment in healthy control sub-
jects might be related to the presence of intraneuronal
neurofibrillary tangles in the medial temporal cortex.
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Post mortem pathological evidence previously showed
that neurofibrillary tangle density in the medial tem-
poral cortex of cognitively normal elderly persons
correlates with memory scores, whereas density of
amyloid plaques in the same region does not [72, 73].
Determining the details of the connections between tau
pathology and episodic memory impairment warrants
further study, but it is expected that tangle formation
may at least partly contribute to episodic memory dete-
rioration via impairing electroencephalogram (EEG)
theta rhythm [74–76].

FDDNP BINDING PATTERN IN THE
BRAIN’S DEFAULT NETWORK

The concept of a default mode network – an
interconnected set of brain regions (frontal, pari-
etal, posterior cingulate, lateral, and medial temporal
regions) that is active when the brain is in a resting state
and deactivated during focused mental tasks – was first
proposed in 2001 [77]. This concept rapidly became
the target of hot research in AD, where such a default
network appears disrupted, most prominently in the
medial temporal cortex [78–80]. FDDNP binding pat-
terns in patients with AD show significantly increased
binding values in the entire default network, including
the medial temporal cortex [5, 6], which points to the
utility of FDDNP-PET in identifying the role of the
default network in AD [81].

QUANTITATIVE ANALYSIS OF FDDNP-PET
USING SUBCORTICAL WHITE MATTER
AS REFERENCE REGION

There is imprecise information in the litera-
ture regarding non-specific white matter binding of
FDDNP and other probes. Recently, Wong et al. [82]
investigated this issue and found that for FDDNP, the
ratio of white matter over cerebellum is 1.0, whereas
for PIB the white matter/cerebellum ratio is 1.5; that
ratio is even higher for imaging probes structurally
related to trans-stilbenes (e.g., AV-45). Therefore, the
cortex/cerebellum ratio for expressing a signal is mis-
leading and the cortex/white matter ratio would better
express the signal to noise ratio in adjacent tissues.
High white matter signal produces a significant spill-
over effect of the signal to the cortical grey matter.
It also adds to partial volume effects, which dis-
tort results, most particularly in AD when significant
cortical atrophy is present. These effects can be com-

pensated to some extent by analytical approaches that
use segmentation of grey and white matter based on
MRI scans before quantitation of PET data to deter-
mine grey matter cortical binding of these tracers, yet
the question of the origin of high white matter binding
of these tracers still remains.

Because the white matter/cerebellum ratio for
FDDNP uptake is 1.0 [82], subcortical white matter is
a good alternative reference region to the cerebellum
for analyzing FDDNP-PET data, particularly when the
cerebellar region is affected by disease (e.g., in prion
disease) [83]. Wong and colleagues [82] have shown
that lower perfusion of white matter compared to grey
matter does not present a problem for Logan graphi-
cal analysis for this tracer and that it does not increase
inter-subject variability over that observed in analysis
performed with the cerebellum as the reference region.
In practice, both the subcortical white matter and the
cerebellum should be used together to cross-validate
the findings with different reference regions, especially
when arterial input blood data are not available or blood
sampling is not feasible due to practical clinical con-
siderations. Comparison of both approaches was tested
in 10 AD and 10 control subjects and results show very
good correlations ([83], Supplementary Materials).

THE LIMITATIONS OF FDDNP-PET

One of the most frequently mentioned limitations of
FDDNP is the small cortical signal difference between
control and AD subjects [9]. The in vivo FDDNP bind-
ing differences between controls and AD patients are
significantly lower (approx 10-15%) than those of PIB-
PET (approx 80%) in some neocortical regions when
the cerebellum is used as a reference [6]. That dif-
ference is reduced to about 25-30% for PIB-PET (vs
10-15% for FDDNP-PET) when the adjacent white
matter region is used as a reference [82]. It also should
be noted that in the medial temporal region, the cortical
area with the earliest pathology deposition in AD, the
FDDNP binding difference between controls and AD
is much higher (approx 30 %) compared with PIB-PET
(approx 5%) which shows the lowest level of signal of
all brain regions [6]. To demonstrate this characteris-
tic between FDDNP-PET and PIB-PET, we show the
differential PET image (FDDNP minus PIB) in Fig. 3,
where PIB binding values are shown to be higher than
FDDNP binding values in several neocortical regions
and FDDNP binding values are higher than PIB bind-
ing values in the medial temporal cortical regions [10].
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Unlike PIB-PET, which shows a single pattern of
affected areas at all stages of AD progression, we
have observed an increasing pattern of FDDNP cortical
brain involvement with disease progression consistent
with known pathological data at all levels of neurolog-
ical impairment [46]. This may increase the difficulty
in quantification of FDDNP-PET data if group sepa-
ration (e.g., controls vs. AD) is intended, yet it more
closely matches the stepwise evolution of pathology
pattern in AD (see Fig. 1).

Another often mentioned critique of FDDNP is that
it does not bind to �-amyloid plaques selectively. How-
ever, this argument is strongly biased by the influence
of the amyloid cascade hypothesis which considers
�-amyloid as causative of AD, in contrast to other cri-
teria which attributes the disease to other factors (e.g.,
inflammation) and considers both neurofibrillary tan-
gles and �-amyloid plaques as pathological diagnostic
hallmarks of AD. In AD both pathologies are contribut-
ing to disease and thus binding to both Alzheimer’s
pathologies could be considered an advantage since
evolution of these pathologies follows different time-
and space-related patterns. Recent repeated failures
in developing anti-amyloid drugs and vaccines cast
doubts on the amyloid cascade hypothesis for which
the ability of FDDNP to image both plaque and tangle
would be considered favorably rather than an obsta-
cle in AD diagnosis and drug treatment monitoring,
particularly at the earliest stages involving the medial
temporal lobe where PIB-PET shows no signal [84].
Therefore, even with the relatively low neocortical sig-
nal, FDDNP value as an imaging agent is enhanced
by two important facts: (1) at present, it is the only
clinically available in vivo imaging probe to visualize
tau pathology in living humans; and (2) it is also the
only radiotracer to visualize AD pathology in the hip-
pocampal region of living humans, which is among the
earliest affected brain region in AD.

THE POTENTIAL ADVANTAGE OF
FDDNP-PET IN THE ASSESSMENT OF
EARLY ALZHEIMER’S DISEASE AND/OR
THOSE SUBJECTS AT RISK FOR AD

The amyloid cascade hypothesis assumes that amy-
loid plaque formation precedes neurofibrillary tangle
formation [8]. Supporting evidence for the amyloid
cascade hypothesis comes from early-onset familial
AD cases caused by mutations in three different genes,
amyloid precursor protein (APP) and presenilin-1 and

-2 (PS1 and PS2). However, less than 5 percent of all
Alzheimer cases are early-onset familial AD. By con-
trast, human postmortem histopathology data suggest
that the initial development of tangles might precede
the development of amyloid plaques by at least two
decades [20, 21]. The progression of tangle forma-
tion is stepwise and consistent from the entorhinal
cortex, through the hippocampus, and into the isocor-
tex [37]. Therefore, early detection of AD pathology
in living humans at its onset before it spreads widely
will contribute to the early, preclinical diagnosis of,
and early treatments for, AD. If so, because of its
sensitivity for tau aggregates, FDDNP-PET imaging
would have an advantage in an early, preclinical diag-
nosis of AD, especially in imaging medial temporal
cortex.

CONCLUSIONS

Previously well-established post mortem human
data suggest that tau tangles are more accurate predic-
tors than amyloid plaques in monitoring disease stages
and cognitive performance in normal aging, MCI, and
AD. Consistent with post mortem studies, FDDNP-
PET imaging scans performed in normal aging, MCI,
and patients with AD show significant correlations
with MMSE scores, as well as MPPF-PET hippocam-
pal neuronal loss measures, while other PET imaging
probes purportedly designed to bind amyloid pathol-
ogy do not. In addition, FDDNP signal progression in
AD also matches the progressive accumulation of brain
pathology described by post mortem histopathologi-
cal studies. Furthermore, FDDNP is the only imaging
probe to succeed in visualizing AD pathology in the
medial temporal cortex (especially, in the hippocam-
pus) of living humans, and thus the FDDNP binding in
the medial temporal cortex is expected to associate with
predominant tangle formation in the region, episodic
memory impairment, the brain’s default network, and
early, preclinical diagnosis of AD. Therefore, FDDNP-
PET, which can visualize neurofibrillary tangles in
addition to amyloid plaques, provides unique infor-
mation on AD brain pathology relevant to disease
progression.
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Research Towards Tau Imaging
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Abstract. Tau-bearing neurofibrillary lesions present a promising biomarker for premortem diagnosis and staging of Alzheimer’s
disease and certain forms of frontotemporal lobar degeneration by whole brain imaging methods. Although brain penetrating
compounds capable of binding tau aggregates with high affinity have been disclosed for this purpose, the major barrier to
progress remains the need for tau lesion binding selectivity relative to amyloid-beta plaques and other deposits of proteins in
cross-beta-sheet conformation. Here we discuss challenges faced in the development of tau lesion-selective imaging agents, and
recent preclinical advances in pursuit of this goal.

Keywords: Alzheimer’s disease, frontotemporal lobar degeneration, tau, neurofibrillary tangle, paired helical filaments,
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INTRODUCTION

Current methods for whole-brain imaging of demen-
tia patients leverage positron emission tomography
(PET) to capture the binding of radiolabeled com-
pounds to lesions containing filamentous amyloid-�
(A�) peptide. Radiolabeled PET compounds currently
in advanced clinical trials for this purpose include
the aminostyryl benzene molecules [18F]BAY94-9172
and [18F]Florbetapir, and the benzthiazole-aryl (BTA)
compounds [11C]PIB and [18F]Flutemetamol [1–3].
Although A�-directed agents have high sensitivity for
detection of AD [4], they have limited specificity,
with ∼30% of normal controls and only a subset of
MCI cases showing positive signal [4, 5]. In addition,
A� levels plateau as disease progresses [6, 7], limit-
ing utility of premortem A� detection for longitudinal
assessment. Finally, A�-directed imaging agents can-
not distinguish different forms of frontotemporal lobar
degeneration (FTLD; [8]), which do not accumulate
A� aggregates, from AD or from each other.

∗Correspondence to: J. Kuret, Ph.D., Professor, 1060 Carmack
Rd, Columbus, OH 43210, USA. Tel.: +1 614 688 5899; Fax: +1
614 292 5379. E-mail: kuret.3@osu.edu.

Selective radiotracers for tau-bearing neurofibrillary
lesions could complement the established A� imag-
ing signature in several ways. First, neurofibrillary
lesions appear in large numbers at certain sites of
predilection [9] decades before the onset of demen-
tia in AD [10–12], potentially providing the means to
detect disease at very early stages. When combined
with emerging therapies for AD, direct in situ pre-
mortem diagnosis of tau has the potential to change the
standard of care for this deadly disease. Second, unlike
A� aggregates, tau aggregate load correlates with
neurodegeneration [13, 14] and cognitive decline in
AD [15–17], proving a potential surrogate marker for
disease. Because of the well-established relationship
between disease progression and spatial distribution
of neurofibrillary pathology [10], tau-based imaging
could help monitor the effectiveness of drug treatments
over time [18, 19]. Finally, neurofibrillary lesions are
found in ∼40% of FTLD cases (FTLD-tau) includ-
ing Pick disease (PiD) [20], progressive supranuclear
palsy (PSP) [21], and corticobasal degeneration (CBD)
[22, 23]. These forms of FTLD differ in their spatial
distribution of lesions [24]. For example, Pick bod-
ies are most commonly found in the dentate gyrus of
the hippocampus, amygdala, and frontal and temporal
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neocortex [20], whereas CBD is characterized by
frontal, parietal and striatal involvement. In contrast,
PSP pathology is predominantly in the brainstem, cere-
bellum and basal ganglia, with relatively little cortical
involvement [14, 23–25]. Tau-based diagnostic agents
may aid the diagnosis of FTLD forms that are difficult
to distinguish based solely on clinical presentation.

Despite their potential for premortem diagnosis and
staging of dementing illnesses, no tau lesion-selective,
radiolabeled imaging agents are in clinical trials. The
purpose of this review is to explore design consider-
ations for developing tau-directed radiotracers, and to
assess recent progress made toward discovery of such
agents since this area was last discussed [26].

PHARMACOKINETIC REQUIREMENTS
FOR TAU-DIRECTED RADIOTRACERS

Tau-directed imaging agents must fulfill four prin-
cipal criteria if they are to take full advantage of their
diagnostic potential. First, like other contrast agents,
they must rapidly cross the blood brain barrier (BBB)
after intravenous injection while simultaneously being
subject to rapid elimination, so that specific bind-
ing can be detected during the short lifetimes of the
major PET radionuclides 11C and 18F [26–28]. Thus
tau-directed radiotracers will likely resemble other
imaging agents with respect to plasma protein bind-
ing affinity, hydrophobicity, molecular weight, and
metabolic stability [27].

Second, for maximal sensitivity, tau imaging agents
should be capable of engaging their target within
cells undergoing neurofibrillary degeneration. This is
because new intracellular lesions form throughout the
course of AD [29] in parallel with ongoing cell death,
which exposes appreciable amounts of tau aggregates
(i.e., “ghost” tangles) to the extracellular environment
[30, 31]. The intracellular environment is crowded with
macromolecules that slow molecular diffusion [32]
and potentially increase binding affinities [33]. Recent
findings with [11C]rolipram, a ligand for phosphodi-
esterase 4 (PDE4), shows the feasibility of imaging
intracellular targets [34]. Interestingly, [11C]rolipram
binds PDE4 with higher affinity in vivo than in tissue
homogenates [33]. Although this observation has been
attributed to phosphorylation differences, the effects
of crowding on association rate constants could also
contribute to higher target affinity. These data sug-
gest that imaging of intracellular targets such as tau
is feasible and may have the advantage of modestly

increased affinity relative to targets localized to extra-
cellular spaces.

Third, tau-directed radiotracers must bind a target
that varies in composition and post-translational modi-
fication, both in FTLD and AD [35]. Although encoded
by a single gene, human tau is composed of six distinct
splice variants that vary with respect to inclusion or
exclusion of three alternatively spliced segments. One
of these is located in the C-terminal region of tau that
mediates self association and composes part of the fila-
mentous core [36]. In addition to phosphorylation and
glycosylation, new modifications, such as the acety-
lation of �-amino groups of Lys residues, continue to
be discovered [37]. Such heterogeneity may contribute
to the differential binding affinity reported for certain
quinoline-aryl and benzimidazole derivatives, which
bind neurofibrillary lesions in AD tissue, but not the
Pick bodies, globose tangles or glial pathology found
in PiD and PSP [38]. Overall, tau presents a binding
target that is more complex and heterogeneous than
those associated with A� deposits.

Finally, successful radiotracers must bind tau aggre-
gates with sufficient selectivity so that neuritic lesion
spatial distribution is not masked or confounded by
other lesions that appear in disease. In the case of
AD, the major confounding lesions are plaques and
other deposits composed of A� peptide. By late
stage disease, in for example frontal cortex, insolu-
ble A� accumulates to ∼3–4 nmol/g wet tissue [39,
40]. In contrast, insoluble tau levels range from only
∼0.2–1 nmol/g wet tissue [41, 42], although higher
estimates have been reported [43]. Ideally, tau imaging
agents should be able to selectively detect neurofibril-
lary lesions in the presence of up to ∼20 fold molar
excess of insoluble A�, although lower levels of selec-
tivity would suffice in brain regions where A�/tau
ratios are lower (e.g., entorhinal cortex, [29, 44]).

At equilibrium, the ratio of specifically bound to free
tracer in tissue is proportional to the binding potential
(BP), which represents the ratio of receptor binding site
density (Bmax in concentration units) to the equilibrium
dissociation constant (KD, also in concentration units)
[45]. Bmax is directly proportional to the concentra-
tion of accessible protein protomers that accumulate
in lesions and to the stoichiometry of radiotracer bind-
ing (i.e., mol radiotracer/mol protein protomer). The
latter has been found to vary among A� aggregate
ligands, perhaps reflecting differential binding to het-
erogeneous sites [46]. The overall BP is the sum of
contributions from A� plaques and neurofibrillary tan-
gles [28]:
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BP = Bmax ·Aβ

KD·Aβ

+ Bmax ·tau

KD·tau

Thus, were a contrast agent to bind with similar
affinity and mol compound/mol protein protomer sto-
ichiometry to both A� and tau aggregates, then the
overall BP would be dominated by the A� term owing
to the higher concentration of A� (and hence higher
Bmax) relative to tau protomers in brain. Consistent
with this prediction, Pittsburgh Compound B, which
binds both A� and tau aggregates, yielded a stronger
signal for the former over the latter when applied to AD
brain sections [47]. The forgoing suggests that radio-
tracers capable of selectively binding tau aggregates
in the presence of excess A� binding sites must be
developed if the full potential of neurofibrillary lesion
detection is to be realized, and that selectivity may be
achieved through increases in relative binding affinity
or Bmax.

PROGRESS TOWARD TAU IMAGING
AGENTS

The first tau aggregate binding agents were identi-
fied on the basis of direct fluorescence in tissue, and
include Thioflavin T (ThT) and its neutral benzoth-
iazole derivatives [48], FDDNP [49], BF-168 [50],
and X-34 [51, 52]. Binding to AD lesions was non-
specific under these conditions, and only FDDNP
and neutral ThT derivatives such as PIB went on to
be extensively characterized at radiotracer concen-
trations. [18F]FDDNP-PET was found to be taken
up weakly into AD brain relative to [11C]PIB [53,
54], perhaps owing to its lower binding affinity for
protein aggregates [55]. Nonetheless, post mortem
neuropathological assessment of AD patients who pre-
viously received [18F]FDDNP-PET scans confirmed
that the FDDNP signal correlated with AD lesion dis-
tribution in certain brain regions [56]. To deconvolute
the signal into its plaque and tangle constituents, Shin
et al. has proposed that both PIB and FDDNP be
employed sequentially in the same subject for visual-
ization of total AD pathology, with the net difference
between them used to selectively detect the neurofib-
rillary component [53, 57]. Successful application of
this multitracer strategy depends on the binding char-
acteristics of both PIB and FDDNP. PIB binds both
plaques and tangles [47], which may limit the sen-
sitivity of the multitracer approach. Furthermore, the
evidence for FDDNP interaction with neurofibrillary

tangles remains indirect and circumstantial since direct
binding of [3H]FDDNP to neurofibrillary lesions in
tissue sections has not been confirmed at radiotracer
concentrations [55]. These data illustrate the need for
new tau-directed imaging agents with better selectivity
for neurofibrillary lesions.

New composition of matter that binds tau aggregates
with high affinity while fostering rapid brain uptake
has recently been disclosed in the patent literature. For
example, Kemp et al. [58] identified certain benzoth-
iazole, imidazothiazole, and pyrimidazole compounds
that displaced primuline (present at 1 �M concentra-
tion), a fluorescent probe for cross-�-sheet structure,
from binding to both authentic PHFs and to syn-
thetic tau aggregates created in a proprietary transgenic
mouse line expressing P301S/G335D tau. Chemical
structures for the most potent primuline displacers
(AC50 < 0.1 �M) along with compounds subjected to
secondary assays are summarized in Table 1 . In addi-
tion to displacing primuline from PHFs, SK2033-30
directly stained tau lesions in sections prepared from
transgenic mice. Frozen brain sections also stained
with LS-T213, revealing a pattern consistent with
tau-positive neurons. Moreover, both SK2033-30 and
LS-T213 were able to stain tau filaments within murine
3T3 cells engineered to express full-length and trun-
cated tau. In addition to having promising binding
affinity, these compounds are taken up into brain with
significant washout after 60 min, as demonstrated with
[18F]SKT04-137 in mice (4.0% injected dose/g tissue
after 2 min, 1.4% injected dose/g tissue after 60 min).
These data show the feasibility of identifying high-
affinity ligands for tau filaments that react with the
highly modified tau in authentic PHFs while retaining
appropriate size and structure for brain penetrability.
However, it is not clear what level of binding selectivity
for tau lesions is available from these lead compounds.

Other recently disclosed tau binding agents include
quinoline-aryl [59], benzoxazole [60], and other
derivatives, which have been assessed on the basis of
the fluorescence emitted when bound directly to lesions
in brain sections (Table 2 ). Recent disclosures have
emphasized the pan-selectivity of these compounds
for lesions composed of different protein aggregates,
including A�, tau, and �-synuclein [60]. But some
members of these compound families, such as TSK-
523, reportedly deliver up to 20-fold binding affinity
selectivity for tau over A� aggregates [61]. These data
show the feasibility of identifying ligands with at least
an order of magnitude selectivity for tau over A� while
maintaining brain permeability. Although high binding
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Table 1
New neurofibrillary labels [58]. Potency (AC50) was estimated in competition format against 1 �M

primuline

Name Structure AC50 (nM)

LS-T213

N

S
N

N OHHO

F3C

80

SKT03-107

N

S OHO

NO2

30

SKT06-117 N

N

NO2 50

SKT05-163 N

N
N

N N 30

SK2033-30

N

S N ND

18F-SKT04-137

N

S
NH N

18FO
O

ND

selectivity was shown at histochemical concentrations
(>10 �M), it will be important to confirm selectivity at
radiotracer concentrations (low nanomolar).

Finally, Rojo et al. [62] tested the ability of ben-
zimidazole derivatives astemizole (a histamine H1
antagonist; Table 3) and lansoprazole (a proton pump
inhibitor; Table 3) to directly bind filaments com-
posed of A� peptide, heparin-induced recombinant
tau protein, and authentic PHF isolated from AD
brain in vitro. Although 3H-astemizole bound with
similar affinity to synthetic filaments composed of
A� peptide and full-length, human, recombinant tau
(KD ∼ 2 nM for each), Bmax was >50-fold higher for
tau (5.7 ± 0.4 pmol 3H-astemizole/nmol tau) relative
to A� (0.12 ± 0.002 pmol 3H-astemizole/nmol A�).
These data suggest that it may be possible to generate
binding selectivity for tau relative to A� aggregates by
leveraging differences in Bmax.

Overall, tau ligands continue to be discovered using
empirical methods, with little definitive information
on binding selectivity relative to A� plaques at radio-
tracer concentrations. However, these studies show the
feasibility of generating at least part of the selectivity
needed for a useful tau-directed radiotracer, and that
this selectivity can arise from differences in binding
site density or affinity.

NEW LIGAND-BINDING MODELS FOR
CROSS-�-SHEET AGGREGATES

Tau, A�, and other proteins that fibrillize in disease
adopt parallel, in-register cross-�-sheet conformation
[63]. On the basis of molecular dynamics simula-
tions and direct binding studies, small molecules can
bind sites created along the filament surface [64, 65].
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Table 2
Recently disclosed neurofibrillary labels and their binding selectivity as determined on tissue sections by

direct fluorescence at histochemical concentrations

Name Structure Lesions bound Ref

BF-170
N

NH2 Tangles/A� Fibrils [38, 59]

N-310
N

N Tangles [59]

THK-185

N

N
Tangles/A� plaques [60]

THK-254

N

N N
N

O

Tangles [60]

THK-258

S

O

NN

N
Cl

Tangles/A� plaques [60]

THK-317 N
O

Tangles/A� plaques [60]

THK-386
O

NN

N
O

O

O

O

Tangles [60]

THK-525
O

N
S

N

O
F N

O

A� plaques [60]

The search for selective protein-aggregate radiotrac-
ers would be greatly accelerated if their poses within
binding sites were known. Although an atomic res-
olution structure has not yet been reported for any
ligand in its bound state, two exciting new hypothet-
ical models reported in the past year have potentially
important implications for rational ligand discovery.
Both models focus on ThT (Fig. 1A) , a fluorescent
benzothiazole aryl used to detect tau, A�, and other
amyloid fibrils owing to its Stokes shift upon bind-
ing [66]. Experimentally, ThT has been found to bind
with its long axis parallel to the filament axis, pre-
sumably along filament channels [64, 67], similar to
other amyloid-staining dyes [68, 69]. When assayed
by circular dichroism spectroscopy, binding of ThT to
some [70, 71], but not all [72] filament morphologies
produces a Cotton effect, suggesting that its benzothia-

zole and benzaminic ring systems twist relative to each
other by ∼35◦. These observations set constraints that
must be satisfied in structural models of ligand binding.

To create the first model, Rodriguez-Rodriguez et
al. [73] solved the crystal structure of ThT, docked
it onto a structure of the A�42 protofilament deter-
mined by solid state NMR [74], and then refined its
binding pose on mainchain atoms using a quantum
mechanical method that was optimized for dispersion
forces. The model predicts that ThT interacts directly
with the �-sheet backbone of the A� protofibril, which
is uniquely accessible in the wide channels created
along the filament axis by Gly residues. The model,
which we have arbitrarily placed into the context of
A� protofibril residue Gly33 in Fig. 1B, rationalizes
many experimental observations made on ligand bind-
ing to filamentous aggregates. First, it is consistent with
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Table 3
Benzimidazole derivatives characterized on the basis of direct

radioligand binding measurements [62]

Name Structure

Astemizole

Lansoprazole

the planar geometry of most filament binding ligands
(including those shown in Tables 1 and 2), and predicts
that their ring systems interact with flat �-sheet sur-
faces through van der Waals dispersion forces. These
forces, which are directly proportional to distance and
contact surface area [75], arise owing to the high
polarizability of ligands and of the �-sheet hydrogen-
bonding network oriented parallel to the long axis
of each filament. The hydrogen bonding network is
inherent in cross-�-sheet structure and independent of

protomer packing geometry [63, 76, 77]. In fact, the
forces generated by this network may help orient bound
ligand so that its long axis is parallel with the filament
axis. Second, the prediction that ThT binds to pleats
formed by consecutive sheet �-carbon atoms (yield-
ing a twisted ThT conformation with ∼40◦ dihedral
angle; Fig. 1B) is consistent with the experimentally
observed Cotton effect. It also rationalizes high ThT
fluorescence yield in the bound state, which arises
owing to restriction of torsional freedom [78, 79].
Third, the requirement for Gly as part of the filament
core suggests that binding affinity depends on solvent
accessibility to specific residues, which can vary with
filament composition and morphology. For example,
both Gly33 and Gly38 are fully exposed in the protofib-
rillar form of A� (Fig. 2A) [74, 80], but can have
variable accessbility depending on how the protofib-
rils pack within mature filaments (Fig. 2B-D). Indeed,
access to Gly33 and Gly38 is completely blocked in the
model of A�40 striated ribbons (characterized by two-
fold symmetry [80]; Fig. 2B), only partially exposed
at the ends of A�40 filaments having twisted mor-
phology (characterized by three-fold symmetry [81];
Fig. 2C), and completely exposed on only one face of
the stacked protofilaments observed in mature A�42
filaments [74] (Fig. 2D). Authentic AD-derived A�
filaments adopt at least two additional morphologies,

Fig. 1. Hypothetical ThT binding sites on cross-�-sheet binding targets, created using UCSF Chimera Alpha Version 1.5 (build 31329) software.
(A) Model of ThT in which carbon, nitrogen, and sulfur atoms are colored cyan, blue, and yellow, respectively. The benzothiazole and benzaminic
ring systems are depicted as being ∼35◦ out of plane with respect to each other. (B) Proposed binding mode of ThT, where protein backbone
atoms are colored by heteroatom and overlaid with a transparent molecular surface area. To create this model, the quantum-refined binding pose
B1 of Rodriguez-Rodriguez [73] was placed in the context of a channel on the A� protofilament [80] formed by Gly33 and flanked by the side
chains of Ile31 and Met35. The proposed interaction is stabilized by strong dispersion effects between the ThT aromatic ring systems and the
hydrogen-bonding network of backbone peptide bonds. The flat surfaces formed by the �-sheet pleats (black arrows) bind ThT such that the
benzothiazole and benzaminic ring systems twist ∼40◦ with respect to each other. (C) ThT bound at the surface of the PSAM scaffold (adapted
from [87]). This model represents an average ThT conformation obtained through a molecular dynamics simulation. In this binding mode, ThT
interacts with protein in a shallow, hydrophobic groove formed by aromatic side chains (Tyr in this case). This binding mode can bind ThT in a
twisted conformation (∼52◦ dihedral) to maximize van der Waals interactions between planar surfaces (black arrows).
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Fig. 2. Schematic representation of A� filament quaternary structure. (A) In A� protofibrils, putative ligand binding sites on �-sheet surfaces
(starbursts) are exposed to solvent. These include Gly33 and Gly38, each of which creates wide channels for access to mainchain surfaces,
and Phe20, which may interact with ligand much like Tyr in PSAM. (B) Striated ribbon conformation [80] having two-fold rotation symmetry
maintains solvent exposure of residue F20, which can interact with ligands, but occludes Gly33 and Gly38, so that compounds cannot gain
access to backbone atoms. (C) Twisted conformation [81] having three-fold rotation symmetry maintains solvent exposure of F20, but constrains
access to Gly residues. (D) Stacked mature fibril [74] composed of four stacked protofibrils exposes both F20 and the Gly residues to solvent,
but only at the limiting faces. These models illustrate how ligand accessibility to different binding sites can vary with aggregate quaternary
structure.

both of which are distinct from synthetic striated and
twisted packings [82], suggesting that additional bind-
ing site heterogeneity exists in vivo. These data point to
a potential mechanism underlying the variable binding
stoichiometries reported with certain small molecule
ligands [46, 83], and also the failure of certain agents
that bind synthetic filaments in vitro to bind authentic
lesions in situ [84]. Finally, the model rationalizes the
structure-activity relationship (SAR) for benzothiazole
aryls (including PIB), which identified substituents at
the para position as being favorable for high affinity
binding, with meta and ortho substituents being unfa-
vorable [85, 86]. The model predicts that these latter
substitutents clash with the side chains of residues that
line the channel wall (Fig. 1B). Importantly, this SAR
was deduced at radiotracer concentrations. Overall,
this model may be useful for identifying potential lig-
and binding sites on tau and other proteins that form
cross-�-sheet structure, and for engineering binding
selectivity among them.

In the other model, Wu et al. [87] propose a dis-
tinct binding mode where the ThT molecule interacts
primarily with amino acid side chains that line fila-
ment channels rather than main chain atoms (Fig. 1C).
This model was created in silico from ThT and
a crystal structure of a synthetic protein scaffold
(Peptide Self-Assembly Mimic; PSAM) that forms
a single-layer cross-�-sheet. Although PSAM adopts
antiparallel rather than parallel cross-�-sheet struc-
ture, the model nonetheless has implications for ligand
binding to amyloid filaments. First, binding is dom-
inated by the hydrophobic effect and by van der
Waals interactions between the ThT ring moieties
and the aromatic side chains of the PSAM scaffold,
resulting in ThT orienting parallel with the filament
axis, again consistent with experimental observation.
In the case of PSAM, the aromatic residue is Tyr,
but Phe or other aromatic amino acid residues could
substitute in other proteins. Interestingly, amyloid
fibrils composed of non-aromatic residues, such as
Lys-(Glu)n-Lys sequences, exhibit classic ThT fluo-



284 J.R. Jensen et al. / Tau-Directed Imaging

rescence, however, the quantum yield is an order of
magnitude lower than for A�40 [88]. This would sug-
gest that side-chain-mediated binding permits torsional
freedom, allowing the molecule to adjust its confor-
mation with the dynamic motion of the side chains.
Second, this binding mode can accommodate ThT
binding in twisted conformation (∼52◦ dihedral angle)
[87] which is in agreement with the Cotton effect iden-
tified by circular dichroism studies performed at high
micromolar concentrations of the dye [70, 71]. Finally,
side-chain mediated binding is ideal for accomodat-
ing the high binding stoichiometry observed for some
ligands at histochemical concentrations.

Together, the new binding models suggest that
benzothiazole-aryl binding selectivity can be achieved
through two distinct binding modes that are strongly
influenced by side chain composition, and that ratio-
nalize differences in ligand affinity and stoichiometry
observed with filaments of differing morphology and
protein composition.

CONCLUSIONS

Tau-directed imaging agents hold promise for diag-
nosing and staging of AD and certain forms of FTLD.
Advantages of the approach include very early detec-
tion of pathogenesis, differential diagnosis of AD
and FTLD, resolution of FTLD subtypes, and the
opportunity for longitudinal assessment. Disadvan-
tages include the complexity of the target, which
presents up to six tau isoforms in varying states of post-
translational modification, and its low concentration
relative to A� aggregates, which provide a confound-
ing source of off target binding sites. As a result,
tau-directed imaging agents must deliver substantial
binding selectivity if their diagnostic potential is to
be realized. Although binding selectivity is not well
understood, recently-developed models of ligand bind-
ing have the potential to complement current empirical
methods and speed the discovery process.
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Abstract. Functional Magnetic Resonance Imaging (fMRI) is widely used to study abnormalities of the medial temporal lobe
(MTL) system in not only mild cognitive impairment (MCI) and Alzheimer’s disease (AD) but also in Apolipoprotein Epsilon 4
(APOE ε4) carriers. Despite its limitations, new techniques involving fMRI have emerged that provide greater insights into the
disruptions of the memory systems associated with AD, MCI and carrying the APOE ε4 genotype. This short review presents
findings from recent fMRI studies and prepares the reader for the original research contributions in this chapter.

INTRODUCTION

Recent advances in imaging techniques have placed
functional magnetic resonance imaging (fMRI) on the
forefront for improving ways by which to identify indi-
viduals with very mild symptoms prior to dementia.
Efforts are currently underway to revise the diagnos-
tic criteria for Alzheimer’s disease (AD) with the goal
of diagnosis prior to not only dementia but also mild
cognitive impairment (MCI). Such criteria will likely
include results of monitoring the changes in functional
brain activity particularly in the medial temporal lobe
(MTL) as measured by fMRI. The MTL is the seat of
episodic memory [1–3], including visuo-spatial mem-
ory [4], and the first site affected by AD [5]. Even at
the preclinical stage, the hippocampus and the entorhi-
nal and perirhinal cortices show AD-like pathology
[6]. Many studies have provided evidence for neuronal
changes that occur in the preclinical stage of AD and

∗Correspondence to: Maheen M. Adamson, E-mail: madamson
@stanford.edu.

fMRI may be a very useful technique to measure these
changes in vivo. In the current article, we will review
recent fMRI studies in MCI, AD and preclinical AD.

FUNCTIONAL MRI IN AD & MCI

Functional magnetic resonance imaging (fMRI)
studies frequently focus on MTL subregions to capture
activation patterns that are predictive of subsequent
clinically significant decline [7] and predictive of pro-
gression from MCI to AD [8]. A number of fMRI
studies have identified alteration in task-related blood-
oxygen level dependent (BOLD) response in not only
medial temporal lobe (MTL) area but also in frontal
regions in AD patients compared to controls [9]. The
use of a variety of tasks addressing MTL involvement
in various memory systems has led to wide-ranging
results in AD and MCI groups. For instance, both
increased and decreased activations in temporal and
frontal regions have been reported previously [10, 11]
in mild AD patients. Some evidence also suggests that
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decreased hippocampus activity during encoding may
be associated with increased frontal activity in mild
AD patients. The latter is consistent with the idea that
due to atrophy-related changes in MTL, other areas are
recruited to perform the tasks at hand.

Results from studies in MCI have been very incon-
sistent possibly due to the varying stages of dementia
for the individuals at this stage. Decreased hippocam-
pal activation, similar to AD patients, has been reported
in MCI patients compared to controls during encoding
[12] and retrieval [13, 14]. In contrast, several studies
investigating memory encoding with face, objects and
word stimuli, have found increased activation in MCI
compared to controls [15–17]. As mentioned earlier,
these differences are likely due to the difference in the
wide-range of MCI subjects used based on the clinical
dementia rating (CDR) in some studies. Other stud-
ies may use a more strict range allowing for very mild
cases to be included in the study. In addition to level
of clinical impairment, the type of fMRI task used and
other methodological differences also make a differ-
ence in the interpretation of results obtained in each
study.

Whether there is increase or decrease in hippocam-
pus activation in MCI and/or AD, fMRI can detect
changes in the brain regions responsible for different
memory systems that are associated with preclinical
symptoms of AD. More recently, studies of resting
state (non-task related fMRI) have provided evidence
for the “default mode” network, comprising of medial
parietal/posterior cingulate cortex, along with medial
frontal and lateral parietal regions. This network is
active during rest or when individuals are not engaged
in a task. During a task, these regions show deactiva-
tion [18]. This “default mode” network has been shown
to be disrupted in AD by a number of recent studies
[19–22]. Recently, Frings et al. [23], suggested that the
lack of task-related deactivation in the precuneus, an
important node in the “default mode” network, is due
to connectivity disruption in MCI and AD patients and
may not be atrophy related. Evidence also links regions
with amyloid deposition in AD to areas involved in this
“default mode” network [24].

FUNCTIONAL MRI IN APOE ε4 CARRIERS

Carriers of Apolipoprotein (APOE) ε4 are at an
increased risk of developing late onset Alzheimer’s
disease (AD) [25–27]. Carrying at least one ε4
allele is a predictor of clinical progression from
Mild Cognitive Impairment (MCI) to AD [28–31]. In
cognitively normal populations, APOE ε4-related dif-

ferences in neuropsychological task performance have
been detected before age 65 [32–35], although differ-
ences are typically modest [36]. The medial temporal
lobe (MTL) is the seat of episodic memory [1–3],
including visuo-spatial memory [4], and the first site
affected by AD [5]. However, reports of APOE ε4-
related differences in brain structure, particularly in
the MTL, are not consistent [37]. This is especially the
case in cross-sectional studies, which have alternately
revealed smaller and no difference in hippocampal vol-
umes in APOE ε4 carriers compared to non-carriers
[32]. While it is possible that the impact of APOE ε4
on hippocampal volume changes over time will turn out
to be larger or more consistent than single-time point
assessments, more timely methods of assessing early
indications of AD pathology are needed. Functional
magnetic resonance imaging (fMRI) studies frequently
focus on MTL subregions to capture activation patterns
that are predictive of subsequent clinically significant
decline [7] and predictive of progression from MCI to
AD [8]. Studying APOE ε4-related hippocampal and
MTL cortical activity differences during an episodic
memory task may prove promising for evaluating the
risk of AD associated with APOE ε4 genotype in cog-
nitively normal older adults.

Results from recent fMRI studies using episodic
memory paradigms, however, have not been consistent
in evaluating the APOE ε4 risk for AD in cogni-
tively normal older adults. Several studies followed the
approach of measuring brain activity relative to fixation
or rest periods. While an increase in MTL Blood Oxy-
gen Level Dependent (BOLD) activity was reported in
APOE ε4 carriers using word-pair [7,38] and verbal
paired-associate tasks [39], a decrease was reported
in APOE ε4 carriers during spatial learning [40] and
semantic categorization [41]. No APOE ε4-related dif-
ferences were reported during another paired-associate
task [42]. Recently, Adamson et al. (43) reported
that encoding-related activation during a perspective-
dependent spatial memory task in the hippocampus
was significantly lower in carriers than non-carriers.
These results have implications for fMRI studies that
investigate the default-mode network (DMN) in middle
-aged to older APOE ε4 carriers to help evaluate AD
risk in this otherwise cognitively normal population.

The DMN is altered in cognitively normal older
APOE ε4 carriers similar to MCI and AD patients
[44–48, 22]. Lustig et al. [21] reported that activa-
tion in medial parietal and posterior cingulate regions
went from activation during a semantic judgment task
to deactivation during fixation in young participants,
but these regions were consistently activated in older
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adults with Alzheimer’s disease (AD). Pihlajamaki et
al. [48] provides evidence for the disruption of DMN
along the continuum from normal aging to APOE ε4
carriers to MCI and then AD. Recently, Fleisher et
al. [45] reported no encoding-related activity differ-
ences in ε4 carriers compared to non-carriers during a
novel face-name pair task. Encoding-associated deac-
tivations in the medial and right lateral parietal cortex
were greater in non-carriers, similar to findings in AD
studies. Fleisher et al. [45] also did a resting-state DMN
analysis which revealed nine regions in the prefrontal,
orbital frontal, temporal and parietal lobes that were
different between ε4 carriers and non-carriers. Adam-
son et al. (43) report APOE ε4 related differences (ε4
carriers < non-carriers) in the orbital frontal and tem-
poral lobe areas during encoding when compared to a
non-MTL based control task. These areas are included
in the default mode network where resting state activity
is reported to be different between carriers and non-
carriers [45]. In addition, a previous study also reported
the pattern of altered task-induced deactivations in
APOE ε4 carriers to be similar with the DMN [46].

It is possible that the ε4-related difference in the
previous studies is driven by preclinical atrophy in the
hippocampus and surrounding areas. The underlying
structural atrophy of these regions (hippocampal, sur-
rounding MTL and orbital frontal lobe) may be the
reason for the alteration in the DMN of ε4 carriers, MCI
and AD as well as the reduction of encoding activity
in APOE ε4 carriers compared to non-carriers in the
Adamson et al. study [43] Previous studies have shown
that although elderly ε4 carriers show some atrophy in
the MTL, there is no global brain atrophy [49–51].

In conclusion, fMRI is a promising technique
that provides novel insights into the disease-related
changes of cognitive systems during the course of AD.
Despite its limitations, ranging from symptom severity
and differences in task performances, fMRI is a unique
tool that can provide answers to a disease which, to
this day, can only be definitely diagnosed via autopsy.
Combined with other emerging and state-of-the-art
techniques, like Diffusion Tensor Imaging (DTI), per-
fusion MRI and amyloid based imaging, multi-modal
imaging is the likely candidate to decipher the puzzle
behind the development of early AD.
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Abstract. Patients with pure amnestic MCI (a-MCI) are reported to have cognitively preserved visual processing skills. However,
functional and anatomical abnormalities and/or reorganizations might be already detectable in the brain networks that underlie
these cognitive functions. To investigate this possibility, we conducted an integrated multi-modal MRI study using task-fMRI,
high resolution structural MRI and Diffusion Tensor Imaging (DTI) in 15 a-MCI patients and 15 matched Healthy Elders
(HE). Using fMRI data, we identified an Activation Task Related Pattern (ATRP), including areas related to complex visual
processing, and a Deactivation Task Related Pattern (DTRP), or default-mode network (DMN). These two networks were further
characterized regarding their structural properties (gray matter volumes and white matter pathways). Within the ATRP, we found
increased fMRI responses for the a-MCI group in the frontal lobe, and greater involvement of ventral visual areas. However,
there were no differences in ATRP-related white matter or gray matter measures. Regarding the DTRP, a-MCI showed spatial
functional reorganizations in coincidence with those reported in DMN studies. Moreover, structural abnormalities in a-MCI
patients were clearly found in the DTRP (reduced GM volumes and less fiber tract integrity). In summary, the work presented
here highlights the importance of conducting integrated multi-modal MRI studies in early stages of dementia based on spared
cognitive domains in order to identify incipient functional abnormalities in critical areas of the DMN and their precise anatomical
substrates, possibly reflecting early neuroimaging biomarkers in dementia.

Keywords: Mild cognitive impairment, Alzheimer’s disease, functional magnetic resonance, visual processing, structural mag-
netic resonance, diffusion MRI, tractography, default-mode network, compensation

INTRODUCTION

Mild cognitive impairment (MCI) defines a tran-
sitional state between normal ageing and dementia,
being considered a prodromal stage of Alzheimer’s
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disease (AD) [1], especially when presented in its
amnestic subtype [2, 3]. MCI thus represents an ideal
model for broadening our understanding of the early
pathophysiology occurring in incipient AD. Recently,
both structural and functional neuroimaging tech-
niques have been extensively applied in order to
characterize MCI cross-sectionally [4], and have iden-
tified a set of imaging biomarkers that have predictive
value regarding future conversion or clinical stability
in these patients [5, 6].
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Functional magnetic resonance imaging (fMRI)
measures the hemodynamic response or blood flow
changes related to neural activity in the human brain.
It is a well suited technique to investigate neural
responses due to a specific action or external stim-
ulus. Moreover, novel imaging analysis techniques
allow the identification of brain systems or functional
networks formed by spatially remote areas show-
ing temporally correlated activity, a term commonly
defined as functional connectivity. Furthermore, fMRI
may be a particular sensitive technique to investigate
whether early functional brain reorganizations can be
detected prior to overt neuropsychological or struc-
tural brain abnormalities [7], and thus reveal subtle
cerebral functional adaptations in preclinical demen-
tia. In MCI patients, several fMRI studies have used
learning and/or memory paradigms, a cognitive area
which by definition is affected in MCI [8–14]. As
regards other cognitive domains, a few independent
fMRI reports have revealed abnormal patterns of brain
activity in attentional and executive domains [15, 16]
or in language processing [17]. In a recent study
[18] the authors performed a combined study of lan-
guage, memory, attention and empathy abilities in a
cohort of a-MCI patients. Finally, a promising line of
research has focused on the investigation of complex
visual processing in MCI patients, given the well-
characterized anatomy of the dorsal and ventral visual
pathways and the fact that visuospatial and visuoper-
ceptive functions are compromised in early AD. These
investigations revealed preclinical functional reorga-
nizations in high order visual areas supporting both
visuospatial [19, 20] and visuoperceptive [20–23] pro-
cessing among MCI and early AD. Furthermore, the
fMRI-based study of complex visual functions in these
patients provides clinically relevant evidence, as it has
been demonstrated that patients who will convert to AD
present increased brain responses with increasing task
demands in areas related to visuospatial processing,
probably reflecting reduced neuronal efficiency due to
accumulating AD pathology [19].

In dementia, the optimal use of cerebral networks
in terms of cognitive capability strongly depends on
the integrity and precise spatio-temporal tuning of
their functional and structural components [24]. In this
regard, fMRI can be combined with structural brain
information, including high-resolution 3D MRI which
can be used to evaluate gray matter (GM) densities, and
diffusion tensor MRI (DTI), a method that measures
the microstuctural characteristics of water diffusion,
allowing the characterization of white matter (WM)

fiber tracts. However, in the study of complex visual
functions in MCI, only Teipel and colleagues [22] have
investigated system-specific associations between the
functional connectivity of neural systems and their
underlying morphological features. In their report, the
authors observed more positive associations for MCI
patients than for controls between GM volumes in
regions of the ventral visual system and fusiform gyrus
activity during a face-matching task, as well as nega-
tive correlations between this region and anatomical
areas outside the ventral visual pathway. That study
supported the notion that the functional segregation
within the visual system is based on the distribution of
cortical GM volumes in MCI patients. However, the
investigation restricted the analysis of brain activity to
a particular area based on an a priori hypothesis and
did not consider structural connectivity as a further
measure in the model.

The aim of the present study was to provide the first
comprehensive characterization of a functional and
structural cerebral network underlying complex visual
processing in a-MCI patients. Our main objective was
to determine whether network-related alterations in
MCI appear even before clinical impairment in this
cognitive domain can be detected. To conduct this
study, we used three MRI modalities (fMRI, T1-
structural, and Diffusion MRI) to perform an integrated
analysis including functional BOLD analysis, GM vol-
umetry and probabilistic tractography. Regarding the
fMRI analysis, we will refer to functional connectivity
as correlated BOLD activity during task-performance
between separated brain areas. First, the study of
task-activated regions allows the characterization of
these visual processing related networks. Furthermore,
the study of task-deactivations allows to investigate
the brain’s default-mode network (DMN, [25–28]),
defined as a set of brain regions showing high levels
of functional connectivity with core areas in the ante-
rior/frontal and posterior midline structures as well as
in the parietal regions. The DMN is significantly more
activated during rest or passive sensory tasks than in
cognitively demanding or goal-directed tasks and is
known to be compromised in neurodegenerative disor-
ders, including Alzheimer’s Disease (AD), particularly
in the posterior cingulate cortex (PCC), an area pri-
marily affected by AD-associated alterations such as
hypometabolism or elevated atrophy rate [28]. More
recent studies of deactivations in the context of mem-
ory tasks [29] or resting state fMRI conditions [30,
31] have also noted dysfunction in this system in MCI,
but the relationship between functional alterations and
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their precise underlying structural brain correlates is
still largely unknown in this condition.

Briefly, the main steps of the data analyses presented
in this paper are as follows. First, we used Independent
Component Analysis (ICA), and model-based fMRI
analysis (FEAT) to explore the functional networks
involved in the task and to find functional differ-
ences between groups. Importantly, regions showing
both task-related activations and deactivations were
identified, defining two different networks. Then, the
spatial maps of the previous functional networks were
thresholded and several ROIs defining isolated but
functionally connected regions were extracted from
them. Subsequently, these ROIs were used to evalu-
ate structural characteristics of the networks such as
gray matter volumes and network-related white mat-
ter pathways between pairs of ROI. We investigated
differences in these measures as well as relationships
between structure and functionality.

METHODS

Subjects

Thirty right-handed subjects aged over 65 were
prospectively recruited from the Alzheimer’s disease
and other cognitive disorders unit at the Neurology
Service of the Hospital Clinic in Barcelona. The sam-
ple comprised 15 healthy elders (HE) and 15 MCI
patients. Patients with a clinical diagnosis of AD were
not included because the study focused on identify-
ing a brain network related to a preserved cognitive
domain, which would have been more difficult to attain
with demented patients. MCI patients were prospec-
tively selected only if they presented the amnestic
form of the disorder (a-MCI; single memory domain
affected), defined by the fact that their remaining cog-
nitive functions and activities of daily living were
within the normal range. We used the Pfeffer Func-
tional Activities Questionnaire (FAQ) [32] to assess
patients’ functional activities. The FAQ comprises 10
items, which evaluate a variety of Activities of Daily
Living (ADL) and complex cognitive/social functions.
We considered that ADL were impaired if the FAQ
score was ≥3. All subjects scored <3 in the FAQ.
Healthy individuals did not meet criteria for dementia
and presented no cognitive complaints or scores below
−1.5 SD on any neuropsychological test. Patients with
a-MCI reported complaints of memory function and
scores below −1.5 SD on an episodic memory test
(long term retrieval test from the FCRST: Free and cued

selective reminding test). A comprehensive neuropsy-
chological battery was administered to all subjects,
including assessments of memory, frontal lobe ‘execu-
tive’ functions, language, gnosis and praxis tests [16].
Visuoperceptive-visuospatial functions were assessed
by means of the Incomplete Letters and the Number
location tests of the Visual Object and Space Percep-
tion Battery (VOSP, [33]). Additionally, the Perception
Digital Test (PDT) was also administered to evaluate
high order visual functions [34]. We verified that all
a-MCI patients performed within normal limits in this
test, which was adapted for use within the fMRI context
(see below).

MRI acquisition

Subjects were examined on a 3T MRI scanner
(Magnetom Trio Tim, Siemens Medical Systems, Ger-
many). For the functional magnetic resonance image
(fMRI) protocol, 225 T2*-weighted volumes were
acquired during the task performance (TR = 2000 ms,
TE = 29 ms, 36 slices per volume, slice thick-
ness = 3 mm, distance factor = 25%, FOV = 240 mm,
matrix size = 128 × 128). A high resolution 3D struc-
tural dataset (T1-weighted MP-RAGE, TR = 2300 ms,
TE = 2.98 ms, 240 slices, FOV = 256 mm; matrix
size = 256 × 256; Slice thickness = 1 mm) was also
acquired, followed by a Diffusion Weighted Imaging
(DWI) protocol which consisted of an echo-
planar imaging (EPI) sequence (30 directions,
TR = 5600 ms, TE = 89 ms, 44 slices, slice thick-
ness = 2 mm, distance factor = 30 %, FOV = 250 mm,
matrix size = 122 × 122). The DWI protocol also pro-
vided a T2-weighted volume (B0) which was used to
exclude participants with evidence of cerebrovascu-
lar disease based on the evaluation of white matter
hyperintensities. Specifically, a board-certified neuro-
radiologist (N.B) rated all images using the Fazekas
scale [35]. Because of this, some WM abnormalities
were observed in our sample, probably age-related, as
all the participants rated 1-2 on this scale. No differ-
ences were observed between the two clinical groups
[mean (SD) Fazekas scores were 1.13 (0.74) and 1.06
(0.59) for the HE and a-MCI groups respectively;
t = 0.27, p = 0.78].

fMRI task
We used a block design paradigm consisting of

three alternating conditions: orientated images, color
squares and fixation. During the orientated images con-
dition (active condition, duration: 20 seconds) subjects
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were presented with four blurred images within each
of the four quadrants of the screen. Three of the images
were rotated 90, -90 and 180 degrees respectively,
while the remaining one was randomly positioned in
the correct orientation. After correct identification of
the content of the images (i.e. visually decoding the
picture to identify that it represented, for example, a
landscape, an object or people) the subject was asked
to answer whether the image that was correctly ori-
entated was on the right or on the left side of the
screen by pressing a right/left button. During the color
squares task (control condition, duration: 20 seconds),
four plain colored squares were presented in the same
spatial arrangement as the images of the task stimuli,
and the subject was asked to indicate whether the red
square was on the right or the left side. As instruc-
tions were given to the subjects before the scanning
session, no written instructions appeared on the screen
during the task. The number of right/left responses was
equivalent in the active and control conditions. Finally,
a fixation block was also presented, consisting of a
white cross on a black screen (duration: 10 seconds).
The whole paradigm included 9 repetitions of the three
conditions, with a total duration of 450 s, during this
time, 250 volumes were acquired per subject. (Fig. 1).

MRI processing and analyses

All the procedures carried out in the analysis of
the three MR modalities used and their inferences
are shown in Fig. 2. The functional brain networks
extracted from ICA analysis of fMRI data were used
to guide GM volumetric and DTI analyses in order
to define the anatomical parts of the network. Neu-
roimaging tools used in all the steps are part of the FSL
software (Hhttp://www.fmrib.ox.ac.uk/fsl/H, [36]).

Functional MRI processing and analysis
First, each fMRI dataset was corrected for motion

using MCFLIRT [37]. Then, non-brain voxels were
removed using BET [38], spatial smoothing (Gaus-
sian kernel of FWHM 8.0 mm) was applied, and the
entire 4D dataset was normalized using the grand-mean
intensity. High pass temporal filtering (sigma = 50 s)
was applied to restrict for task-related temporal pat-
terns, and 4D sets were finally registered to the
MNI152 template using FLIRT [39]. After this pre-
processing, fMRI analysis of the task was carried
out using Tensorial Independent Component Analy-
sis (TICA) [40] as implemented in MELODIC, part of
FSL. MELODIC allows fMRI data to be broken down

Is the red square  placed at
the right or at the left side of
the image?

Is the upright-orientated
image placed at the right or at
the left side of the image?

Task stimuli:

20 s – Color squares

20 s – Orientated Images

225 scans, 450 seconds

10 s – Fixation (rest)

Fig. 1. Design of the fMRI task and stimuli used. Instructions were given to the subjects once, before the scanning session. See main text for
full description of the task.
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Fig. 2. Multi-modal MRI processing and analysis stream.

into three-dimensional sets of vectors which describe
signal variation across the temporal domain (time-
courses), the spatial domain (spatial maps), and the
subject domain (subject modes). Spatial maps include
regions of synchronous activations and deactivations,
and subject modes reveal the strength of both these
activations and deactivations; higher subject modes
values indicate higher activations and higher deacti-
vations of the positive and negative parts of an IC
respectively. A simple Pearson correlation was per-
formed on the rank-1 estimated time course and the
task time-series model, in order to identify task-related
components. Spatial maps of the IC of interest were
thresholded using a Gaussian/gamma-mixture model
and represented on the MNI standard template.

As shown in Fig. 2, group-TICA decompositions
were performed at two levels. The first decomposi-
tion included data for all the subjects, with the specific
aim of finding a common task-related region, a gen-
eral lineal model (GLM) matrix was introduced in this
analysis in order to determine if the components dif-
fered between groups. Then, a second analysis was
performed separately for the two groups (HE and MCI)

in order to evaluate subtle differences in the spatial
extent of the network.

The main task-related component was selected from
the whole-group analysis, using information from both
time-series analysis and subject modes. Then, to select
the analog component in the separate ICAs, we used
the spatial cross correlation value (fslcc in FSL).

The ROI definition process was derived from the
thresholded spatial map of the selected component.
Large (i.e. more than 50 voxels) isolated clusters in
gray matter regions were separated into binary ROIs.

Finally, from the preprocessed fMRI data, a measure
of the mean BOLD activity within the defined ROIs
was extracted separately for each individual and each
condition (i.e., task, control and fixation).

A model-driven analysis was also performed on the
fMRI data using FEAT from FSL. FEAT preprocessing
included head motion correction [37], brain extrac-
tion [38], spatial smoothing using a Gaussian kernel
of 6 mm, and high-pass temporal filtering equivalent
to 100 s. fMRI volumes were then registered to stan-
dard MNI space using FLIRT [39]. Time-series for
each of the three conditions and their temporal deriva-
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tives were used to model the data. The contrasts of
interest were images > color squares, images > fixation
and baseline (i.e., fixation > images + color squares).
Higher level analysis was performed using FLAME
[41] and a general linear model (GLM) matrix that
included two groups (HE and a-MCI). We tested for
group average and differences between groups. All the
Z-statistics images were thresholded at Z > 2.3 and cor-
rected for family-wise error with a significance level
of p < 0.05.

Structural MRI analysis
Structural 3D-MPRAGE images were used to obtain

gray matter volumes. Brain tissue volume, normalized
for subject head size, was estimated with SIENAX
[42]. In the first part of the SIENAX procedure, a vol-
umetric scaling factor was obtained for each subject
which referred to the relationship between the sub-
ject’s head size and the MNI152 standard template.
Next, tissue-type segmentation with partial volume
estimation was carried out [43]. ROI Gray matter
volumes were extracted from the tissue-type segmen-
tation. More specifically, each subject’s gray matter
volume was masked using the pre-defined binary ROIs
(from functional activation maps) and the resulting vol-
umes were calculated. Finally they were normalized
using the scaling factor, to account for head-size differ-
ences. A Voxel Based Morphometry (VBM) analysis
was also performed on the gray matter maps, using
tools available in FSL.

Diffusion MRI analysis
Diffusion MRI Images were analyzed using FDT

(FMRIB’s Diffusion Toolbox), a software tool for anal-
ysis of diffusion weighted images included in FSL
[44–46]. Firstly, data were corrected for distortions
caused by the eddy currents in the gradient coils and for
simple head motion, using the B0 non-diffusion data as
a reference volume. Then, Fractional Anisotropy (FA)
maps from each subject were obtained using a Diffu-
sion Tensor Model fit, and registered to MNI space,
as in a recent study [47]. A probabilistic tractography
algorithm was also applied to the diffusion images.
For this purpose, in the first step, diffusion parameters
were estimated using the BEDPOSTX tool from FSL,
which computes a Bayesian estimation of the parame-
ters (i.e. diffusion parameters and local fiber directions)
using sampling techniques and a model of Cross-
ing Fibers [44]. The density functions obtained were
subsequently used to estimate connectivity between
pairs of ROIs (seed ROI and end ROI) with the

PROBTRACX tool from FSL. The entire probabilis-
tic tracking procedure was carried out in each subject’s
anatomical space. Using the probabilistic tractography
algorithm, we obtained individual maps for each pair
of ROIs, where each voxel value indicated the prob-
ability of having fibers connecting the two regions.
These maps were thresholded (at 2% of their maxi-
mum) in order to remove very-low probability fiber
paths. Finally, the pathways obtained were visually
inspected. Individual FA scores inside each pathway
were then used to quantify and compare the integrity
of the paths identified (Fig. 2).

Statistical analyses
Functional measurements (mean BOLD signal

within each ROI and condition), ROI GM volumes and
tract integrity (mean FA along the tracts-of interest)
were introduced into SPSS v.16 (Statistical Package for
Social Sciences, Chicago, II, USA). Between groups
comparison were performed using two-tailed t-tests.
Partial correlations were also undertaken to investi-
gate the relationship between functional and structural
components of the network and the relationship with
cognitive performance within each group. In the partial
correlation analysis, age, gender and task performance
(when not evaluated) were included as covariates.
Results were considered as statistically significant if
they attained a p value < 0.05. When the analyses
included multiple comparisons, Bonferroni correction
was applied.

RESULTS

Table 1 summarizes the main characteristics of
the sample groups, including demographic variables
and cognitive measures. HE and a-MCI patients
were comparable in age, gender distribution, global
cognitive performance, language, and visuoperceptive-
visuospatial functions. Educational levels were also
similar between groups. In general, attentional / frontal
lobe functions were also comparable, except for the
Symbol Search test assessing speed of processing and
working memory. Despite the statistical differences
that emerged for this test between groups, none of the
patients was clinically impaired in any of the above
cognitive domains when analyzed individually. As
expected, patients performed worse on both verbal and
visual episodic memory tests. Task performance scores
(correct responses and response times) inside the scan-
ner were lost for a high number of subjects (n = 6) due
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Table 1
Sample demographics and cognitive characteristics

HE a-MCI t-test p value

Age 75.20 (5.76) 74.33 (6.99) 0.91 0.37
Gender (women/men) 10/5 10/5 – –
MMSE 27.67 (1.49) 25.50 (2.10) 3.31 <0.001
Education (years) 8.93 (4.6) 8.87 (4.0) 0.04 0.97
Memory functions

Recall of Constructional Praxis CERAD 8.13 (2.10) 4.73 (2.40) 4.12 <0.0001
Free recall (FCSRT) 25.67 (5.76) 9.73 (5.21) 7.93 <0.0001
Long term retrieval (FCSRT) 8.47 (1.99) 0.60 (1.12) 13.3 <0.0001

Frontal functions
Digit span (Inverse) (WAIS-III) 5.13 (1.88) 4.40 (1.68) 1.12 0.27
Symbol search (WAIS-III) 24.13 (10.09) 17.33 (5.51) 2.28 0.03
COWAT 24.80 (9.52) 23.53 (8.37) 0.38 0.70
Similarities (WAIS-III) 15.27 (4.57) 13.47 (3.46) 1.21 0.23

Language
BNT 49.93 (5.39) 48.73 (4.26) 0.67 0.50
BDAE comprehension 14.93 (0.25) 14.87 (0.35) 0.59 0.55

Visuoperceptive / visuospatial functions
Incomplete Letters VOSP 19.60 (1.92) 19.47 (0.92) 0.24 0.81
Number location VOSP 9.60 (0.63) 8.87 (1.64) 1.61 0.12
PDT score 14.07 (0.96) 13.60 (0.74) 1.49 0.15

Praxis
Ideomotor praxis 5 (0) 5.40 (1.54) 1.00 0.32
Constructional praxis CERAD 9.47 (1.64) 9.60 (1.63) 2.22 0.82

HE: healthy elders, a-MCI: amnestic Mild Cognitive Impairment. MMSE: Mini-Mental State Examination.
CERAD: Consortium to Establish a Registry for Alzheimer’s Disease: Clinical and Neuropsychology Assess-
ment. FCRST: Free and cued selective reminding test. VOSP: Visual Object and Space Perception Battery.
PDT = Perception Digital Test. WAIS-III: Wechsler Adult Intelligence Scale III version. COWAT: Controlled Oral
Word Association Test. BNT: Boston Naming Test. BDAE: Boston Diagnostic Aphasia Battery.

to technical problems. Therefore, the score on the clin-
ical test administered to the subjects before the MRI
session was used in all cases to measure individual
performance.

Functional networks identified

The main task-related component was selected from
the group T-ICA decomposition, including all the sub-
jects (HE and a-MCI). Its timecourse fitted the task
time series with Pearson’s r = 0.72 (p < 0.001) and its
fMRI signal was specific for the task scans (t = 15.92,
p < 0.001 in the blurred images > coloured squares con-
trast). Other task-related components were found, but
they were not considered in this study either because
(i) they were not homogeneous throughout the whole
sample (with very high subject modes in a few sub-
jects, and very low or negative values in the others) or
(ii) they did not form a consistent anatomical network
(i.e., isolated regions located in the non-gray matter
brain region).

This main task-related pattern comprised an Activa-
tion Task-Related Pattern (ATRP, Fig. 3A, red-yellow

maps), and a Deactivation Task-Related Pattern
(DTRP, Fig. 3A, blue maps). This component did not
show differences between the two groups. The ATRP
included areas whose activity was synchronously
higher in the task scans (i.e., blurred images) and con-
comitantly lower in the control stimulus (i.e., square
colours) or even lower in rest scans (Fig. 3B, red
line). Conversely, regions in the DTRP were strongly
deactivated during the task scans, with medium levels
in the control scans and no deactivation at rest. The
ATRP network included anterior and posterior areas
of both hemispheres, with the posterior parts of the
right hemisphere being the most clearly represented.
In posterior regions the ATRP was formed bilaterally
by parts of the primary (BA17) and secondary asso-
ciative visual areas (BA18, BA19), temporoccipital
and parietal regions. Ventrally, the posterior segments
of the lingual and fusiform cortices (BA 18/19) were
involved bilaterally, as was the inferior temporal gyrus
(BA37). Dorsally and in the medial aspect of the occip-
ital lobe, the cuneus (BA18/31) was also included in
the ATRP network, as well as the superior occipital
gyrus (BA19) bilaterally. Close to this latter region
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Fig. 3. (A) Spatial maps and (B) time-course of the main task-related component obtained from the whole group (HE and a-MCI subjects)
TICA analysis. In (A), regions in red-yellow show the positive part of the component (task-activations) and regions in blue are the negative part
(task-deactivations or rest-activations). In (B), red line shows the rank-1 approximation of the IC’s temporal activation, and green line shows an
idealized reference function of the task.

and in the right hemisphere, parts of the inferior (gyrus
angularis BA39) and superior parietal lobe (BA7) were
also included. In frontal regions the inferior and middle
frontal gyri were involved (BA 44/45, 6 and 9). In the
right hemisphere the functional network also included
parts of the BA6 corresponding to the precentral gyrus.

The DTRP included medial and lateral cortical
regions in close correspondence with those described
as the Default Mode Network (DMN, [26, 28]). In
medial prefrontal cortex regions, the anterior cingulate
was involved (BA24 and BA32). In posterior areas the
middle occipital (BA31) and parietal (BA7) precuneus,
the posterior cingulate cortex (PCC, BA31, and BA23)
and the retrosplenial cingulate cortex (BA29/30) were
included. Finally, regions of the inferior parietal lobe
(BA39 and BA40 of both hemispheres), and regions of
the right superior temporal gyrus (BA41) also formed
part of this network (see Figs 3 and 5).

fMRI differences of the main task-related network
between HE and a-MCI patients

When HE and MCI groups were analyzed in sepa-
rate ICAs, we found differences regarding the spatial
extension of the main task-related component for both
groups (see Methods for the procedures used in the
selection of the component). Figure 4 shows the task-

related component for each group (Fig. 4A and B) and
inferences between them (Fig. 4C). For ease of presen-
tation, activation and deactivation regions from a single
IC were split into separate figures. Here we see that the
spatial map of the ATRP comprised occipital regions
that were more ventrally orientated in the MCI group
than in HE. The differential areas were found in the
middle occipital gyrus, fusiform and lingual cortices
(BA17/18/19), with the occipital fusiform cortex being
the region that showed the largest differences between
groups, extending to the anterior fusiform (temporal)
among MCI. In contrast, among HE, increased activ-
ity was found in the cuneal cortex, the middle occipital
gyrus (BA19), and the inferior (BA39) and superior
parietal lobe (BA7). Finally, in anterior regions we
found a large cluster of increased activation among
HE in the inferior frontal gyrus (BA6/BA46). How-
ever, in nearby areas a-MCI also exhibited a stronger
fMRI signal (inferior frontal gyrus and precentral gyrus
(BA6/9). Smaller clusters of differences were further
observed in the orbital cortex (BA13/BA47) where
HE showed increased activations, and in the postcen-
tral and precentral sulcus (BA2/3/4), subgenual cortex
(BA25/32) and frontal pole, where the fMRI signal was
higher in a-MCI than in HE.

The spatial extension of the DTRP also differed
between groups. First, the posteromedial area was
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Fig. 4. Spatial Maps for the ATRP and DTRP corresponding to the main task-related component for the HE group (A) and the a-MCI group
(B), and inferences (spatial difference) between these maps (C).

larger for the HE group in the precuneus (BA7) and
PPC (BA31 and BA 29/30) cortices. Conversely, in a-
MCI the extension was bigger in inferior parietal lobes
including the angular gyrus (BA39) bilaterally and the
supramarginal gyri in the right hemisphere (BA40).

Model-driven analysis of functional data

Results from FEAT analysis gave spatial patterns of
brain activated areas during the task that had a high
similarity with the ATRP described above (Fig. 5).
Group average maps from HE and a-MCI (one sam-
ple t-test, p < 0.05 corrected) showed greater extend
of activations for a-MCI than for HE, especially in
the ventral visual pathway and in left frontal areas
for both images > color and images > fixation contrasts.
This result was further confirmed by the between group
statistics: a-MCI showed areas of task-related hyper-
activation with respect to the HE group in the superior,
middle and Inferior frontal gyrus, the anterior cingu-
late gyrus (BA32, 6) and the frontal pole (BA9) in
the images > fixation contrast. Regarding the baseline
condition, despite no group-average maps survived the
significance threshold, a-MCI showed a deficit of acti-
vation with respect to the HE group in an area placed
on the superior frontal gyrus and the anterior cingulate
gyrus (BA6, 24).

Gray matter volumes within the identified
functional networks

Several ROIs were defined on the basis of the func-
tional results reported (see Methods and Fig. 2 for the
methodology used). First, four isolated regions were
identified within the ATRP, two in posterior brain areas
(posterior right and posterior left) and two in the ante-
rior part (anterior right and anterior left). Furthermore,
three ROIs were defined from DTRP areas (hence-
forth the anterior cingulate ROI, posteromedial ROI
and bilateral inferior parietal ROIs). Note that in the
case of the DTRP, the two inferior parietal regions
(bilaterally) were considered as a single ROI.

Gray matter volumes were measured within each
ROI. Group differences are shown in Table 2 and Fig. 8.
Gray matter volumes in areas of the DTRP showed
statistically significant differences, mainly due to dif-
ferences in the posteromedial ROI (precuneus/PCC).

Moreover, a standard whole-brain VBM analy-
sis was also performed to compare gray matter
from both groups. Results from this analysis are
not shown, but they corroborated the previous liter-
ature on MCI patients (being the main differences in
regions in the temporal lobes, such as the hippocam-
pus and parahippocampus, lingual gyrus and temporal
fusiform, p < 0.01, FWE corrected).
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Fig. 5. Results from the model-based analysis of fMRI data when comparing the presentation of orientated images and the fixation periods. A)
average map for the HE group (one-sample t-test, p < 0.05 FWE corrected), B) average map for the a-MCI group (one-sample t-test, p < 0.05
FWE corrected), and C) difference maps (student’s t-test, p < 0.05 FWE corrected).

White matter connectivity

White matter fiber tracts were identified using prob-
abilistic tractography as described previously. Results
can be seen in Figs 6 and 7. Figure 6 contains a three-
dimensional representation of cortical areas and fiber
pathways connecting them (pathways are averaged
across all the subjects). In Fig. 7, average connectivity
maps for each group are represented separately on an
FA template.

In the ATRP, fronto-occipital connectivity was
analyzed separately for each hemisphere (using its
posterior ROI and anterior ROI as seed regions), and
interhemispheric connectivity was analyzed between
both the two anterior and the two posterior ROIs.

Fiber tracking results indicated that the main paths
connecting ATRP regions were the superior longitudi-
nal fasciculus bilaterally, the right inferior longitudinal
fasciculus, and the right inferior fronto-occipital fas-
ciculus. Moreover, the splenium and the genu of the
corpus callosum provided inter-hemispheric connec-
tivity.

As regards the identification of white matter fiber
tracts connecting DTRP areas, the cingulum bundle
bilaterally was clearly identified as the major com-
ponent connecting the posteromedial ROI with the
anterior cingulate. Furthermore, DTRP-related struc-
tural connectivity was also found in the right inferior
fronto-occipital fasciculus, the inferior longitudinal
fasciculus bilaterally and, finally, in the splenium of the
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Table 2
Gray Matter and FA measurements within the ATRP and DTRP areas

HE a-MCI t-test p value

ATRP measures
GM volumes (mm3) 31564 (2876) 29576 (3627) 1.70 0.11

Left posterior areas 15894 (1720) 14816 (1970) 1.59 0.12
Left anterior areas 1581 (125) 1523 (160) 1.09 0.28
Right posterior areas 11343 (1306) 10596 (1610) 1.39 0.17
Right anterior areas 2746 (304) 2639 (257) 1.04 0.31

FA scores
Left longitudinal tracts 0.445 (0.038) 0.427 (0.041) 1.23 0.22
Right longitudinal tracts 0.410 (0.031) 0.386 (0.031) 2.07 0.05
Anterior CC 0.399 (0.084) 0.391 (0.037) 0.35 0.73
Posterior CC 0.460 (0.057) 0.439 (0.067) 0.92 0.36

DTRP measures
GM volumes (mm3) 15240 (1079) 14112 (1564) 2.30 0.03

Posteromedial area 6897 (649) 6195 (1050) 2.20 0.04
Bilateral parietal areas 6477 (710) 6059 (783) 1.52 0.13
Anterior cingulate 1891 (203) 1797 (216) 0.61 0.55

FA scores
Cingulum bundle 0.396 (0.032) 0.369 (0.025) 2.54 0.017
Posterior interhemispheric tracts 0.397 (0.038) 0.371 (0.034) 2.0 0.06

Fig. 6. Three dimensional representation of the structural brain network subserving the main task-related ICA pattern in healthy elders and
a-MCI patients. A complete description of all the cortical areas and white matter connectivity paths shown in the figure is given in the main text.

corpus callosum connecting posteromedial and bilat-
eral inferior parietal ROIs.

Moreover, FA values were used to quantify fiber
integrity within each pathway. Comparisons of these
results showed significant differences between groups
only in DTRP related pathways, due mainly to differ-
ences in the tracts of the cingulum bundle (see Table 2
and Fig. 8).

Correlations between structural measures,
functional activation and task performance

Task/rest activations: As expected, there was a high
correlation between the mean BOLD signal in ATRP
regions during task performance and in DTRP regions
during rest periods for the HE and a-MCI groups
(r = 0.83, p < 0.001).
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Fig. 7. Mean probabilistic maps reflecting white matter connectivity in both ATRP (A and B) and DTRP (C and D) and for the two groups (HE
and a-MCI) separately.

Activation and task performance: Mean BOLD sig-
nal measured in the posteromedial ROI of the DTRP
during rest (rest-DTRP activation) correlated posi-
tively with task performance only in the HE group
(r = 0.72, p = 0.03, corrected). No relationships with
the PDT score and task-ATRP activations or rest-
DTRP activation were found in the a-MCI group.

Structure and task performance: No relationships
were found in the HE group between main task-related
pattern structural measures and task performance.
Moreover, for the a-MCI group, two significant cor-
relations were found, both concerning DTRP-related
measures. Task performance correlated positively with
both DTRP gray matter volumes (r = 0.60, p = 0.04,
uncorrected) and mean FA within the longitudinal
medial tracts of the DTRP (r = 0.62, p = 0.03, uncor-
rected). However, these two latter results did not
survive correction for multiple comparisons.

Function and structure: When the mean BOLD sig-
nal was measured individually in all the ROIs defined,
only the signal measured in the two ROIs formed
by bilateral parietal regions of the DTRP (BA 39/40)
showed negative correlations with its underlying GM
volumes in the a-MCI group (r = −0.73, p = 0.011).

DISCUSSION

To our knowledge, this is the first MRI-based
study in MCI patients to characterize the GM and

WM anatomical components of a task related cogni-
tive cerebral network. Several main findings emerge
from our multi-modal MRI study. First, using both
data-driven and model-driven analysis of fMRI data,
we identified two major anatomo-functional networks
related to the processing of the visual task. The
Activation Task-Related Pattern network (ATRP) was
identified by virtue of higher activity mainly in occip-
ital, temporal and parietal areas, and to a lesser extent
in frontal regions, and the Deactivation Task-Related
Pattern network (DTRP) comprised areas anatomically
comparable to the DMN in which increased activ-
ity was observed during passive processing. In the
ARTP network, a-MCI exhibited functional reorga-
nizations reflected by an increase in the fMRI signal
in frontal areas, and greater extension of activations
in ventral occipital areas compared to healthy elders
in the context of comparable GM atrophy and WM
fiber integrity. In DTRP regions, patients presented
deactivation deficits in posteromedial and frontal areas
and increased deactivation in lateral parietal regions.
a-MCI patients showed GM atrophy in the regions
underlying the DTRP network, particularly in the
precuneus and PCC, as well as reduced white mat-
ter integrity in structural pathways connecting DTRP
areas, specifically in the cingulate bundles. Finally,
relationships between structure, function and perfor-
mance were found only in DTRP-related measures;
in the HE group, activation of the PCC during rest
was correlated with task performance, and among
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Fig. 8. Percentages of mean Gray Matter and tract-related FA loss
for the MCI group relative to the HE group. An extended description
of the anatomical cortical regions included in each ROI, and fiber
tracts considered in each connectivity pathway is given in the main
text. *p < 0.05 in the HE vs a-MCI t-test, and ** p < 0.02 in the HE
vs a-MCI t-test.

patients, the structural measures of the DTRP net-
work correlated with task performance. Nonetheless,
this latter result should be considered with caution,
since it did not survive multiple comparison correc-
tion.

Our findings for the ATRP revealed that regions
activated during the processing of complex visual
pictures mainly span primary and lateral extrastri-
ate regions, the posterior parts of the temporal lobes
(temporo-occipital) and the superior and inferior pari-
etal cortices. Overall, this pattern of activation is
consistent with previous PET and fMRI studies of
brain activity associated with face and object recog-
nition, spatial localization [48–51] and visuospatial
attention [52]. Hence, topographic analysis of the
ATRP network suggests that our task incorporates
both visuoperceptive components of the ventral visual
stream (identification of the blurred images) and the
visuospatial function related to the dorsal visual sys-
tem (selecting the image in a given position in space).
Moreover, and especially in the right hemisphere, areas
of the dorsolateral prefrontal cortex including the infe-
rior prefrontal (BA45) and dorsal premotor (BA6)
cortices were also found to be part of the network.
The involvement of these regions also corroborates the
findings of Bokde et al. [21] in MCI patients using a
visuoperceptive task and functional connectivity anal-
yses, and those of Vannini et al. [19] who used a
visuospatial task based on an angle discrimination test
in MCI. In our study the observation of frontal lobe
activity supports the idea that it includes both visual
systems, as the prefrontal cortex is the principal area
of integration of visual information from the ventral
and dorsal pathways [53].

The probabilistic tractography analysis identified
WM tracts connecting ATRP cortical sites compatible
with anatomical descriptions of the superior longitu-
dinal fasciculus dorsally and the inferior longitudinal
and fronto-occipital fasciculi ventrally. In general, the
identification of these major bundles corroborates a
recent study in young healthy subjects which iden-
tified WM tracts based on fMRI activations during
a visuospatial attention task [54]. The convergence
between the two sets of findings provides methodolog-
ical support for the idea that the pathways identified
in our studies among HE and MCI correspond to the
actual anatomical connections between dorsolateral
and posterior functional brain areas. The fact that in our
study superior longitudinal fasciculi were identified
bilaterally, whereas inferior longitudinal and inferior
fronto-occipital fasciculi were only located in the right
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hemisphere, may suggest a stronger load of the task in
the dorsal than in the ventral pathway.

Regarding group comparisons for the ATRP func-
tionality, our results were obtained from both ICA
and FEAT analyses. Despite the fact that ICA per-
formed in the whole-sample revealed a spatial pattern
that was common for both groups, the construction
of average-group maps (both using separate ICA and
FEAT) showed higher activity in the a-MCI group in
ventral visual cortices, as well as in frontal and pre-
frontal regions. Previous studies [23, 54] have reported
increased activations in AD in the fusiform gyrus dur-
ing visuospatial processing and reduced activations in
areas of the dorsal stream. These findings build on
previous fMRI studies of visuospatial [19, 20] and
visuoperceptive [20, 21] functions in MCI, showing
that patients tend to use alternative networks during
complex visual processing. One possible explanation
may be that a-MCI patients use distinct functional
strategies, as it has already been observed by Bokde
et al. [23]. Alternatively, the increased activation in
ventral pathway may reflect the use of the same func-
tional strategy as in HE (albeit used less efficiently)
and the need to recruit additional resources as a com-
pensatory mechanism. The neuropathological damage
present in MCI [56–59] may account for the existence
of these functional compensatory mechanisms. More-
over, the task-related frontal hyperactivation found in
the a-MCI group would also support the use of compen-
satory mechanisms in these patients that has already
been described in other studies [20, 23].

Concerning the comparison of the anatomical com-
ponents of the ATRP, GM volumes and fiber tract FA
measures did not reveal significant differences between
a-MCI and healthy elders. In our study, the morpho-
logical characteristics of the ATRP did not correlate
with task performance or fMRI changes. However, as
functional differences were found, these results are in
line with previous fMRI reports that showed functional
reorganizations preceding marked MRI-detectable
brain atrophy, a finding already demonstrated in stud-
ies of at-risk dementia populations [4, 7, 60, 61]. The
lack of structure-function associations of our study
is at variance with those of Teipel and colleagues
[22] in MCI, who found relationship between brain
activity and the underlying GM volumes. The differ-
ences between the results are probably due to distinct
methodological approaches (region-based vs whole-
brain analyses) and may also be related to different
levels of task-demands. Furthermore, a study by Gold
et al. [62] also reported differential fMRI patterns in

the fusiform gyrus between a-MCI and healthy elders,
accompanied by preserved underlying anatomy (but
GM atrophy in the medial temporal lobe was observed
in a whole-brain VBM analysis). In summary, although
our study shows that a-MCI patients recruit a differen-
tial pattern of brain activity; these functional changes
do not seem to correspond to clearly detectable damage
in GM and WM regions of this network.

Using an ICA approach – a powerful tool to find
spatio-temporally independent brain networks – we
were able to identify, in addition to the main task-
activation areas, the task-deactivation network which
closely matched the anatomical regions of the DMN
[26, 27]. However the DMN was more difficult to
identify in the model-driven analysis, probably due to
the limitations of the GLM-based analysis as regards
the characteristics of the fMRI-signal [63]. Within
this pattern, we observed a high correlation between
rest-related activation and task performance in the HE
group, which was in concordance with previous studies
of DMN activity and its relationship with task outcome
[64, 65]. In contrast, such correlations could not be
observed for the functional components of the ATRP in
any of the studied groups. On the other hand, the associ-
ations regarding the posterior DMN could reflect either
a system already affected by the ageing process [66]
and/or a system that correlates with cognitive func-
tion in a more general way [28], and thus being more
sensitive to a broader range of subtle behavioral differ-
ences. This relationship (DMN and task performance)
was not found in a-MCI, probably due to the atrophy
- in DTRP areas in this group. Furthermore, from the
separate ICAs approach, in the DTRP network, a-MCI
exhibited deficits mainly in posteromedial structures,
including the PCC and the precuneus. These obser-
vations have been already reported in fMRI studies
on memory tasks [4, 14, 29, 67, 68] and in resting-
fMRI studies [4, 31, 69, 70]. A further observation
was that besides exhibiting disruption of posterome-
dial deactivations, the opposite pattern was observed in
lateral inferior parietal areas. These latter findings are
in agreement with those of Qi et al. [31], who reported
areas of greater signal in parietal regions in the con-
text of reduced PCC activity, and are also comparable
with those of Bai et al. [69]. These neocortical activa-
tions have been associated to compensatory responses
related to memory process. Our study also provides the
direct observation that higher task-related deactivation
in inferior parietal regions appears to be in response to
greater GM atrophy, as negative correlations between
GM volumes and brain activity were observed only for
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the a-MCI group in these particular regions. Further-
more, from the FEAT analysis, we obtained that a-MCI
patients showed less collaboration of the frontal lobe
in the DMN (as obtained with the baseline condition).
This result is in concordance with previous literature
[4].

The presence of both significant GM atrophy and
reduced microstructural WM damage in DRTP regions
in our patients was one of the principal findings of our
investigation. Brain atrophy in a-MCI patients, as well
as functional abnormalities in DMN-related regions
have been separately reported in the literature (see [4]
for a review). However, to our knowledge, only two
previous reports were specifically designed to inves-
tigate the relationship between structural changes and
functional resting-state networks in a-MCI; these stud-
ies included voxel-based morphometry analyses and
were restricted to GM measures [69, 70]. In one of
those studies, GM atrophy in patients did not over-
lap with the functional resting networks identified,
including the DMN [69]; however, they also found
GM atrophy in the PPC/precuneus area. As discussed
above, here DTRP structural alterations emerged in
the context of an anatomically preserved main-task
(i.e. ATRP) brain network. Furthermore, we observed
a correlation between structural DTRP-related mea-
sures (GM volume and mean FA within the cingulum)
and task performance, suggesting that structural alter-
ations in the DMN already have an impact on cognitive
variation in a-MCI. However, these latter results did
not survive correction for multiple comparisons and
thus need to be considered very cautiously. Taken
together, these observations emphasize the need to con-
sider not only the functionality but also the structure
of the DMN-related regions as early markers of neu-
rodegeneration in preclinical dementia, a notion that
in general is compatible with the progressive conver-
gence of functional, molecular and structural damage
in this area in established AD patients reported by
Buckner and colleagues [28, 71]. More specifically,
the clinical relevance of functional and structural alter-
ations in these posteromedial regions in a-MCI has
been reported in separate recent findings revealing
focal gray matter atrophy in the posterior cingulate
region (BA 29/30 and BA 23 retrosplenial cortex [72],
as well as regional metabolic dysfunctions [73, 74] and
fMRI deactivation alterations [68] in a-MCI patients
with confirmed conversion to dementia.

Finally, in our study we identified major WM fiber
bundles connecting DTRP cortical areas. In spite
of the methodological differences in DTI sequence

acquisition and processing, these results corroborate
recent resting-state fMRI findings that the connec-
tivity of functional networks including the DMN is
generally supported by direct structural connectiv-
ity, as proved by the identification of the same main
bundles, such as the cingulum [75, 76] the superior
fronto-occipital fasciculus and the genu of the corpus
callosum [77]. Anatomically, a-MCI patients showed
significant FA reductions in medial tracts compatible
with the anatomical characterization of the cingulate
bundle. In our previous DTI study using a voxel-wise
DTI analysis, we observed mean FA reductions among
a-MCI in all regions where AD patients showed alter-
ations, including parts of this pathway [46]. Overall,
cingulate bundle involvement based on FA measures
has been demonstrated in recent DTI literature in MCI
[4, 78–82]. The novelty of our study, besides being one
of the few investigations of MCI to include tractogra-
phy, is that we demonstrate microstructural damage of
this bundle and posterior GM-associated regions and
do not isolate them on the basis of an anatomical label,
but as part of the anatomy integrated within functional
deactivation areas during task performance.

In summary, the results of the present study provide
novel information that should be useful for a better
understanding of the functional and structural brain
characteristics in MCI as a prodromal condition of AD.
First, our study confirms previous findings indicating
that the investigation of the visual system using fMRI
provides useful information reflecting early changes in
this condition. Importantly, they extend former knowl-
edge demonstrating that brain dysfunctions, mainly in
the dorsal pathway and probably reflecting compen-
satory mechanisms, can be evidenced at the stages
where clinical compromise of visuoperceptive and
visuospatial functions is excluded. This latter observa-
tion reinforces the idea that fMRI information may be
considered as a potential biological marker of prodro-
mal AD. Second, like some of the cortical areas of the
visual system, the DMN especially in its posterome-
dial part exhibited functional abnormalities. Further,
in our analytical approach from the fMRI informa-
tion we were able to observe cortical atrophy as an
anatomical substrate of these deactivation deficits. In
the same comprehensive analyses, white matter com-
promise was evidenced in the cingulate bundle, a main
fiber pathway conforming part of the structural net-
work of the DMN, as identified in previous studies.
Thus, a second and most relevant implication derived
from our study is that it supports the use of ICA-based,
multimodal MRI investigation as a particularly sen-
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sitive approach to illuminate the breakdown of the
anatomofunctional components of the DMN in early
AD, differentiating them from healthy aging. Finally
it is also interesting to note at a practical level that
since the cognitive task adapted to the fMRI was clin-
ically spared in all patients, our multimodal study
represents an heuristic approach to investigate the func-
tional and structural status of relevant brain networks
in prodromal stages of AD reducing common prob-
lems associated with complex tasks such as very poor
execution levels, or inability to understand or perform
the task in a proportion of patients.

ACKNOWLEDGMENTS

This work was funded by a Spanish Ministe-
rio de Educación y Ciencia research project award
(SAF2007-66270) and the Spanish Ministerio de Cien-
cia e Innovación (SAF2009-07489) to Dr David
Bartrés-Faz and funding from the Generalitat de
Catalunya to the Neuropsychology Research Group
(2009SGR941). The authors have no conflicts of inter-
est to disclose.

REFERENCES

[1] Petersen RC, Doody R, Kurz A, Mohs RC, Morris JC, Rabins
PV, Ritchie K, Rossor M, Thal L, Winblad B (2001) Current
concepts in mild cognitive impairment. Arch Neurol 58, 1985-
1992.

[2] Morris JC, Storandt M, Miller JP, McKeel DW, Price JL,
Rubin EH, Berg L (2001) Mild cognitive impairment repre-
sents early-stage Alzheimer disease. Arch Neurol 58, 397-405.

[3] Lopez OL, Kuller LH, Becker JT, Dulberg C, Sweet RA, Gach
HM, Dekosky ST (2007) Incidence of dementia in mild cog-
nitive impairment in the cardiovascular health study cognition
study. Arch Neurol 64, 416-420.
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Abstract. Memory impairments are a core symptom of Alzheimer’s disease (AD) and amnestic Mild Cognitive Impaired (aMCI)
subjects are a high risk group for conversion to AD. Working memory (WM) is the ability to hold information in memory while
performing another mental operation, which is a key cognitive domain for higher cognition and is impaired in MCI subjects.
The objective of this study was to delineate the differences in brain activation between amnestic MCI and age-matched healthy
controls (HC) supporting verbal working memory. It was a delay match to sample task and functional magnetic resonance imaging
(fMRI) was used to measure brain activation. Group differences were calculated using Analysis of Covariance (ANCOVA) with
statistical significance at p < 0.05 corrected for multiple comparisons. Both groups activated a wide network in the posterior and
frontal areas of the brain. There was higher activation in the parietal and frontal lobes in the aMCI compared to the HC during
the delay phase. There were no areas in the HC that activated higher than the MCI subjects. Response time in the HC group
was correlated to activation in left hippocampus during encoding phase and to the parietal and frontal areas during the recall
phase. In the MCI group response time was correlated to the inferior and middle temporal gyrii during encoding, the middle
frontal gyrus during the maintenance phase, and hippocampus during recall phase. The activation differences between groups
may reflect compensatory mechanisms within the MCI group for the effects of the putative AD neuropathology.

Keywords: Alzheimer’s disease, brain compensation, dorsolateral prefrontal cortex, dementia, neurodegeneration

INTRODUCTION

Alzheimer’s disease (AD) is one of the most com-
mon psychiatric disorders in older subjects and the first
clinical symptoms are in the memory domain. One of
the high risk groups for Alzheimer’s disease are sub-

∗Correspondence to: Arun Bokde, PhD, Discipline of Psychiatry,
School of Medicine and Trinity College Institute of Neuroscience,
Lloyd Building, room 4.55, Dublin 2, Ireland. Tel.: +353 1 896 4104;
Fax: +353 1 896 3183; E-mail: Arun.Bokde@tcd.ie.

jects with Mild Cognitive Impairment (MCI) [1], a
group that has cognitive impairments in memory or
in other domains but the severity of impairment does
not meet the criteria for AD. Within the MCI group
there are various subgroups, with the amnestic Mild
Cognitive Impairment (aMCI) group characterized by
a single memory disorder [2]. This group is at higher
risk for converting to AD compared to healthy subjects
and other MCI subtypes such as non-amnestic MCI
[2–7].
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Working memory (WM), the ability to hold infor-
mation in memory while performing another mental
operation [8–10], is a key cognitive domain important
for higher cognition and is impaired in MCI subjects
[11] and AD patients [12]. WM tasks recruit a network
of regions that include bilateral frontal and parietal
regions, as well as the cingulate cortex, and cerebellum
in young healthy subjects [13–19] and older healthy
subjects [17, 20–25]. WM has also been investigated
in MCI and AD patients with both groups recruiting
alternate networks compared to the HC. For example
using the n-back WM task in MCI subjects Goekoop
and colleagues [26] found a network of activation
that included the bilateral parietal lobes and prefrontal
cortex with the extent of activation increasing in the 2-
back compared to 1-back WM task. Another study that
examined a verbal 0-, 1-, and 2-back WM tasks found
that the MCI had reduced activation compared to HC
bilaterally in the parietal and frontal regions [27]. A
recent study found that aMCI and HC in a 2-back WM
task using visually presented emotional stimuli acti-
vated a wide network including bilaterally the parietal
and frontal lobes with a group by emotion interaction
effect in the left cuneus, where the HC group had lower
activation for the positive valence stimuli compared
to the neutral valence stimuli [28]. The aMCI group
revealed a signal increase in the right precuneus for
negative compared to neutral valence stimuli.

The alterations in brain activation described previ-
ously in the MCI and AD groups reflect compensatory
mechanisms in the brain. The level of compensation
may be an index of disease progression, for example,
Celone and colleagues found that a mild MCI group
compensated with higher activation in the hippocam-
pus but in the more advanced MCI group the activation
in the hippocampus decreased compared to the mild
MCI [29]. Disease severity can also be quantified by
measurement of the hippocampal volume, for example
there was increased recruitment of the posterior hip-
pocampus and fusiform gyrus in the MCI compared
to the HC during an associate encoding task, with the
increased recruitment linearly correlated to the atro-
phy of the hippocampus in the MCI group [30]. In an
encoding task with visual stimuli, the aMCI subjects
had higher activation in right parahippocampal gyrus
compared to HC and those that showed the greatest
activation in this region within the aMCI group, had the
greater cognitive decline within the following 2.5 years
[31]. Compensatory mechanisms have been found not
only in memory but also in a visual perception task in
MCI subjects [32]. In addition in a study of AD patients

there was increased recruitment of frontal lobe regions
for performance of short term tasks and the recruitment
of frontal regions was associated with performance of
the task [33-34].

To further investigate the brain compensatory
mechanisms in MCI subjects, we used a delay-match-
to-sample (DMTS) working memory task with verbal
stimuli. We hypothesized that the aMCI group would
have higher activation, reflecting a compensatory
mechanism compared to the HC group. The design
of the DMTS task allowed for quantification of the
different phases of the working memory task.

METHODS

Subjects

There were 5 males and 3 females in the HC group
and 6 males and 2 females in the MCI group, with an
average age ± standard deviation of 66.6 ± 3.9 (age
range 60 to 71) and 70.8 ± 5.3 (age range 63 to 76)
in the HC and MCI subjects, respectively (neuropsy-
chological profiles in Table 1). All subjects were right
handed. The MCI subjects were recruited from a spe-
cialized memory problems unit at a university hospital.
The clinical assessment included detailed medical his-
tory, neurological and neuropsychological examina-
tions, and laboratory tests (routine hematology and bio-
chemistry screen, thyroid function tests). Major sys-
temic, psychiatric, or neurological illnesses were care-
fully investigated and excluded in all subjects by clini-
cal and neurological examinations, blood testing (com-
plete blood count, sedimentation rate, electrolytes, glu-
cose, blood urea nitrogen, creatinine, liver-associated
enzymes, cholesterol, high-density lipoprotein,
triglycerides, antinuclear antibodies, rheumatoid fac-
tor, HIV, serum B12, folate, thyroid function tests, and
urine analysis), and psychiatric examination. Subjects
were excluded if they had cortical infarction, subcorti-
cal vascular disease, space-occupying lesions, depres-
sion, and any other psychiatric or neurological disease.
FLAIR and T2 weighted scans were utilized to rule out
vascular pathology (clinical judgment by radiologist).

The diagnostic criteria [35, 36] were (a) memory
impairment for the age and education of the sub-
ject, (b) memory impairment was corroborated by a
close family member, (c) relatively preserved cogni-
tion outside of memory domain for age (fulfilled by the
various subtests in the Consortium to establish a Reg-
istry for Alzheimer’s Disease battery (CERAD) [37],
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Table 1
Average CERAD results for HC and MCI subjects

Group MMSE Word List Word List Verbal List Verbal Boston Constructional
[0–30] Memory [0–30] Recall [0–10] Recognition [0–10] Fluency [0–24] Naming [0–15] Praxis [0–11]

HC 30 ± 0 23 ± 3.0 8.5 ± 1.2 10 ± 0 19.8 ± 2.8 14.6 ± 0.5 10.6 ± 0.7
MCI 26.6 ± 1.3 15.9 ± 3.2 3.8 ± 2.6 8.1 ± 2.2 18.5 ± 3.2 14.2 ± 0.9 11 ± 0.0

Median values in the MCI subjects that are bolded are statistically significant different from the HC group, using t-tests (df = 14),
significance at the p < 0.05 level, no correction for multiple comparisons. The values in brackets indicate the range of possible
scores (if applicable).

(d) no impairment in activities of daily living, (e) no
dementia. Clinical judgment was utilized to determine
whether there was impairment in activities of daily liv-
ing. The patients were systematically evaluated for the
presence of affective symptoms, particularly depres-
sion and if any symptoms appeared that might have
indicated the possibility of depression the subject was
evaluated with a Hamilton Test (21 item version) and
any subject with a score higher than 7 was excluded;
none of the MCI subjects had depression. The thresh-
old for determining a cognitive impairment was 1.5
standard deviation below the age norms [38, 39] in
the CERAD neuropsychological test battery. The diag-
nosis of the MCI subjects was established through
consensus among the responsible psychiatric consul-
tants (SJT, MO and HH).

The HC were recruited from the community, did not
have an active neurological or psychiatric illness, or an
illness that could affect cognitive function, and were
independently functioning members of the community.
The HC did not complain about cognitive problems,
and there was no evidence of cognitive deficits as mea-
sured by neuropsychological testing using the CERAD
[37]. If there was possible presence of depression, the
Hamilton Test (21 item version) was performed and
any subject with a score higher than 7 was excluded.

All subjects gave written informed consent to partic-
ipate in the study after the study was explained to them.
The study was performed in accordance with the Dec-
laration of Helsinki and the Ethics Committee of the
Faculty of Medicine at Ludwig-Maximilian University
approved the study.

Stimuli and tasks

The WM task was composed of an encoding phase,
a delay phase, and a recall phase (see Fig. 1). The
encoding phase was 4 seconds long and 5 capital letters
were presented. The maintenance phase was 6 seconds
long and a fixation cross was presented in the center of

Fig. 1. Schematic of the working memory task. Each run had three
blocks where the working memory task was performed and four
blocks where the subjects fixated on a fixation point. Within each
block there were 3 trials of the working memory task.

the screen. After 6 seconds one single lower case letter
appeared, for which the subjects were to decide if it was
among the 5 letters they had seen in the encoding phase.
The subject indicated a positive answer by pressing a
button in the right hand with the right index finger and
a negative answer by pressing a button in the left hand
with the left index finger. No vowels were included
among the letters utilized so as to minimize the prob-
ability that the subjects would encode the letters as a
word or pseudoword.

Each subject performed three runs of the working
memory task. Each run contained 3 blocks of working
memory (50 seconds per block) and each block had 3
trials. Each subject performed 27 trials. The working
memory trials alternated with four resting state blocks
(20 seconds per block). Before each block, the subjects
saw a short instruction for 10 seconds.

The task was explained to the subjects using exam-
ples on paper and once understood they were shown a
short demonstration version of the task on a computer.
The stimuli were presented using VAPP [40]. The par-
ticipants were told to respond as fast as possible to
the probe.
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Scanning

The imaging sequence was an interleaved T2*
weighted echoplanar (EPI) sequence with 28 axial
slices (4 mm slice thickness and slice gap = 1 mm, rep-
etition time (TR) = 3.60 s, echo time (TE) = 60 ms, flip
angle = 90◦, field of view = 240 mm, matrix = 64 × 64)
and 87 volumes acquired per run (each volume was
measured in 2.8 sec with 0.8 sec gap between vol-
umes) on a 1.5 Tesla Siemens Magneton Vision scanner
(Erlangen, Germany). For anatomical reference in each
subject a high resolution T1-weighted 3D Magnetiza-
tion Prepared Rapid Gradient Echo (MPRAGE) struc-
tural image was acquired (TR = 11.4 ms, TE = 4.4 ms,
flip angle = 8◦, FOV = 270 mm, matrix = 224 × 256,
Rect. FOV = 7/8, Effective Thickness = 1.25 mm).

Data analysis

The data was analyzed on an Intel Pentium III com-
puter (San Jose, California, USA) running Linux (Red
Hat version 7.0, Red Hat Inc, Raleigh, North Carolina,
USA) using AFNI [41] and FSL [42].

The initial step was to delete the first 4 volumes
of each scan to remove the initial T1 magnetic tran-
sients. The remaining data were corrected for the
timing differences between each slice using Fourier
interpolation and then corrected for motion effects (6-
parameter rigid body) (programs utilized were within
the AFNI software package unless specifically noted).
The structural images were utilized to convert the EPI
data from native space to Montreal Neurological Insti-
tute/International Consortium for Brain Mapping 152
standard (MNI/ICBM) space. To accomplish this, the
structural images were first edited of the non-brain tis-
sue using BET from the FSL software package. The
EPI images were co-registered to the MPRAGE image
(6 parameter rigid body), and the MPRAGE image was
registered to the MNI/ICBM template (12 parameter
affine) using FLIRT from the FSL package. The trans-
formation matrices were utilized to convert the EPI
data from native to MNI/ICBM stereotaxic space. The
data were smoothed (Gaussian filter at full width at
half maximum = 6 × 6 × 6 mm) and high pass filtered
with a cutoff at (1/100) Hz.

The event related design of the task allowed us to
match the performance between the two groups. The
activation maps and comparison were based on the tri-
als that were successfully encoded and the subjects
were matched for performance. In addition, not only
were the activation maps and comparisons based only

on the successfully encoded trials, but also the same
number of trials was included in the regressor for cal-
culation of the activation maps. For example, if an MCI
subject responded correctly to 7 trials in a run and a
HC to 8 trials in the run, the regressor for the “correct
trials” included 7 trials in the MCI and 7 trials in the
HC group. The additional correct trial in the HC group
was modeled by another regressor. Thus in this way,
the activation maps in both groups included the same
number of correct trials in both groups and the correct
response rate was matched.

Each run for each subject was analyzed using a
fixed effects general linear model using AFNI. Each
model was composed of the regressor modeling the
encoding phase, the delay phase, and the matching
phase. These three regressors were for the correctly
performed trials and not-correctly performed trials for
a total of 6 regressors. If needed there were additional
regressors (one for each phase) for the correctly per-
formed working memory trials that were not required
for performance matching with the subject in the other
group (see previous paragraph). There were additional
regressors for the instruction before each block, and the
fixation period between blocks. The regressors were
square wave-forms (on-off) which were convolved
with a standard double gamma hemodynamic response
function.

The group activation statistical analyses maps were
based on a random effects model with a voxel wise
threshold of p < 0.01 and was corrected for multiple
comparisons at the p < 0.05 level using Monte Carlo
simulations. The models for obtaining the activation
maps of the functional tasks compared to the con-
trol task was the one sample t-test. To compare the
activation between groups an analysis of covariance
(ANCOVA) was utilized with group membership as
the random variable and age as covariate.

A conjunction overlay was performed to delineate
area of common activation in the HC and MCI groups.
The individual activation analysis maps (for each phase
of the WM task) of each group were thresholded at a
voxel level of p < 0.01 and corrected to p < 0.05.

In addition, it was examined if performance
(response time) in each group was linearly associ-
ated with brain activation in the three phases of the
working memory task. Thus a linear regression model
was utilized with performance as independent variable
and brain activation as dependent variable. Statistical
significance was tested using a t-test, with voxel level
significance at p < 0.01 and cluster level at p < 0.05
level.
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Structural data was analysed with FSL-VBM, a
voxel-based morphometry style analysis [43, 44] car-
ried out with FSL tools [42]. First, structural images
were brain-extracted using BET [45]. Next, tissue-type
segmentation was carried out using FAST4 [46]. The
resulting grey-matter partial volume images were then
aligned to MNI152 standard space using the affine
registration tool FLIRT [47, 48], followed optionally
by nonlinear registration using FNIRT, which uses a
b-spline representation of the registration warp field
[49]. The resulting images were averaged to create a
study-specific template, to which the native grey matter
images were then non-linearly re-registered. The reg-
istered partial volume images were then modulated (to
correct for local expansion or contraction) by dividing
by the Jacobian of the warp field. The modulated seg-
mented images were then smoothed with an isotropic
Gaussian kernel with a sigma of 6 mm. Finally, vox-
elwise GLM was applied using parametric testing,
correcting for multiple comparisons across space.

The Talairach and Tournoux template [50] was
used as reference for locating the activation in the
brain. The MNI/ICBM coordinates were converted
to the Talairach and Tournoux coordinates using a
non-linear transformation developed by M. Brett for
transforming coordinate location between both stereo-
taxic spaces (http://www.mrc-cbu.cam.ac.uk/Imaging/
mnispace.html).

RESULTS

Neuropsychological and behavioral performance

There were statistically significant differences in the
mean scores between both groups in the following
sub-tests of the CERAD: MMSE, word list memory,
word list recall, word list recognition (see Table 1,
t-test, df = 14, p < 0.05, uncorrected for multiple com-
parisons). In the sub-tests of verbal fluency, naming
and constructional praxis of the CERAD there were
no statistically significant differences.

The average response time (RT) of the included cor-
rect trials was 1.61 ± 0.39 s and 1.83 ± 0.54 s in the HC
and MCI, respectively (see Table 2). There was not a
statistically significant difference in the RT between
groups. In addition, the overall correct response of
every subject in both groups and the overall response
time for the correct trials are included in Table 2. In
the MCI subjects the response time of the correct tri-
als included in the activation analysis were not linearly

Table 2
Performance in the working memory task in the HC and MCI groups.
The response time of the included correct trials included in analysis,
the overall correct rate and the overall response rate (all correct trials)

Subject Working Overall Overall
memory working working

response time memory memory
(included trials correct rate response time

in analysis) (sec) (percent) (sec)

HC Group
1 1.97 ± 0.29 89 1.65 ± 0.46
2 1.84 ± 0.35 85 1.92 ± 0.37
3 1.76 ± 0.38 70 1.85 ± 0.36
4 1.53 ± 0.40 96 1.46 ± 0.48
5 1.51 ± 0.40 93 1.76 ± 0.38
6 1.39 ± 0.56 96 1.50 ± 0.32
7 1.46 ± 0.47 93 1.48 ± 0.46
8 1.42 ± 0.25 85 1.41 ± 0.25
Median 1.61 ± 0.39 88 ± 9 1.63 ± 0.39

MCI Group
1 1.41 ± 0.29 63 2.58 ± 1.44
2 3.59 ± 0.95 74 3.59 ± 0.95
3 1.61 ± 0.45 93 1.62 ± 0.45
4 1.71 ± 0.28 93 1.70 ± 0.31
5 1.35 ± 0.21 70 1.54 ± 0.34
6 1.50 ± 0.51 74 1.45 ± 0.45
7 1.50 ± 0.32 93 1.61 ± 0.36
8 2.01 ± 1.36 89 2.01 ± 1.37
Median 1.83 ± 0.54 81 ± 12 2.01 ± 0.71

correlated (Pearson’s correlation coefficient) to word
list memory performance of the CERAD. The overall
performance (correct response rate) in the WM task in
the MCI group showed a trend to significance (p = 0.06)
to the word list memory score from the CERAD. In
the HC group similar tests were performed and no
statistically significant correlations were found.

Common activation in the healthy control and
mild cognitive impairment groups

The activation for the three different phases activated
a wide network of regions primarily in the parietal and
frontal lobes. In Fig. 2 and 3 the areas of common acti-
vation within each group are detailed. In the HC the
regions activated in all three phases of the task were
bilaterally in the ventrolateral frontal cortex (VLPFC),
left dorsolateral prefrontal cortex (DLPFC), and bilat-
eral inferior parietal cortex. The activation across all
phases of the WM task varies and present a dynamic
picture of regions activated only during one or two
phases of the task. As with the HC, the MCI group
had a dynamic recruitment of various regions of the
brain during the task, with the pattern different from

http://www.mrc-cbu.cam.ac.uk/Imaging/mnispace.html
http://www.mrc-cbu.cam.ac.uk/Imaging/mnispace.html
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Fig. 2. The activation pattern in the HC subjects during the three phases of the WM task. The different colors at each voxel indicate which WM
phase or phases had significant activation in the voxel. The numbers on the images indicate the z axis (inferior-superior) relative to the anterior
commissure – posterior commissure plane in the ICBM/MNI stereotaxic brain. The upper part of the image (top 3 rows) are the positiveactivation
and last row are the areas deactivated. Color legend: RED, encoding; BLUE, maintenance; TAN, recall; GREEN, encoding and maintenance;
CYAN, encoding and recall; VIOLET, maintenance and recall; YELLOW, all three phases.

the HC. In the MCI group, there was no region that
was recruited during all three phases of the task.

In addition a conjunction overlay was performed to
delineate common activation areas in the HC and MCI
groups, which was detailed in Table 3. This table shows
areas of common activation across the two groups.

Differences in activation among differences phases
of working memory task

In each group the differences in activation between
each of the phases of the WM task was computed
(Tables 4 and 5). In the HC group we found that there
was higher activation in the maintenance phase com-
pared to encoding and recall, as well as differences

(higher and lower) in activation between encoding and
recall. The areas of greater activation during mainte-
nance compared to encoding or recall are located in
visual areas (occipital and temporal lobes) and in the
frontal lobe areas. The differences in encoding and
recall were located in the visual areas (occipital lobes)
and frontal lobe regions.

In the MCI group we found that there were regions
with statistically significant higher activation during
the maintenance phase compared to recall phase (as
with the HC group), brain regions with greater acti-
vation in encoding compared to recall (as with HC
group), and regions with higher activation during
encoding compared to maintenance (different from HC
group).
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Fig. 3. The activation pattern in the MCI subjects during the three phases of the working memory task. See Fig. 1 for image details.

Differences in activation between groups

During the encoding phase there were statistically
significant differences in activation between the HC
and the MCI groups in temporal and frontal lobes and
cerebellum (Table 6).

During the maintenance phase, there was a wide
network of regions with statistically significant higher
activation in MCI compared to HC (Table 7, Fig. 4).
There was no higher activation in the HC compared
to the MCI group. The peaks of activation in the ante-
rior cingulate and inferior frontal gyrus (Figs. 5 and
6) in both groups show that the the estimated hemody-
namic response function with confidence intervals are
different between groups.

During the recall phase of the task, there was sig-
nificantly higher activation in the HC compared to the
MCI (Table 8).

Linear association of task performance with
brain activation

In the HC group, there was statistically signifi-
cant linear association between brain activation during
encoding phase and recall phase and response time. In
the MCI group, the linear association was found in all
3 phases of the task. See Fig. 7 for more details.

Structural differences between groups

The was statistically significantly decreased grey
matter density in the MCI compared to the HC (p < 0.05
corrected) bilaterally in medial and lateral temporal
lobes, hippocampus, fusiform gyrus, parahippocampal
gyrus, cuneus, and medial frontal gyrus. Examina-
tion of the areas of differences in grey matter density
between the HC and MCI group did not overlap with
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Table 3
Regions of overlapping statistically significant activation in the MCI and HC groups in the (a) encoding, (b) maintenance phases of the WM
task. There are no areas of overlapping statistically significant activation in the recall phase of the WM task so the areas of activation are detailed

in (c) for HC and (d) for MCI

Region Side Volume BA X Y Z T-score

(a) Encoding
Inferior Occipital Gyrus R 1912 18 36 −88 −7 7.53

Lingual Gyrus 18 26 −97 −4 6.81
Cerebellum R 42440 18 −63 −20 15.64

Fusiform Gyrus L 19 −50 −71 −12 13.04
Inferior Frontal Gyrus R 2624 47 46 15 −4 11.20

Superior Temporal Gyrus R 38 57 13 −6 6.03
Superior Temporal Gyrus L 1312 22 −65 −21 1 8.14

Middle Temporal Gyrus L 21 −61 −39 2 6.46
Thalamus R 4552 24 −23 14 13.27

R 4552 2 −11 12 7.48
Inferior Parietal Lobule L 23792 40 −40 −50 50 10.43

R 46 −44 54 9.07
Middle Frontal Gyrus R 9192 6 28 1 53 12.74

51 2 40 8.18
Medial Frontal Gyrus L 10592 6 −4 11 57 10.5

−6 −3 61 8.62
Middle Frontal Gyrus L 25528 9 −51 13 34 11.85

Precentral Gyrus 4 −48 −11 50 9.94

(b) Maintenance
Precentral Gyrus L 4664 6 −50 4 37 14.58

Middle Frontal Gyrus 6 −42 2 50 7.05
Superior Frontal Gyrus L 4368 6 −4 6 48 9.45

Medial Frontal Gyrus R 32 2 8 46 6.72
Superior Parietal Lobule L 1680 7 −38 −56 49 8.57

Inferior Parietal Lobule L 40 −36 −54 41 5.26
Inferior Parietal Lobule R 1024 40 36 −56 45 5.78
Precentral Gyrus R 1016 4 40 −17 56 4.87

(c) Recall in HC
Cerebellum L 156760 −24 −67 −25 9.85

R 26 −62 −28 8.09
Middle Occipital Gyrus R 37 56 −62 08 6.63
Superior Temporal Gyrus R 22 60 −48 16 6.55
Inferior Parietal Lobule R 40 52 −44 38 6.10
Supramarginal Gyrus L 40 −60 −46 30 7.83
Superior Temporal Gyrus L 22 −54 −38 12 6.66

Superior Frontal Gyrus L 5688 38 −48 19 −11 5.92
Hippocampus L 2720 −2 −2 −7 5.45
Thalamus R 2640 −20 16 4 5.26
Cingulate Gyrus L 2184 23 −4 −18 30 6.93
Cingulate Gyrus R 1072 24 2 17 27 5.17
Middle Frontal Gyrus L 2240 9 −53 13 31 6.08
Precentral Gyrus L 1616 6 −40 −1 28 5.23
Precentral Gyrus L 3200 6 −38 −10 63 6.37
Middle Frontal Gyrus R 3968 47 22 36 −9 −7.31
Putamen R 1016 26 9 −7 −6.61

(d) Recall in aMCI
Medial Frontal Gyrus L 4664 6 2 23 55 5.13
Anterior Cingulate R 6840 10 6 40 −7 −5.84

Medial Frontal Gyrus L 10 −8 49 5 −5.22
Middle Temporal Gyrus R 992 21 40 6 32 −4.74

The volume is in micro Liters. Italicized values represent subpeaks of significant clusters. The T-score refers to the Student’s t-value (df = 7); a
t value of 5.41 is at the p = 0.0005 significance level.
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Table 4
Statistical comparison of activation levels between the different phases of the WM task in the HC group (a) maintenance greater than encoding;

(b) encoding greater than recall; (c) recall greater encoding; (d) maintenance greater than recall

Region Side Volume BA X Y Z T-score

(a) Maintenance greater Encoding
Precentral Gyrus L 23760 6 −46 −10 32 11.01

Inferior Frontal Gyrus L 9 −55 13 25 7.19
Anterior Cingulate L 33 −6 20 19 6.71

Precuneus L 247752 7 −26 −65 29 9.90
Precuneus R 7 32 −75 46 7.31
Cuneus R 23 2 −77 12 7.82
Inferior Occipital Gyrus L 18 −36 −88 −7 7.67
Hippocampus R 34 22 −12 6.79

Middle Temporal Gyrus R 1336 22 44 −30 −2 6.76
Middle Frontal Gyrus R 3664 6 30 3 59 6.30

(b)Encoding greater Recall
Transverse Temporal Gyrus R 8632 41 48 −19 10 6.35

Inferior Parietal Lobule 40 65 −33 31 4.85
Transverse Temporal Gyrus L 3392 −53 −25 10 6.48
Middle Temporal Gyrus R 2008 38 46 14 −39 4.94
Superior Temporal Gyrus L 3133 22 −61 −57 19 6.81

(c)Recall greater Encoding
Middle Temporal Gyrus L 1064 21 −61 −27 −2 5.20
Parahippocampal Gyrus L 1296 20 −36 −18 −16 4.09
Precuneus L 15712 7 −24 −68 35 8.73

Superior Parietal Lobule 7 −28 −56 42 7.90
Superior Parietal Lobule R 17560 7 30 −60 51 8.56

Inferior Parietal Lobule 40 42 −42 45 6.49
Putamen R 2336 24 11 −4 10.59
Putamen L 3872 −24 10 −4 8.22
Middle Occipital Gyrus L 2304 19 −42 −68 −8 8.58

R 4320 18 32 −89 1 7.06
L 6136 18 −40 −85 4 6.74

Middle Frontal Gyrus L 17560 6 −26 −3 50 8.56
Inferior Frontal Gyrus 44 −51 1 17 7.21

Middle Frontal Gyrus L 3528 46 −42 26 19 7.44
Medial Frontal Gyrus L 3552 6 −4 5 51 9.08
Cerebellum 2136 20 −77 −23 4.92

2944 48 −52 −33 5.64
1008 34 −61 −46 4.38

(d) Maintenance greater Recall
Superior Temporal Gyrus R 1336 38 55 15 −9 4.77
Inferior Parietal Lobule R 2528 40 51 −52 41 6.58
Cingulate Gyrus R 1328 23 2 −12 30 5.70
Postcentral Gyrus R 1472 1 30 −33 70 5.34

L 7024 5 −22 −45 70 5.08
Middle Occipital Gyrus L 2704 19 −32 −91 10 5.78
Inferior Frontal Gyrus R 1632 45 57 20 21 5.03

L 2504 47 −50 21 −13 5.16
Superior Frontal Gyrus L 1752 9 −16 50 34 4.17
Anterior Cingulate Gyrus L 1638 24 0 33 8 6.40
Cerebellum L 36256 −24 −57 −21 9.09

R 30 −51 −18 5.88
Lingual Gyrus R 18 2 −84 −8 5.34

The cluster volume is in micro Liters. Italicized values represent subpeaks of significant clusters. The T-score refers to the Student’s t-value
(df = 7); a t value of 5.41 is at the p = 0.0005 significance level.
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Table 5
Statistical comparison of activation levels between the different phases of the WM task in the MCI group (a) encoding greater than maintenance;
(b) encoding greater than recall; (c) maintenance greater than recall. Other contrasts such as recall greatr than maintenance are not included as

no statistically differences were found

Region Side Volume BA X Y Z T-score

(a) Encoding greater Maintenance
Superior Temporal Gyrus R 1466 22 52 −39 6 5.20
Putamen R 1360 29 −17 3 5.16
Precentral Gyrus R 1712 6 56 0 39 6.82

L 2800 6 −56 −8 37 7.69
R 1592 6 54 −6 30 5.33

Postcentral Gyrus L 1064 3 −60 −10 22 5.01
Middle Occipital Gyrus L 3224 18 −38 −89 4 8.47
Cerebellum L 24384 −10 −75 −28 10.14

Inferior Occipital Gyrus L 18 −28 −90 −7 7.57
Cuneus R 18 26 −97 −2 7.39

(b) Encoding greater Recall
Superior Temporal Gyrus R 1168 21 66 −18 −2 5.50
Medial Frontal Gyrus L 7326 6 0 10 47 8.06
Precentral Gyrus R 8408 6 53 0 35 10.06

L 15936 6 −53 −10 36 11.37
Inferior Frontal Gyrus L 2848 45 −58 12 22 5.89
Putamen R 2200 28 −10 4 5.91
Cerebellum L 91144 −34 −69 −20 12.65

Fusiform Gyrus L 37 −36 −44 −18 8.22
Cerebellum R 30 −69 −20 7.39
Cuneus L 31 −24 −72 28 7.39

Cerebellum L 1136 −2 −64 −32 5.17

(c) Maintenance greater Recall
Middle Temporal Gyrus L 1056 22 −32 −58 18 5.41
Lingual Gyrus L 1616 18 −6 −80 −13 5.20
Cerebellum L 1296 −6 −82 −24 5.65

The cluster volume is in micro Liters. Italicized values represent subpeaks of significant clusters. The T-score refers to the Student’s t-value
(df = 7); a t value of 5.41 is at the p = 0.0005 significance level.

Table 6
Statistically significant higher activation peaks in the encoding phase

(a) for MCI compared to HC and (b) for HC compared to MCI

Region Side Volume BA X Y Z T-score

(a)
Middle Temporal R 992 22 63 −37 6 5.22

Gyrus
Cerebellum L 976 −42 −71 −18 4.61

(b)
Middle Frontal Gyrus R 1472 10 36 38 16 4.90
Anterior Cingulate L 1176 32 −12 41 −4 4.98

The cluster volume is in micro Liters. The T-score refers to the
Student’s t-value (df = 14); a t value of 4.14 is at the p = 0.0005
significance level.

the activation differences between groups in the three
phases of the WM task.

Single aMCI activation

One of the aMCI subjects had a 63% performance
on the task and as exploratory step we examined the
activation pattern of the correctly performed and cor-
rectly performed trials during the encoding and recall

Table 7
Statistically significant clusters of higher activation in MCI com-

pared to HC during the maintenance phase

Region Side Volume BA X Y Z T-score

Lingual Gyrus L 1232 18 −16 −70 0 5.66
Fusiform Gyrus L 1192 19 −36 −69 −13 4.82
Superior Temporal L 912 39 −54 −61 20 4.28

Gyrus
Superior Temporal L 12096 22 −57 10 1 7.26

Gyrus
Precuneus L 1136 7 −18 −54 47 5.01

5680 7 −6 −62 51 5.49
Posterior Cingulate R 2760 29 6 −44 8 5.56

Gyrus
Inferior Frontal Gyrus L 2456 45 −30 28 6 6.25
Middle Frontal Gyrus L 3360 10 −38 38 22 5.06
Superior Frontal Gyrus R 1016 6 6 28 54 6.39
Anterior Cingulate L 2472 32 −8 18 42 6.39

Gyrus
Medial Frontal Gyrus L 2400 6 −8 5 55 5.72

L 1144 6 −2 −26 69 5.51
R 4296 9 22 32 26 5.13

Caudate L 2040 0 2 7 4.85
Cerebellum R 1816 28 −71 −27 5.53

The cluster volume is in micro Liters. The T-score refers to the
Student’s t-value (df = 14); a t value of 4.14 is at the p = 0.0005
significance level.
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Fig. 4. The pattern of greater activation in the MCI subjects compared to the HC subjects in the areas where either group had positive activation
during the maintenance phase.

Fig. 5. The percent increase activation in the MCI and HC groups
at the maxima of differences between groups in the left anterior
cingulate gyrus (−8, 18, 42).

phases. We found that for the correctly performed trials
(Fig. 8) we had activation bilaterally on the hippocam-
pus (encoding). In the recall phase we found right
hippocampus activation dominating the activation pat-
tern. In both phases, for the incorrectly performed trials
we found no statistically significant activation (signif-
icance level at p < 0.05, no cluster correction).

Fig. 6. The percent increase activation in the MCI and HC groups at
the maxima of differences between groups in the left inferior frontal
gyrus (−30, 28, 6).

DISCUSSION

In this study we have identified the regions that are
activated in DMTS design of the WM task in older HC
and MCI subjects. The results have shown that there is
not a single network activated through the three differ-
ent phases of the WM. The HC group had a “core” set of
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Table 8
Statistically significant clusters of higher activation in HC compared

to MCI during the recall phase

Region Side Volume BA X Y Z T-score

Cuneus L 2408 18 −12 −74 26 4.27
Superior Temporal L 1320 22 −44 −21 5 4.50

Gyrus
Precuneus L 920 7 −6 −63 60 3.87
Medial Frontal R 1192 6 2 −13 52 5.85

Gyrus
Cerebellum L 6296 −30 −69 120 4.65

R 1744 4 −49 −18 4.59

The cluster volume is in micro Liters. The T-score refers to the
Student’s t-value (df = 14); a t value of 4.14 is at the p = 0.0005
significance level.

regions that were active through the entire task whereas
the MCI group did not recruit a set of regions activated
through all three phases of the WM task. There were
differences in activation between both groups in all
three phases, with the largest differences during the
delay phase. The response time was found to be lin-
early associated to different areas of the brain in both
groups, with the hippocampus associated with perfor-
mance level in both groups but in different phases of
the task.

The two groups of subjects were matched based on
performance so that the alterations were not due to dif-
ferences in performance between groups. The present
results suggest that even when behavioral performance
between groups does not differ, the neural systems that
support performance may not be the same (see some
previous studies supporting such a view such as [22,
25, 34]. The differences in activation pattern that we
found may occur when the optimal or ideal network (as
defined by the HC) is compromised by disease. In the
case of the MCI group, the putative lesion or lesions
that define a subject as having MCI, may be “partial”
in the sense that the ideal network for the cognitive
task is only partially damaged. Thus this could lead to
mild changes in performance that may go undetected
unless brain imaging techniques are utilized to mea-
sure altered brain activation during performance of a
cognitive task.

The first novel contribution from this study was that
the networks supporting WM in MCI subjects were
altered in all phases of the task compared to the HC
group. In the initial analysis step, the conjunction anal-
ysis showed the areas of common activation in both
groups within the encoding and maintenance phase
of the task which included the ventral and dorsolat-
eral prefrontal cortices (VLPFC and DLPFC), inferior

parietal regions, and visual processing areas in occip-
ital and temporal lobes. These areas have been shown
to be activated in WM tasks in young subjects [13,
18, 51–57] and remain as part of the network support-
ing memory function in older HC and MCI subjects.
The alterations in activation between the two groups
(shown in Tables 6–8) were primarily located in tem-
poral and frontal lobe areas. The largest difference
between groups were during the maintenance phase
with the MCI group requiring greater neural resources
to maintain the information during the delay compared
to the HC group. The greater demand of resources
in the MCI group were located bilaterally in frontal
areas and left hemispheric temporal lobe regions. The
regions of the temporal lobe are associated with the
visual processing of the stimuli (fusiform gyrus and
lingual gyrus) and the superior temporal gyrus are areas
associated with language processing [58–61] whereas
the frontal lobe regions have been shown to be involved
in both language and working memory tasks [13, 16,
18, 51–57, 62–63]. Studies that have examined normal
aging proceses in working memory found that bilateral
frontal lobe activaiotn in older subjects was associ-
ated with performance – hence the increased activation
could be interpreted as a compensatory process [17, 20,
22, 23] An alternative explanation for the differences
in activation may be that the MCI group are using an
alternative strategy – one possibility is that the MCI
subjects are utilizing the visual spatial characteristics
of the stimuli to perform the task and not attend to the
actual letters in the stimuli.

The HC group activated a “core” set of regions, that
is, the regions activated over the three phases of the
WM task (indicated by yellow in Fig. 2) while the
MCI group did not. The activation of the core regions
found in the present study was consistent with pre-
vious studies, showing activation in inferior parietal
areas, DLPFC, and language areas in the temporal lobe
[26–28] to be key regions for verbal WM. The DLPFC
is recruited for executive components of a task [64]
and this region is also thought responsible for initiating
the controlled processing of verbal working memory
material [65, 66]. Prefrontal regions and inferior pari-
etal regions have been previously identified as part of
a network for maintaining the neural representation
of the stimuli during the maintenance phase [13, 18,
51–57]. Parietal regions, with the highest extent dur-
ing the encoding phase, reflect the stores affected by
the working memory updating process [19, 67]. The
areas that we found activated in all three phases may
be due to (a) maintenance processes that are activate
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Encoding
Right Thalamus (20,-16,10)

(t = 4.49, p < 0.001)

Encoding
Left Thalamus (-16, -16, 12)

(t = 4.46, p < 0.001)

Recall
Left Middle Frontal Gyr

 (-44, 28, 22)
(t = 5.78, p < 0.001)

Maintenance
Left Precentral Gyr

 (-44, -6, 34)
(t = 5.49, p < 0.001)

Recall
Left Hippocampus

 (-26, -8, -28)
(t = 4.58, p < 0.001)

Maintenance
Left Middle Frontal Gyr

 (-32, 40, 0)
(t = 4.74, p < 0.001)

Encoding
Right Mid Temproal Frontal Gyr

 (34, -66, 2)
(t = 10.58, p < 0.0001)

Encoding
Right Inf Occipital Gyr

 (48, -80, 10)
(t = 4.46, p < 0.001)

Recall
Left Inf. Parietal
(-54, -38, 36)

(t = 5.6, p < 0.001)

Recall
Left Thalamus
(-20, -16, 10)

(t =7.23, p < 0.001)

Encoding
Left Hippocampus

(-28, -12, -18)
(t = 4.74, p < 0.001)

Fig. 7. Cartoon illustration of regions in the HC (upper image) and MCI group (lower image) where activation was linearly associated with
response time. Regions with blue tag are during encoding phase, with orange tag during the delay phase, and with green tag during recall phase
of task.

during encoding and recall phases or (b) these regions
mediated computational processes that are common
in all three phases such as phonological processing
and access to long term memory. Previous studies that

examined WM obtained the average activation pattern
across all phases of the WM task or the n-back design
was utilized, which did not allow for a separation of
the different components of the task [26–28, 68].
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Fig. 8. Activation pattern of a single aMCI subject during the encod-
ing (left image) and recall (right image) phase with 63% correct
performance. There was no statistically significant activation for the
incorrectly perfomed trials. Image is in MNI space, z = −22 mm,
with left image being right hand side of the brain.

Task performance in the HC was linearly positively
associated to activation in the left hippocampus and
bilaterally the thalami during encoding and to the left
inferior parietal region and middle frontal gyrus during
recall. Thus for the HC group, the encoding and recall
phases are critical for performance while the mainte-
nance phase did not seem to play a role in performance.
Greater activation of the hippocampus during encoding
may indicate stronger representations of the memory
trace and thus lead to more efficient retrieval in the
later phase of the WM task. In addition, the inferior
and middle frontal areas during recall are key areas
for maintaining information in working memory but
also support executive function during working mem-
ory. The positive association with thalamus activation
in both phases may indicate greater interaction among
the regions activated in the HC, that is, increased or
stronger connectivity among the regions of the network
may lead to greater performance. This issue would
need further investigation to address.

We demonstrated in this study that the MCI use alter-
native regions to subserve performance of a WM task.
Thus performance was positively associated with acti-
vation in regions not found in HC in all three phases.
Grady and colleagues [34] were the first to find that
performance was correlated to a compensatory net-
work in an AD patient group during a semantic and
episodic task. The linear correlation of response time
to brain activation in regions of the right occipital-
temporal lobes could indicate that the MCI subjects
are performing the task as a visual-spatial task instead
of a language task. Visual spatial tasks generally recruit
regions in the right hemisphere but it is not a consis-
tent finding [9, 69–71] and the differences in activation
between the two groups may be due to different task
strategies being used by the groups.

Within each group there were differences in activa-
tion among the different phases of the WM task. Even
though there were many regions of common activa-
tion (see Figs. 2 and 3) the different phases of the task
require activation of different regions among the three
phases of the WM task. The differences are likely due
to the different processes active in the working mem-
ory task and also due to compensatory mechanisms –
see for example [9] for review of the processes active in
WM. Given the significant activation in the prefrontal
cortex in the MCI group during the WM task it may
be that there is impairment in executive and attentional
resources in the MCI group.

As an exploratory step we examined the activation
pattern in correctly and incorrectly performed trials
in one aMCI subject with a correct performance of
63%. We found in this subject that the activation pattern
for the correctly performed trials in the encoding and
recall phases had significant activation in hippocam-
pus. Examination of the activation for the incorrectly
performed trials showed no significant activation pat-
tern – possible reasons for this may have been that
subjects were not attending to the task during the tri-
als, or may have had many different strategies that did
not work. Another possibility is that there may have
been confusion on the part of the participant about the
task. This would need further investigation in a new
study to make more definite statements.

We examined the grey matter (GM) density differ-
ences between groups using VBM. In the MCI group
we found statistically significantly decreased GM den-
sity differences compared to the HC, particularly in
medial temporal areas. Our two groups showed similar
structural differences as shown by previous studies [72,
73]. Visual examination of the fMRI and VBM results
showed that the differences between the MCI and HC
groups were in different regions for the two modalities.
A more detailed analysis integrating the two modal-
ities is necessary, such as performed by Oakes and
colleagues [74], to make statements about the possible
interaction between brain activation and GM density.

A limitation of the current study is the small numbers
of HC and MCI subjects. It would be useful to repro-
duce the study with a larger cohort. In addition, accep-
tance and rejection of the probes during the recall phase
lead to different processes and activation pattern [75,
76] and it was not controlled for in this study. It would
be of interest in a follow up study to examine these
differences due to memory impairments. In addition,
in the current analysis it was assumed that the hemo-
dynamic response function (HRF) was well modeled
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across subjects and across groups. A study by Rom-
bouts and colleagues showed that there can be variation
in the delay or shape of the HRF [77] and found that
from 7 regressors used to model the variance in delay
and shape of the HRF, 2 of the regressors were statis-
tically significant between HC and MCI in the visual
cortex. One of the possible interpretations is that it
indicates differences in the vascular coupling between
MCI and HC groups or that it may be another mea-
sure of the effects of AD related neuropathology in the
brain. Examination of these effects could potentially
be used as an additional neuroimaging-based marker
for discriminating between HC and patients groups.

A limitation in the study to be aware of is that in
delay match to sample designs, particularly with short
delay phases as in the current study, part of the activa-
tion that is due to the encoding processes may appear
as activation in the delay phase because the encoding
phase is short. One approach around this limitation is
to have a long delay phase (for example 30 seconds)
and model the activation in the delay phase with two
different regressors. One regressor would model the
first part of the delay phase (i.e. first 10 seconds) and
the other regressor the last part of the delay phase (i.e.
the later 20 seconds). Thus the activation modeled by
the second regressor would be taken as the activation
during the delay phase as it is unlikely to have acti-
vation due to encoding processes. Another approach
would be to orthogonalize the regressors but then the
challenge is that interpretation of the results can be
difficult as the shape of the orthogonal regressors may
not reflect the cognitive processes one wishes to inves-
tigate. Related to the previous limitation is that the time
between trials (5.5 sec) in the task may not be sufficient
to separate the activation in the recall phase from the
encoding phase in the following trial. The time between
trials should have been longer.

Even though the MCI group has a high risk of con-
verting to AD, not all subjects will convert to dementia
as some may remain stable in this domain or may even
revert to normal cognitive domain [3, 35, 78–81]. The
MCI group is likely to have subjects that will not con-
vert to AD and thus it would be valuable to follow-up
this group of subjects and see how the composition of
the group develops.

This has been the first study that has examined work-
ing memory in MCI subjects using a event related
design. A next possible step for examining working
memory would be examining the effective connectiv-
ity differences between groups and doing longitudinal
follow-up studies.
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Abstract. Older persons with Mild Cognitive Impairment (MCI) feature neurobiological Alzheimer’s Disease (AD) in 50% to
70% of the cases and develop dementia within the next 5 to 7 years. Current evidence suggests that biochemical, neuroimaging,
electrophysiological, and neuropsychological markers can track the disease over time since the MCI stage (also called prodromal
AD). The amount of evidence supporting their validity is of variable strength. We have reviewed the current literature and
categorized evidence of validity into three classes: Class A, availability of multiple serial studies; Class B a single serial study
or multiple cross sectional studies of patients with increasing disease severity from MCI to probable AD; and class C, multiple
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cross sectional studies of patients in the dementia stage, not including the MCI stage. Several Class A studies suggest that episodic
memory and semantic fluency are the most reliable neuropsychological markers of progression. Hippocampal atrophy, ventricular
volume and whole brain atrophy are structural MRI markers with class A evidence. Resting-state fMRI and connectivity, and
diffusion MR markers in the medial temporal white matter (parahippocampus and posterior cingulum) and hippocampus are
promising but require further validation. Change in amyloid load in MCI patients warrant further investigations, e.g. over longer
period of time, to assess its value as marker of disease progression. Several spectral markers of resting state EEG rhythms
that might reflect neurodegenerative processes in the prodromal stage of AD (EEG power density, functional coupling, spectral
coherence, and synchronization) suffer from lack of appropriately designed studies. Although serial studies on late event-
related potentials (ERPs) in healthy elders or MCI patients are inconclusive, others tracking disease progression and effects of
cholinesterase inhibiting drugs in AD, and cross-sectional including MCI or predicting development of AD offer preliminary
evidence of validity as a marker of disease progression from the MCI stage. CSF Markers, such as A�1-42, t-tau and p-tau are
valuable markers which support the clinical diagnosis of Alzheimer´s disease. However, these markers are not sensitive to disease
progression and cannot be used to monitor the severity of Alzheimer´s disease. For Isoprostane F2 some evidence exists that its
increase correlates with the progression and the severity of AD.

Keywords: Alzheimer’s disease, Mild cognitive impairment, neuropsychology, neuroimaging, diffusion tensor imaging, func-
tional MRI, spectroscopy, positron emission tomography, EEG, cerebrospinal fluid

INTRODUCTION

There is considerable evidence to support the con-
cept that Alzheimer’s disease (AD) has a long preclin-
ical period [1]. For example, some of the biochemical
changes that precede the clinical onset of AD may be
present up to 20 years before the onset of this dementia
[1–3]. Thus there are many people who already have
pathological alterations of AD several decades before
the clinical onset of the sign and symptoms.

Recently much of the literature has been directed to
patients with prodromal AD (Mild Cognitive Impair-
ment (MCI). MCI is often a precursor to Alzheimer’s
dementia and the annual rate of development of AD for
patients with MCI is 10 to 15% [4, 5]. Some individ-
uals, however, do not show progression of symptoms
and do not develop dementia. Some even improve and
these individuals who do not progress or even show
improvement do not have AD. While it is important
to search for treatable causes of AD, it is important to
track patients with MCI who will progress and develop
dementia and those who will not in order to study what
are the most sensible markers to disease progression.

A “marker of disease progression” is a marker sen-
sitive to cognitive deterioration, thus a marker that can
be used to track the progression of the disease or the
effectiveness of a disease modifying drug. A “marker
of disease state” can be used to diagnose AD in patients
with MCI, i.e. to predict which patients with MCI will
progress to dementia and those who will not. Although
a marker of disease state might also be a sensitive
marker of disease progression, in this review we will

focus on studies on markers of disease progression.
Although we are aware that some of the markers of
disease progression are also good markers of disease
state, the literature regarding markers of disease state
has been neglected since it was not within the scope of
this review.

Currently available evidence from longitudinal and
cross sectional clinical studies suggest that mark-
ers such as neuropsychological tests, neuroimaging,
including structural magnetic resonance imaging
(MRI), diffusion tensor imaging (DTI), functional MRI
(fMRI), spectroscopy, positron emission tomography
(PET), EEG, event-related potentials (ERP), as well
as cerebrospinal fluid (CSF) analysis may be sensi-
tive to cognitive deterioration. The evidence of these
markers validity and sensitivity is variable, with some
markers being supported by rigorous serial studies,
and others merely suggestive based on cross sectional
observations. For these latter markers there is a need
for additional validation that these biomarkers track
disease progression.

The aim of this paper is to review the studies that
have been conducted in the past 10 years (2000–2010)
using neuropsychological tests, neuroimaging, neu-
rophysiological and biochemical markers of disease
progression in patients with MCI. This review will
identify the markers that have the greatest evidence
for being valid markers of disease progression as well
as those that have received less support and those that
might be the most promising.

Validity has been assessed identifying studies
showing parallel changes between the candidate
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Table 1
Categorization of markers of disease progression based on literature

evidence of validity

Class A Validity demonstrated by multiple serial studies
Class B Validity demonstrated by a single serial study or

multiple cross sectional studies of patients at
different severity stages including MCI

Class C Validity demonstrated by multiple cross sectional
studies of patients at different severity stages, but
not including MCI (studies on AD patients at the
dementia stage only)

“progression” marker and some measure of clinical
deterioration (e.g. Mini Mental State Evalutation).

The related topic of reliability addresses whether
repeated measurements or assessments provide a con-
sistent result given the same initial circumstances.
Clearly, after identifying candidate markers on the
basis of group studies, it will be necessary to assess
the reliability of such validated markers by testing their
ability to predictively classify individual subjects.

We decided to focus on modalities used in the
context of the “PHARMA-COG” project*. Recently
the EU Council of Ministers for Health under-
lined the importance of generating novel therapeutic
agents both for symptomatic and disease modify-
ing treatment of Alzheimer’s disease (AD). Bringing
together European experts in technologies fully trans-
latable from animal to human, experts in translational
medicine, drug discovery and mathematical modelling,
“PHARMA-COG” proposes to accelerate this valida-
tion using a ’MATRIX’ approach i.e. conducting par-
allel experiments in animals and human using a com-
prehensive and standardised battery of behavioural,
neurophysiological, morphological/functional imag-
ing, and biochemical endpoints to: develop models
with greater predictive capacity for the clinics, develop
and validate translatable pharmacodynamic markers
to support dose selection, develop challenge models
to support early hint of efficacy studies, identify and
validate of markers of disease progression.

In this review we have categorized these markers
into three classes of decreasing strength of evidence,
as illustrated in Table 1.

NEUROPSYCHOLOGY

The neuropathological changes of Alzheimer’s
dementia (AD) appear well before the disease becomes
clinically apparent. At the prodromic stage of the dis-
ease (MCI), there are often subtle cognitive signs;
however there are currently no reliable and validated

diagnostic neuropsychological test results that are able
to track progression to AD.

One of the first and most common cognitive domains
to be affected in individuals that have been diag-
nosed with a Mild Cognitive Impairment (MCI) is
episodic memory. Impaired episodic memory in AD
is caused by neuropathological changes that result
in dysfunction of the mesial temporal lobe. Neu-
rofibrillary tangles, related to the clinical signs of
AD [6], first appear in the mesial temporal lobe
[7], sequentially affecting the entorhinal cortex and
the hippocampus. Recently, there has also been evi-
dence for a relationship between episodic memory loss
and hippocampal-mediated beta-amyloid deposition in
elderly subjects and in AD [8]. In addition to atrophy
of the medial temporal lobes that accounts for these
patients’ amnestic disorder, areas of polymodal cortex
such as the frontal and parietal lobes can be involved
even early in AD [9]. Dysfunction of these regions may
impair cognitive functions such as verbal and semantic
fluency.

Class A markers

In our review of the literature, we did find sev-
eral studies that systematically examined the course of
episodic memory changes in patients affected by MCI
[10–13]. Although the authors of these studies used
different tests to assess learning and episodic memory
and their follow up intervals were different (from 1.5
up to 6 years), the majority of them indicate a decline of
learning and episodic memory in individuals affected
by MCI, providing converging evidence for consider-
ing declining episodic memory as a good marker of
disease progression.

Another neuropsychological marker that has been
widely investigated in longitudinal studies of individ-
uals affected by MCI is working memory. Backman
[10] and Bennett [13] used the digit span backward
and forward, the alpha span as well as digit ordering
to assess working memory. These studies used a group
of healthy controls who eventually developed AD dur-
ing the course of the study and a group of MCI and
healthy elderly controls respectively. These studies did
not find that a temporal change in working memory
performances was a useful marker of progression.

Semantic fluency has also been thought to be a
potential marker of disease progression. In order to
produce as many words as possible that come from
the same semantic category the subject needs to have
a good retrieval strategy, which may be an executive
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Table 2
Neuropsychological markers of disease progression based on literature evidence of validity

Marker N of subject and diagnosis Time B-FU1 Results References

CLASS A
Learning and memory MCI 15; HC 105 3 years Stable Bäckman et al., 2001

33 HC; 22 sMCI2; 95 dMCI; 47
Converters

4 years Decline Albert et al., 2007

20AD; 40 MCI; 40 HC 1 year Decline Leow et al., 2009
211 MCI; 587 HC 6 years Decline Bennett et al., 2002

Working Memory 211 MCI; 587 HC 6 years Stable Bennett et al., 2002
MCI 15; HC 105 3 years Stable Bäckman et al., 2001

Semantic Fluency 96HC; 21MCI; 122AD 1 year Decline Clark et al., 2009
211 MCI; 587 HC 6 years Decline Bennett et al., 2002

CLASS B
Global Cognitive

Performances (CDR and
MMSE)

20 AD, 40 MCI, 40 HC 1 year Increase (CDR), Decline
(MMSE)

Leow et al., 2009

Visual Memory 19 HC, 12 QD3 stable, 9 QD deter.,
16 AD

2 years decline Fowler et al., 2002

Logical Memory 20 AD, 40 MCI, 40 HC 1 year Decline Leow et al., 2009
Visuospatial Abilities 211 MCI, 587 HC 6 years Decline Bennett et al., 2002

15AD, 31 MCI, 27 HC NA Decline (MCI < HC) Economou et al., 2007
Letter Fluency 230 CDR = 0 (non demented), 152

CDR = 0.5 (incipient and very mild),
137 CDR = 1 (mild)

18 years Decline Storandt et al., 2002

HC, MCI, AD NA Stable Dudas et al., 2005
Processing Speed 211 MCI, 587 HC 6 years decline Bennett et al., 2002

15AD, 31 MCI, 27 HC NA Decline (MCI < HC;
AD < MCI)

Economou et al., 2007

Picture naming 230 CDR = 0 (non demented), 152
CDR = 0.5 (incipient and very mild),
137 CDR = 1 (mild)

18 years Decline Storandt et al., 2002

Clock drawing 36 HC, 18 MCI, 24 AD 1 year Stable De Jager, 2004

CLASS C
Anosognosia (Discrepancy

between the patients and
caregivers’ estimation of
impairments)

79 MCI, 82 AD NA AD < MCI each compared
to their caregiver’s
assessment

Kalbe, et al., 2005

Stroop Test (Response
Inhibition)

22 MCI, 33 AD NA Decline Kramer et al., 2006

Trail Making Test (Set
shifting)

22 MCI, 33 AD NA Decline Kramer et al., 2006

Design Fluency 22 MCI, 33 AD NA Decline Kramer et al., 2006
Emotional Expression 13 HC, 30 AD NA Decline Allender, 1989
Emotional Comunication 20 HC, 27 probable AD: 8 Mild, 8

Moderate, 11 Severe
NA Decline Testa et al., 2001

Ideational, ideomotor and 22 AD, 10 HC NA Decline Derouesnè et al., 2000.
conceptual Apraxia 15 AD, 18 HC NA Decline Mozaz et al., 2006

12 AD, 21 HC NA Decline Schwartz et al., 2000
1Time B-FU: Time Baseline-Follow up; 2sMCI: Stable MCI; dMCI: Decliners MCI; 3QD: Questionable Dementia.

function and thus dependent upon the frontal lobe as
well as semantic knowledge about categories. Patients
affected by AD have more difficulty with category flu-
ency than letter fluency [14] and this impairment is
usually attributed to a breakdown in semantic knowl-
edge about categories [15]. In our review, however,
we could not find longitudinal studies indicating a

decline in semantic fluency in subjects affected by MCI
[16, 13].

Class B markers

As part of the AD Neuroimaging Initiative, in a lon-
gitudinal study of 12 months Leow et al. [12] compared
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the anatomical distribution of structural changes, in
20 patients with AD, 40 healthy elderly controls, and
40 individuals with MCI. Each individual’s longitu-
dinal change was mapped (Jacobian map) using an
unbiased registration technique, and spatially normal-
ized to a geometrically-centered average image based
on healthy controls. A voxelwise statistical analysis
revealed regional differences in atrophy rates, and these
differences were correlated with clinical measures and
biomarkers. For clinical measures, longitudinal assess-
ments of temporal lobe atrophy were significantly
correlated with progression of cognitive impairment
in the MCI group, including an increase over time in
the Clinical Dementia Rating (CDR) scores, a decrease
over time of the participants scores on the Mini-Mental
State Examination (MMSE) and a progressive perfor-
mance decline on the immediate memory portion of
the Wechler Memory Scale’s Logical Memory test. A
lower score on the delayed Logical Memory test also
correlated with a greater rate of temporal lobe atrophy.

This longitudinal study was the only one that we
were able to find using global cognitive performances
as a marker of disease progression. For this reason this
marker has been listed as Class B evidence.

Using a computerized neuropsychological assess-
ment, the CANTAB (Cambridge Neuropsychological
Test Automated Battery), Fowler et al. [17], found a
longitudinal decline in spatial short term memory and
a visual recognition memory task over 6, 12, 18 and
24 months in a subgroup of patients with questionable
dementia at baseline who declined over the 2 years
follow-up. This is the only longitudinal study assess-
ing visual memory as a potential marker of disease
progression in patients affected by MCI.

A common way to assess visuospatial abilities in
patients who are being evaluated for dementia is using
the Judgement of Line Orientation (JOLO). Patients
with dementia frequently perform poorly on this test
[18], many receiving scores much below the 18 point
cut-off.

We did find one cross sectional and one longitudi-
nal study that assessed visuospatial abilities in patients
with MCI. In the longitudinal study by Bennett et al.
[13], individuals affected by MCI showed a decline
in visuospatial abilities, as measured by the JOLO,
and Standard Progressive Matrices. The cross sectional
study performed by Economou et al. [19], compared
the performance of participants with AD, MCI and
Healthy Controls on the JOLO and found that the par-
ticipants with MCI performed more poorly than did the
healthy controls.

Reduced capacity to generate words that start with a
specific letter (letter fluency) has been associated with a
wide variety dementing diseases, although the patients’
performance on these assessments tends to vary [20].
Letter fluency was found to be abnormal in a single
longitudinal study that was investigating patients with
incipient and mild dementia (CDR = 0.5) who were fol-
lowed for 18 years [21]. In contrast, in a cross sectional
study, performed by Dudas et al. [22], which compared
letter fluency in subjects with, MCI and AD to that of
healthy controls did not reveal any differences in these
groups verbal fluency.

One of the most commonly used tests to assess
patients for the cognitive disorders associated with
dementia is to have patients name series of pictures
and frequently the Boston Naming test is used for
this purpose. Performance on this is test appears to
be a sensitive indicator of both the presence and the
degree of cognitive deterioration. Patients with AD
have both lexical retrieval and semantic deficits [23]
and therefore, often demonstrate impaired picture nam-
ing. Patients with AD tend to name supra-ordinate
category instead of the target word [24]. We did find a
longitudinal study which indicated that even with mild
dementia (CDR = 0.5) there is a decline in picture nam-
ing as assessed by the BNT in subjects with incipient
and very mild dementia (CDR = 0.5) [21].

The digit symbol test, which assesses processing
speed, is extremely sensitive and specific test in detect-
ing the presence of dementia, being one of the first tests
to demonstrate a decline and with little overlap with the
performance of healthy controls subjects on this test.
Performance on this test also declines rapidly as these
patient’s disease progresses [25]. Bennett et al. [13]
followed a group of individuals affected by MCI over
6 years and did find a decline in this test over time. The
same results were also found in a cross sectional study
by Economou et al. [19] who studied and compared
participants with MCI, AD and healthy controls.

A longitudinal study assessing clock drawing in
MCI, AD, and healthy controls did not indicate a
decline of the performances over time.

Class C

Anosognosia was also assessed in a single cross sec-
tional study comparing patients with MCI and AD and
their caregivers. The authors indicated a discrepancy
between the patients with AD and caregivers in their
estimation of impairment Patients with MCI, however
did not show this difference [26].
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Response inhibition, using the Stroop test, in indi-
viduals affected by MCI was assessed in a cross
sectional study [27]. The results of this study indicated
that patients with AD performed more poorly than
those with MCI. In this same study set shifting abili-
ties were assessed using the Trail making test (TMT) as
well as Design fluency. The results of the study indicate
that AD patients perform worse than healthy controls.
We are not aware, however, of any serial study examin-
ing response inhibition, set shifting or design fluency
in patients affected by MCI.

Patients with AD may have disorders of emotional
communication [28, 29]. These investigators compared
healthy controls and AD’s abilities to express and com-
prehend emotional prosody. Their results indicated that
patients with AD were impaired.

These emotional communication disorders, as well
as abulia, might be responsible for the impression
that patients with AD are apathetic. In addition, many
emotional experiences are induced by perceiving stim-
uli and understanding situations. Thus, patients with
AD might also appear apathetic because they do not
understand the circumstances that normally induce
emotions.

Several cross sectional study that compared healthy
controls to AD patients on apraxia indicate a worse per-
formance of AD compared to healthy controls [30–32].

Conclusions

The utility of neuropsychological tests as markers
for disease progression needs to be tested with fur-
ther serial studies. Current data suggests that episodic
memory and semantic fluency are the most reliable
neuropsychological markers of disease progression.

STRUCTURAL MRI

Recently, there have been remarkable advances in
the application of the neuroimaging to the study of
MCI, providing information about those brain struc-
tures which are most likely to reveal changes in patients
with MCI. Volumetric MR techniques provide the
most sensitive indices of brain alteration in MCI and
inform us how we can classify individuals into diagnos-
tic categories. The two main MR analysis techniques
employed in these studies are the region of interest
(ROI) methods and more automated methods such as
voxel based morphometry (VBM).

Medial temporal lobe (MTL) structures have long
been known to play a critical role in episodic mem-

ory, and some of the earliest changes seen in AD are
found in this region [33]. Therefore many volumet-
ric studies of MCI measured hand traced regions of
interest (ROI’s) of specific MTL structures, such as
the hippocampus and the entorhinal cortex [34–43].
The pattern of AD pathology is, however, complex
and evolves as the disease progresses. Whereas AD
starts mainly in the hippocampus and entorhinal cor-
tex, these pathological changes subsequently develop
throughout most of the temporal lobes and the posterior
cingulate cortex. These are the changes associated with
impaired episodic memory. Subsequently, pathologi-
cal changes involve neocortex; especially the cortex in
the temporal, parietal, and prefrontal regions and it is
damage to these regions that induces language deficits
(e.g., anomia), apraxia, visuospatial deficits as well as
executive disorders.

The sensitivity of a marker to track disease progres-
sion depends on several factors, including the rate of
change during the disease stage of interest, the preci-
sion of the measurements, and its statistical effect size.
Markers that have plateaued or have not yet changed
(ceiling and floor effects, respectively) are likely to be
poor markers of progression [44]. The available evi-
dence suggests that structural markers fulfil many of
these sensitivity requirements and are therefore, good
candidates for monitoring disease progression.

Alzheimer’s dementia (AD) is associated with
progressive accumulation of beta amyloid - A� and
hyperphosphorylated tau and this accumulation leads
to progressive synaptic, neuronal, and axonal damage.
Following the pathological staging scheme proposed
by Braak and Braak [45], neurofibrillary tangles
first occur in the entorhinal cortex and hippocampus
(transentorhinal stages I and II), before spreading out
into the amygdale and basolateral temporal lobe (lim-
bic stages III and IV) and then into the isocortical
association areas (isocortical stages V and VI). The
same pattern of progression can be identified by MRI-
based assays for atrophic changes. Rates of change in
a number of structural measures including volumes of
the whole brain, the entorhinal cortex hippocampus,
and temporal lobe as well as ventricular enlargement,
correlate closely with changes in cognitive perfor-
mance, supporting their validity as markers of disease
progression.

From MCI to well into the moderate dementia
stage of AD, structural markers are sensitive to dis-
ease progression and appear to be even more sensitive
to change than are markers of A� deposition (PIB-
PET or CSF). Case control and longitudinal studies
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employing a number of MR analysis techniques have
substantially augmented our knowledge about volu-
metric brain changes that characterize MCI and predict
development of AD [46].

Several studies have been conducted with patients
who have MCI examining structural changes over time.
Some of these studies use within group comparisons
rather than a between group comparisons at different
times thereby providing a correlation between struc-
tural atrophy and cognitive performances. We included
these serial studies in Class A. Additionally, not all
individuals with MCI subsequently develop AD, and
individuals with MCI who do develop AD vary in their
rate of clinical progression [47]. Therefore, there are
several serial studies that have examined the accuracy
with which volumetric MRI measures predict those
MCI participants who will progress to AD (progressive
MCI: pMCI) versus those MCI who show functional
stability (stable MCI: sMCI) over the time to follow up
[35, 48], whereas others focused on volumetric MRI
changes in pMCI versus sMCI over time [49]. We did
not focus our review on predictors of progression rather
on markers of change dividing them according to the
criteria mentioned in the introduction’s section.

Class A markers

Whole brain atrophy rate; isocortical association
areas atrophy

Studies conducting analysis of the whole brain indi-
cate that faster atrophy in pMCI occurs in wide-spread
cortical regions [50]. Jack et al. [50] measured rate of
brain atrophy from serial MRI with corresponding clin-
ical changes in normal elderly subjects, patients with
MCI and patients with probable AD. The annualized
changes in volume of four structures were measured
from the serial MRI studies including: hippocampus,
entorhinal cortex, whole brain, and ventricles. Rates
of change on several cognitive tests and rating scales
were also assessed. Subjects who were classified as
normal or MCI at baseline could either remain stable
or could convert to a lower functioning group. Patients
with AD were dichotomized into those with slow ver-
sus fast progression. The atrophy rates for these four
structures were greater among MCI subjects who con-
verted to AD than MCI subjects who remained stable.
The atrophy rate was also greater for patients with
AD who were progressing rapidly than those who pro-
gressed slowly. Among MCI subjects, correlation were
calculated between change in MRI and change in per-
formance on four cognitive tests/rating scales the Mini

Mental State Examination (MMSE), Dementia Rating
Scale (DRS), Logical Memory II (LM II) (%) and CDR
sum of boxes. Significant correlations were seen for
the hippocampal rate of atrophy with the change in
DRS, and atrophy of the entorhinal cortex correlated
with the change in CDR sum of boxes. With one excep-
tion, both the whole brain and ventricular rate measures
were correlated with the changes on all these rating
scales.

Additionally, Sluimer et al. [51] determined whole
brain atrophy rate in MCI and Alzheimer’s demen-
tia (AD) and its association with cognitive decline.
Two magnetic resonance images were acquired with an
average interval of 1.8 years + 0.7. Whole brain atro-
phy was strongly associated with cognitive decline in
the participants with AD and MCI, but healthy controls
and subjects affected by subjective memory complaints
did not show this atrophy.

A serial study was also conducted comparing atro-
phy changes in participants with MCI with healthy
controls. In this study the subjects were 138 non-
demented individuals have been followed annually for
up to 10 consecutive years, but 18 of these participants
were diagnosed with MCI. This MCI group showed
accelerated changes compared to healthy controls in
whole brain volume, ventricular CSF, temporal gray
matter, as well as the orbitofrontal and temporal asso-
ciation cortices, including the hippocampus [52].

McDonald et al. [53] evaluated the spatial pattern
and regional rates of neocortical atrophy from nor-
mal aging to early AD. Annual atrophy rate were
derived by calculating percent cortical volume loss
between baseline images and images taken 12 months
after the baseline images. Planned comparisons were
used to evaluate the change of atrophy rates across
levels of disease severity. The score on the Clinical
Dementia Rating scale (CDR) was used to divide the
study sample into groups reflecting degree of impair-
ment. In patients with MCI with CDR scores of 0.5–1
annual atrophy rates were greatest in medial temporal,
middle and inferior lateral temporal, inferior parietal,
and posterior cingulate gyrus. With increased impair-
ment (MCI-CDR- 1.5–2.5) atrophy spread to parietal,
frontal and lateral occipital cortex, followed by ante-
rior cingulate cortex. Analysis of regional trajectories
revealed increasing rates of atrophy across all neo-
cortical regions with clinical impairment. However,
increase in atrophy rates were greater in early disease
within medial temporal cortex, whereas increases in
atrophy rates were greater at later stages in prefrontal,
parietal, posterior temporal, and cingulate cortex.
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Table 3
Structural MR markers of disease progression based on literature evidence of validity

N subjects Time B-FU Results Technical notes References
and diagnosis

CLASS A
Whole Brain (WB)

Atrophy
HC55; MCI 41;

AD 64
1 to 5 years Increased of atrophy in

converters
Manual tracing Jack 2004

HC 10; MCI 45;
AD 65

1.8 years + 0.7 WBA associated with MMSE
change in AD and MCI

Autom Structural Image
Eval. SIENA or SIENAX

Sluimer et al.,
2008

HC 120; MCI 18 10 years Accelerated atrophy changes
in MCI compared to
healthy controls

VBM using RAVENS
approach

Driscoll et al.,
2009

AD 99; MCI 235;
C 131

1 year WBA associated with
MMSE, ADAS-cog
changes in MCI and AD.

Software MIDAS used for
WB and ventr. semi
automated segmentation.

Evans et al.,
2010

aMCI progr 46; aMCI
Stab 23; HC 46

3 years Changes in Brain volume
over time

TIV measured by manual
tracing. WB ventr atrophy
rates measured with BSI.

Jack et al.,
2008

C 137; MCI 105
(CDR-SB = 0.5–
1.0); MCI 126
(CDR-SB = 1.5–
2.5); Mild AD 104
(CDR-SB > 2.5)

1 year Early disease: Increased
atrophy rates (AR) in MTL.
Later stages: Increases AR
in PFC, PL, post. Temp.,
cingul. cortex.

FreeSurfer 3.02 software McDonald
et al., 2009

88 HC; Very Mild
dem; Mild dem.;
Mod

Mean of 2.04
years (+1.42
SD)

Tot brain volume loss
increased in Mild and Mod
dem. vs HC. MMSE
correlated with brain
volume loss.

MR image analysis was
performed utilizing the
program REGION.

Kaye et al.,
2005

Ventricles Volume
(VV)

aMCI progr 46; aMCI
Stab 23; HC 46

3 years Changes in ventricular
expansion over time

TIV measured manually.
WB and ventr. atrophy
measured with BSI

Jack et al.,
2008

79 HC (37 developed
MCI)

Up to 15 years Rates of VV expansion
greater in those who
developed MCI.

Standardized semi
automated segmentation
technique.

Carlson et al.,
2008

AD 99; MCI 235;
C 131

1 year Association between
ventricular expansion and
MMSE and ADAS-cog
changes in MCI and AD.

Software MIDAS used for
WB and ventr. semi
automated segmentation.

Evans et al.
2010

88 HC; Very Mild
dem; Mild dem.;
Mod

Mean of 2.04
years (+1.42
SD)

VV increased in Very Mild
and Mild dem vs HC, and
in Mod dem vs HC and
Mild dem. MMSE corr
with VV increase.

MR image analysis was
performed utilizing the
program REGION.

Kaye et al.,
2005

C 152; MCI 247;
AD105

NA Increase VV AD > MCI > HC Semi automated software to
assess VV.

Nestor 2008

HC 104; MCI 29;
Dementia 12

NA AD < MCI < C Change rate in lateral
ventricle-to-brain ratio
(VBR) using automated
ventricular and WB
volume estimation.

Carmichael
et al., 2007

HC 55; MCI 41;
AD 64

1 to 5 years Increased of atrophy in
converters (either HC or
MCI and fast AD progr)

Manual tracing Jack 2004

HC 120; MCI 18 10 years Accelerated VV enlargement
in MCI vs HC

VBM using RAVENS
approach

Driscoll et al.,
2009

Hippo Atrophy (HA) 518 HC(50 developed
dementia; 36 out of
50 AD)

10 years Increased in HA correlated
with decline in delayed
memory recall.

Automated segmentation
procedures

Den Heijer
et al., 2010

20 MCI (conv and
stable)

3 years Increase HA of conv MCI vs
stable MCI

3 D Computational
modelling tech.

Apostolova
et al., 2006
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Table 3
(Continued)

N subjects Time B-FU Results Technical notes References
and diagnosis

88 HC; Very Mild
dem; Mild dem.;
Mod

Mean of 2.04
years (+1.42
SD)

HA in Mild dem > HC MR image analysis using
the program REGION.

Kaye et al.,
2005

58 C; 43 MCI; 28 AD 3 + 1 years Increase HA over time of
cMCI vs sMCI

Manual tracing Jack 2000

HC 55; MCI 41; AD
64

1 to 5 years Increased of HA in conv
(either HC or MCI and fast
AD progr)

Manual tracing Jack 2004

58 MCI(19 conv);
20 C

2 years Conv MCI had the highest
annual decline rates in
cognition and HVvs stable
MCI and HC

Manual tracing Wang et al.,
2009

33 MCI 3 years Increased HA vs HC VBM Withwell et
al., 2009

35 HC; 23 MCI (11
conv.);14 AD

6 years Increased rate of HA and the
enthorinal cortex for the
cMCI and AD vs HC.

Manual tracing Stoub et al.,
2010

97 AD; 245 MCI;
148 HC

1 year HA correlated with baseline
and changes in MMSE and
global sum of boxes CDR
scores

Automated segmentation
method based on
AdaBoost to create 3D
hippocampal surface
model

Morra et al.,
2009

18 MCI 18 months Greater Gray matter loss in
conv. vs non conv in hippoc
area, ITG, MTG, post
cyngulate and precuneus

Modified VBM procedure
specially designed for
longitudinal studies

Chételat et al.
2005

CLASS B
Cortical Thinning pMCI 15, SMCI 45, 7 years pMCI > sMCI Reduced

Cortical thickness
Automatic computational

surface method
Julkunen

et al., 2009
HC 34, MCI 62,

AD 42
NA AD > MCI > C automated MRI-based

analysis techniques in
order to determine the
pattern of cortical
thinning

Singh 2006

Substantia Innominata
(SI) Atrophy

HC 12, AD 13 NA AD > C Automated technique of
image regression
analysis, implemented
through code written in
Matlab 5.3, to the
analysis of proton density
weighted structural MRI
of the basal forebrain.
This technique allows
searching a large portion
of the substantia
innominata for signal
changes.

Teipel et al.,
2005

26 aMCI, 46 HC,
12 AD

NA AD > MCI > C Correlation
between performance in the
word list recall (CERAD
subtest) and SI volume in
AD patients

Manually tracement using a
custom made
segmentation program

Muth., et al.,
2010

HC 27, MCI 33,
AD 19

NA AD < MCI; AD < C; MCI = C SI volumes were traced on
three consecutive gapless
1 mm thick coronal slices.

George et al.,
2010 (ahead
of print)

WBA: Whole Brain Atrophy; VBM: Voxel Based Morphometry; TIV: Total Intracranial Volume; BSI: Boundary Shift Integral; MTL: Medial
Temporal lobe; PFC: Pre-Frontal Cortex; PL: Parietal lobe.
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Spatial patterns of brain atrophy as detected in neu-
roimaging (SPARE A Index) has been tested as a means
early detection or index of suspicion for diseases such
as AD. This method uses sophisticated pattern analy-
sis algorithms that are trained to identify patterns of
normal or abnormal structure and function [54] which
are used for classification at the individual level. This
approach considers all brain regions jointly and iden-
tifies a minimal set of regions whose volumes jointly
maximally differentiate between the two groups (nor-
mal control versus patients with AD) on the basis of
an individual scan. For a classifier constructed from
the healthy controls and AD groups, a positive index
implies AD like brain and negative index implies con-
trols like brain. Davatzikos et al. [54] investigated
whether differences in spatial pattern of brain atro-
phy could be detected in cognitively healthy controls
versus patients with MCI and whether these patterns
are associated with cognitive decline. Images from the
Alzheimer’s Disease Neuroimaging Initiative (ADNI)
dataset were used to construct a pattern classifier that
recognized spatial patterns of brain atrophy which best
distinguish AD patients from cognitive normal control
subjects and MCI participants in the Baltimore Longi-
tudinal Study of Aging (BLSA) neuroimaging study.
The degree to which AD like patterns were present
in control and MCI subjects was evaluated serially in
relation to cognitive performance. The oldest control
participants showed progressively increasing AD like
pattern of atrophy, and individuals with these patterns
had reduced cognitive performance. MCI was asso-
ciated with steeper longitudinal increases of AD like
pattern of atrophy, which separated them from the cog-
nitively normal control subjects.

Ventricular volume
A series of cross sectional studies have examined

changes in ventricular volumes comparing people with
MCI, AD and healthy controls. All studies reported
that the AD group had greater ventricular enlarge-
ment compared to both subjects with MCI and healthy
controls. In addition, the participants with MCI had
a greater rate of ventricular enlargement compared to
healthy controls. We report here three studies looking
at this phenomenon using three different techniques to
assess ventricular volume, such as a semi automated
software [55], an automated ventricular extraction
approach [56], and a voxel based morphometry using
RAVENS approach [52].

A longitudinal study has also been performed by
Jack et al. [57] with 46 subjects who had MCI and

progressed to AD (progressive MCI: pMCI), 23 parti-
cipants who had sMCI (stable MCI) without progres-
sion to dementia and 46 healthy controls. All subjects
including in this study had three or more serial MRI
scans within 3 years from their initial scan when they
had MCI or were control subjects and a final MRI when
they were either diagnosed with AD, sMCI or a normal
control.

Rate of brain shrinkage and ventricular expansion
were measured across all available MRI scans in each
subject and the results indicated that rate of atro-
phy accelerate as individuals progressed from amnesic
MCI (aMCI) to typical late onset AD. In pMCI the
change in pre to post diagnostic scan rate of ventricular
expansion was 1.7 cm3/year and acceleration in brain
shrinkage was 5.3 cm3/year. Brain volume declined
and ventricular volume increased in all the three groups
with age. The rate of atrophy was greater in younger
than older subjects with aMCI who progressed to AD
and the rate was also less in subjects with aMCI who
did not progress (stable MCI: sMCI) that in those who
did progress (progressive MCI: pMCI). The authors did
not find that the rates of atrophy varied as a function of
age in 70-to 90 years’ old cognitively normal subjects.

A similar study was performed by Evans et al.
[58], who assessed the relationships between anatomic
changes of the whole brain and ventricular volume, as
determined by MRI, with change in cognitive scores
in participants with AD, MCI and healthy controls.
Their results indicated that brain atrophy rates and ven-
tricular enlargement differed between groups and in
subjects with MCI and AD these atrophic changes were
associated with lowering of the scores on the MMSE.
In the subjects with MCI both of these anatomic
measures were also associated with scores on the
ADAS-cog and on Trails B in MCI. For the participants
with AD, their ventricular expansion was associated
with scores on the ADAS-cog. Additionally brain atro-
phy and ventricular expansion were higher in MCI
subjects who progressed to AD within 12 months of
follow up, compared with MCI subjects who remained
stable. The authors conclude that whole brain atro-
phy rates and ventricular enlargement tracked disease
progression and psychological decline, demonstrating
their relevance as biomarkers.

Carlson et al. [59], investigated a group of 79 healthy
elderly subjects for up to 15 consecutive years with
standardized clinical evaluations and volumetric brain
MRI assessments of ventricular volume. During the
study period, 37 subjects developed MCI. Their results
indicated that the annual rate of expansion of ven-
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tricular volume were greater in those who developed
cognitive impairment during follow-up than those par-
ticipants who did not.

Hippocampal atrophy
Longitudinal studies have examined the relationship

between brain atrophy rates and progression from MCI
to AD. Most such studies collect MRI data and conduct
coincident clinical /neuropsychological assessment at
two time points spaced several years apart. Several
studies have reported a relatively low hippocampal
atrophy rate ranging from 1.0–2.2%/year for healthy
controls, to 2.5–4.3%/year in subjects with MCI and
2.8–4.0%/year for participants with mild AD [49, 60,
61]. Most studies indicate that hippocampus shows
higher annual rates of atrophy in pMCI than sMCI
[49, 50, 62–64]. Estimates of annualized hippocampal
atrophy in pMCI are generally about 3.7%, for sMCI
estimates are about 2.5–2.8% [49, 63].

Withwell et al. [64] followed 33 MCI subjects over
3 years. Voxel based morphometry was used to assess
patterns of grey matter atrophy. The pattern of grey
matter atrophy involved primarily the medial temporal
lobes, including the amygdale, anterior hippocampus,
entorhinal cortex and fusiform gyrus. Subsequently the
atrophy developed in more posterior regions, such as
the parietal lobe and later with the development from
MCI to AD, atrophy developed in the temporoparietal
association cortex and the frontal lobes.

Chételat et al. [62] used voxel based morphometry
to map structural changes associated with rapid devel-
opment of AD in MCI. Eighteen amnesic MCI patients
were followed-up for a predefined fixed period of 18
months and development of AD was judged according
to NINCDS-ADRDA criteria. Each patient underwent
a high resolution T1-weighted volume MRI scan both
at entry in the study and 18 months later. To map gray
matter loss from baseline to follow up assessment,
the authors used a modified voxel-based morphometry
(VBM) procedure specially designed for longitudinal
studies. Regions of significant gray matter (GM) loss
over the 18 months follow up period common to both
converters and non-converters included the temporal
neocortex, parahippocampal cortex, orbitofrontal and
inferior parietal areas and the left thalamus. However,
there was significantly greater GM loss in converters
relative to non-converters in the hippocampal areas,
inferior and middle temporal gyrus, posterior cingulate
gyrus and precuneus [62].

Another longitudinal volumetric MRI analysis of
155 subjects has been performed by Kaye et al. [65]

to determine if rates and location of brain volume
loss associated with AD are phase specific, occur-
ring prior to clinical onset and/or at a later stage.
Subjects were divided by Clinical Dementia Rating
(CDR) scale into stages of normal (CDR = 0 at base-
line and CDR = 0 at follow ups), very mild (CDR = 0
at baseline and CDR = 0.5 at follow up or CDR
0.5 at baseline and at follow up) Mild (CDR = 0.5
at baseline and CDR = 1 at follow up or CDR = 1.0
at baseline and follow up) and Moderate demen-
tia (CDR = 1.0 at baseline and CDR = 2.0 at follow
ups or CDR = 2.0 at baseline and CDR = 2.0 at fol-
low up). Subjects were followed for a mean of 2.04
(+1.42 SD) years within a clinical stage. The authors
measured the volume of supratentorial intracranial
cavity, total brain, frontal lobe, temporal lobe, and
parieto-occipital lobar region, basal ganglia-thalamic
region, ventricular CSF, parahippocampal gyrus, and
hippocampal body. Although they did find a cross
sectional difference in hippocampal volume between
the participants with mild dementia (CDR 0.5 to 1.0
or CDR 1.0 at baseline and follow up) and healthy
controls (CDR = 0 at baseline and follow up), the
rates of changes were not significantly accelerating.
The authors attempt to explain these findings by
assuming that the hippocampus might undergo a rel-
atively constant slow atrophy several years before
the onset of clinical detected cognitive changes [34,
66].

In the next clinical transition stage to mild impair-
ment (Mild group) the rates of both ventricular
enlargement and total brain volume loss were greater
than the normal group. In the later stage of dementia
(Moderate group) in addition to the ventricles and total
brain, the temporal lobe and basal ganglia-thalamic
regions increased in the rate of atrophy when com-
pared to the normal group and ventricular enlargement
was significantly greater than the very mild group as
well. Rates of global cognitive decline, measured by
rate of annual MMSE change, correlated with brain
volume loss and ventricular volume increase.

Stoub et al. [67] studied three groups of elderly par-
ticipants following them with yearly high resolution
MRI scans over 6 years. At baseline participants con-
sisted of 35 healthy controls, 33 MCI, and 14 AD.
Eleven patients affected by aMCI developed AD dur-
ing the course of the study and 9 healthy controls
declined in cognitive functions. Longitudinal analy-
sis showed that the rate of the entorhinal cortex and
hippocampus for the stable healthy controls differed
significantly from MCI participants who converted
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to AD and the AD group. Additionally longitudinal
decreases in hippocampal and entorhinal volume were
related to longitudinal decline in declarative memory
performance.

Wang et al. [68] investigated 58 subjects with
aMCI and 20 normal aging elderly controls. All the
participants underwent an annual neuropsychological
assessment and MRI. Annual decline in neuropsycho-
logical test score, hippocampal and amygdala volumes
were calculated. Nineteen MCI converted to AD during
the course of the study (2 years). The annual hip-
pocampal atrophy rate was correlated with a decline in
memory test score. Compared to subjects with sMCI
and normal aging, those with pMCI had the highest
annual decline rates in cognition and hippocampal vol-
ume, but no differences in the amygdala volume were
found.

Morra et al. [69] mapped the 3D profile of hippocam-
pal degeneration over time in 490 subjects scanned
twice with brain MRI over a 1 year interval. There were
97 participants who had AD, 148 were healthy control
subjects and 245 who demonstrated MCI. The authors
used a validated automated segmentation method, to
create 3D hippocampal surface models in all 980
scans. Hippocampal volume loss rates increased with
clinical deterioration (healthy controls 0.66%/year;
MCI 3.12%/year; AD 5.59%/year) and correlated
with both baseline and interval changes in MMSE
scores and CDR sum of boxes scores. Converters
from MCI to AD showed faster atrophy than non-con-
verters.

Den Heijer et al. [70] used sequential MRI as a
biomarker of disease process in healthy individuals.
The authors examined 581 elderly participants taken
from the population based Rotterdam Scan Study. A
MRI was performed at baseline in 1995–1996 that was
repeated in 1999–2000 (in 244 persons) and in 2006 (in
185 persons). All participants were free of dementia at
baseline and followed over time for cognitive decline
and dementia. These subjects had 4 repeated neuropsy-
chological tests at the research center over a 10 years
period. During this time 50 people developed demen-
tia with 36 having AD. In addition to learning that a
decline in hippocampal volume predicted the onset of
clinical dementia, in those people who remained free of
dementia during the entire follow up period, they found
that decline in hippocampal volume paralleled and pre-
ceded a specific decline in delayed recall of words and
those who had a faster decline of hippocampal volume
also had a significant faster decline in delayed memory
recall.

Class B markers

Cortical thinning pattern
Cortical thinning patterns have been investigated

cross-sectionally by Singh et al. [71]. The authors
compared patients affected by AD, MCI and healthy
controls. Their results indicated a greater cortical thin-
ning in AD compared to MCI as well as greater
thinning in MCI than in healthy controls.

Julkunen et al. [72] also analyzed the cortical
thickness in pMCI and sMCI subjects. These inves-
tigators followed 60 participants with MCI for 7
years in order to examine the differences in cortical
thickness between those participants with progressive
versus those with stable MCI. When compared to the
sMCI subjects, the pMCI group displayed significantly
reduced cortical thickness bilaterally, in the superior
and middle frontal gyri, the superior, middle and infe-
rior temporal, the fusiform gyrus and parahippocampal
regions. In the pMCI participants the cingulate and ret-
rosplenial cortices, as well as the right precuneal and
paracentral regions were also atrophic.

Substantia innominata
The substantia innominata (SI) contains the nucleus

basalis of Maynert, which provides the major cholin-
ergic innervations to the entire cortical mantel and the
amygdale as well as the medial septal and diagonal
band of Broca, which supply cholinergic innovation to
the hippocampus. Degeneration of nucleus basalis neu-
rons correlates with cognitive decline in AD. George
et al. [73] investigated 27 healthy controls, 33 MCI
and 19 AD participants comparing their SI volumes.
Their results indicated that SI volume was significantly
reduced in AD group compared to MCI and normal
control participants; however the healthy controls and
MCI participants did not differ from each other.

Muth et al. [74] recently performed a study examin-
ing the volume loss of the cholinergic basal forebrain
region (substantia innominata) between healthy con-
trols, and subjects with MCI and AD. Their results
indicated the volume of SI to be significantly differ-
ent between groups in that healthy controls had the
largest SI volumes, followed by aMCI and then the
AD patients. In vivo quantification of these changes
might be of use as a novel neuroimaging marker of
cholinergic neurodegeneration in AD.

The authors ended their manuscript suggesting that
the use of SI volume may serve as a surrogate marker
for the monitoring of cholinergic neurodegeneration
during the course of dementing diseases.
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Conclusions

Up to date hippocampal atrophy, ventricular volume
and whole brain atrophy are the structural MRI mark-
ers to have the greatest class A evidence to be good
markers of disease progression.

RESTING STATE FMRI

Alzheimer’s dementia is characterized by severe
synaptic/neuronal dysfunction and selective neuronal
loss [75]. Early on, misfolded proteins aggregate
within small, selectively vulnerable neuron popula-
tions that reside in specific brain regions [76]. Synapses
falter, and damage develops in new regions accom-
panied by increasing clinical deficits [75]. Often,
later-affected regions bear known anatomical connec-
tions with the sites of earlier injury [77]. Based on
neuropathology [78], neuroimaging [79, 80] and evi-
dence from transgenic animal models [81], it has been
suggested that neurodegeneration may relate to neural
network dysfunction [79, 82].

Resting-state fMRI provides an indirect marker of
neuronal activity by measuring the spontaneous low-
frequency (<0.08–0.1 Hz) fluctuations in the blood
oxygen level dependent (BOLD) signal [83]. This tech-
nique allows the investigation of brain activity within
spatially distinct, functionally related group of cortical
and subcortical regions [84–86]. Networks relevant to
AD are (i) the default mode network (DMN), a set of
regions which comprises the posterior cingulate cortex
(PCC), the hippocampus, the medial temporal cortex,
the parietal lobule, and the medial prefrontal cortex
(mPFC); (ii) the working memory network (WMN);
and (iii) the attention/executive network. The DMN is
relevant to AD because the areas that comprise this
network overlap with the regions that are selectively
affected by this disease [87]. The networks that medi-
ate working memory and attention are relevant because
of the forms of cognitive deficits which characterize
AD patients.

The characterization of human brain’s intrinsic func-
tional networks from resting-state BOLD fMRI data
therefore has the potential of defining functional con-
nectivity markers that may follow the progression in
neurodegenerative diseases, such as AD.

Currently there is only a little evidence that the
markers of resting state activity are sensitive to disease
progression. A progressive reduction of brain activity
and connectivity in the regions of the DMN (namely
the hippocampus and PCC) seems the most consistent

finding among studies. These changes, however, have
never been investigated by ad hoc serial studies. Fur-
thermore, currently other networks have been not been
fully investigated.

Class A markers

There are no serial studies which have investigated
resting-state brain activity.

Class B markers

Reduced activity in the DMN is the most consistent
marker among studies [88–92]. These studies showed
significant reductions of resting-state activity in MCI
within the hippocampus, PCC/precuneus and medial
prefrontal cortex.

Class C markers

There is little evidence that brain activity of other
functional networks could provide markers of disease
progression: a single cross-sectional study carried on
MCI subjects showed reduced activity in the atten-
tion/executive network [92]. Currently there is no
published study that has investigated the WMN. Other
potential markers for disease progression could be
drawn by measures of increased activity/connectivity
between parietal and frontal regions [93–95]. These
studies were carried out on AD patients only and sug-
gest that patients may rely on increased prefrontal
connectivity to compensate for reduced temporal con-
nectivity. A new class of functional markers might in
the future be obtained by measures of network small-
worldness [96, 97].

Conclusions

The utility of resting-state activity and connectivity
as markers for disease progression still needs to be
tested with longitudinal studies. Current data suggests
that resting-state activity may be a useful marker for
the diagnosis [80].

DIFFUSION TENSOR IMAGING

As mentioned earlier AD is characterized by the
deposition of two toxic proteins which target spe-
cific neuronal populations [75]. AD pathology spreads
following a well established pattern [78] and the
damage is accompanied by worsening of specific clin-
ical deficits [75]. Given that later-affected regions bear
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Table 4
fMRI markers of disease progression based on literature evidence of validity.

Marker N subjects & Time B-FU Results Technical notes References
diagnosis

CLASS B
DMN activity 41 HC; 28

MCI; 18 AD
NA Reduced mPFC:

AD < MCI < HC
precuneus:
AD < HC,MCI < HC

Single site, 1.5T study
Voxel = 3 × 3 × 5 mm3 TE = 60 ms
Axial orientation

Rombouts et al., 2005

DMN activity (HP
synchrony)

9 HC, 5 MCI
10 AD

NA Reduced
(AD < MCI < HC)

Single site 1.5T study
Voxel = 3.75 × 3.75 × 7 mm3

TR = 2 s, 6 min Sagital orientation

Li et al., 2002

CLASS C
Attention/executive

network activity
16 HC, 24

aMCI
NA Reduced Single site, 1.5T

Voxel = 3.125 × 3.125 × 4 mm3

TR = 3 s, 4 min Axial ACPC
orientation

Sorg et al., 2007

Small world properties
(clustering coefficient)

18 HC, 21
mild AD

NA Reduced Single site, 3T study
Voxel = 3.75 × 3.75 × 4 mm3

TR = 2 s, 6 min Axial ACPC
orientation

Supekar et al., 2008

Activity in frontal and
parietal regions
(connectivity between
prefrontal-parietal)

13 HC, 13
mild AD

NA Reduced Single site, 1.5T
Voxel = 3.75 × 3.75 × 4mm3

TR = 2 s, 6 min Axial ACPC
orientation

Wang, et al. 2007

Activity in frontal and
parietal regions
(frontal/prefrontal)

18 HC, 21
mild AD

NA Increased Single site, 3T study
Voxel = 3.75 × 3.75 × 4mm3

TR = 2 s, 6 min Axial ACPC
orientation

Supekar et al., 2008

Activity in frontal and
parietal regions
(connectivity with
PCC)

16 HC, 16
mild AD

NA Increased Single site, 1.5T
Voxel = 3.75 × 3.75 × 6mm3

TR = 3 s, 5–6.27 min

Zhang et al., 2009

Activity in frontal and
parietal regions
(connectivity with HP)

14 HC, 14
mild AD

NA Increased Single site, 1.5T
Voxel = 3.75 × 3.75 × 4mm3

TR = 2 s, 6 min Axial ACPC
orientation

Wang et al., 2006

AD: Alzheimer’s disease; aMCI: amnestic mild cognitive impairment; HC: healthy controls; DMN: default mode network; HP: hippocampus;
PCC:poster cingulate cortex; ACPC: Anterior Commissure, Poterior Commissure.

known anatomical connections with the sites of ear-
lier injury [77], the structural integrity of white matter
(WM) tracts connecting these regions is thought to play
some role in the progression of this disease. It has been
posited that cognitive deficits may be related to the dis-
ruption of functionally relevant tracts [98–100]. The
disruption of the parahippocampus, which contain a
tract that connects the posterior cingulate-retrosplenial
cortex (PCC/RSC) with the hippocampus, is thought
to be responsible for the dissociation between func-
tional/metabolic changes (which affect mainly the
PCC/RSC) and structural abnormalities (which affect
primary the hippocampus and temporal lobe) found
in AD [80]. Post-mortem studies have shown WM
changes in AD in the form of atrophy, myelin attenua-
tion, axonal loss, or reactive gliosis [101, 102], but spe-
cific WM tracts have not been thoroughly investigated.

Diffusion Tensor Imaging (DTI) is a non-
conventional MRI technique that allows the investi-
gation of the integrity of WM tracts in vivo [103].
This technique, by measuring the movement of water
molecules within tissues, is sensitive to tissue changes
in pathological conditions. Commonly, two indexes are
obtained from DTI: mean diffusivity (MD), which is
a measure of overall water diffusion, and fractional
anisotropy (FA), which is a measure of overall tissue
integrity [104]. Two additional measures of WM dam-
age can be obtained from DTI: axial (DA) and radial
(DR) diffusivity. DA and DR seem more specific mark-
ers than MD/FA of axonal loss and myelin damage
[105], but to date these markers has not been used
extensively. Commonly used methods for DTI analysis
are ROI-based analyses; tractography and automated
tract analysis.
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Currently, there is some evidence from cross-
sectional studies carried out on MCI patients that DTI
changes in the medial temporal lobe WM could provide
markers sensitive to disease progression. Specifically,
DTI changes in the parahippocampal WM tract and
in the hippocampus seem the most promising mark-
ers. Another tract connecting to the temporal lobe, the
posterior cingulum, provide some evidence of sensi-
tivity in the detection of disease, whereas less specific
markers such as temporal lobe WM provide low evi-
dence. There is some evidence that diffusivity changes
in the frontal WM follow disease progression. Specific
cortico-cortical association tracts (inferior and supe-
rior longitudinal fasciculus, inferior fronto-occipital
fasciculus) are promising markers because of their
association with cognitive functions however currently
there are a paucity of studies assessing this possible
biomarker. The genu and splenium of the corpus callo-
sum, and motor cortex tracts do not seem valid markers
of disease progression. Longitudinal changes in DA
and DR indexes may provide more specific disease
markers in the future, but currently these markers have
only been investigated in a limited number of cross-
sectional studies [106–110].

Class A markers

Unfortunately, all the candidate markers have been
investigated on cross-sectional studies except for a sin-
gle longitudinal study [111], thus none of the markers
satisfy criteria for inclusion in Class A.

Class B markers

(1) Multiple cross-sectional studies have consis-
tently shown DTI changes (reduced FA or
increased MD) in the parahippocampal tract
[112–115] and in the hippocampus [116–119]
of MCI subjects. As these tracts are located in
key regions of AD pathology (medial temporal
lobe), they are good candidate markers to track
disease progression.

(2) DTI changes in the posterior cingulum have
been reported quite consistently in the majority
[110, 113, 114, 120–123] but not all the studies
[111, 112, 116]. Compared to the above markers,
the posterior cingulum has the advantage that
measurement of this structure is more reliable
than that of the parahippocampal tract.

(3) One longitudinal study [111] and some cross-
sectional studies [114, 119], but not all [116,

118, 124–126], reported a progressive decline in
the frontal WM in MCI subjects. The changes in
the frontal WM may therefore be valid candidate
markers of disease progression.

(4) DTI changes in the fornix have been reported
inconsistently among studies [108, 110–112].
This tract is relevant to AD as it is part of the lim-
bic system; however its assessment suffers from
major technical limitations due to CSF contam-
ination [127].

(5) FA reduction and MD increases in the tem-
poral lobe WM have been widely investigated
but findings are inconsistent among studies:
some studies reported significant changes [106,
114, 118] whereas several others showed no
difference [116, 119, 124, 125, 128, 129]. It
is likely that investigating more specific tracts
connecting to the temporal lobe may provide
more accurate markers of disease progression.
Indeed, studies generally showed changes in the
uncinate fasciculus [108, 110, 112], in the infe-
rior [110, 119] and superior [108, 110, 119,
121] longitudinal fasciculus, and in the inferior
fronto-occipital fasciculus [108, 110, 121].

(6) There is very low evidence that MD or FA
changes in the splenium [119, 125] and genu
[120, 121, 128] of the corpus callosum, and cor-
ticospinal tract [118, 119] may be markers for
disease progression. The majority of the stud-
ies indeed reported no change in the splenium
[111–113, 118, 124, 126] and genu [112, 113,
118, 119, 124–126, 130] of the corpus callosum,
or in the CST [ 111, 113, 123].

(7) There is increasing evidence that DA and DR
may be more sensitive to WM changes than MD
and FA, especially in the temporal lobe WM.

(8) Diffusivity changes in the cerebellum [112],
thalamus [114], entorhinal cortex [114], and
subventricular zone [131] have been investi-
gated by single studies.

Class C markers

Future DTI markers may be obtained by analysis of
WM tracts shape and deformation [132].

Conclusions

DTI changes in the WM tracts of the medial tem-
poral lobe (parahippocampus and posterior cingulum)
and hippocampus seem promising markers for disease
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progression. Given the technical difficulties related to
parahippocampal assessment, the posterior cingulum
and hippocampus may be the best candidate marker to
track the disease. Their validity however needs to be
confirmed by serial studies.

BETA-AMYLOID POSITRON EMISSION
TOMOGRAPHY (PET) IMAGING

A definite diagnosis of Alzheimer’s dementia (AD)
is based on post-mortem identification of extracellu-
lar beta- amyloid plaques and intraneuronal fibrillary
tangles. Formation of neuritic plaques by beta-amyloid
deposits is thought to play a major role in the patho-
physiology of AD, and several therapeutic agents
intended to remove or prevent the build-up of beta-
amyloid deposits are currently in clinical development.
Recent development of positron emission tomogra-
phy (PET) ligands for detection of beta amyloid in
patients has provided a new potential for the diagnosis
of AD during lifetime. In addition, this imaging method
may allow investigators and clinicians to monitor dis-
ease progression or regression with new treatments.
When searching for a biological marker of AD amyloid
imaging could hopefully replace invasive procedures
such as lumbar puncture. There is very active research
investigating molecules labelled with radioactive iso-
topes that might enter the brain, bind selectively
to �-amyloid, be visualised with PET scanners and
analysed with PET imaging tools, enabling in vivo
quantification of beta-amyloid plaque load in AD [133,
134].

Currently, the compound at the most advanced stage
of validation is the Pittsburgh compound B (PIB),
a carbon-11-labelled benzothiazole derivative, which
has been recently shown to provide information as reli-
able as CSF A� 42 [135]. More than 3000 subjects at 40
centers have been examined with C11-PIB [136]. From
quantitative image evaluation a cut-off and simplified
rating of PIB-negative vs PIB-positive has been devel-
oped to facilitate the use of PIB as a diagnostic marker
for the presence of AD [137]. As C11-PIB availability
is limited by the need for an on-site cyclotron, a (18)F-
labeled PIB derivative named (18)F-flutemetamol has
recently been developed; (18)F-Flutemetamol was
shown to perform similarly to the (11)C-PIB parent
molecule within the same cohort of AD, MCI patients
and normal control subjects, with potentially much
wider accessibility for clinical and research use [138].

Another promising radioligand applicable to imag-
ing beta-amyloid plaques in living human brains with
PET is [(18)F]FDDNP. The results using this tech-
nique has been found to be strongly correlated with
cognitive performance, especially in regions deterio-
rating earliest in AD, suggesting the potential utility of
[(18)F]FDDNP for early diagnosis [139]. The advan-
tage of this compound is that it binds to both plaques
and tangles [140].

More recently, new F-18-labeled Abeta ligands have
been identified. The first one is (18)F-BAY94-9172
(Florbetaben), whose binding was reported to match
the reported post-mortem distribution of Abeta plaques
in AD [141]; (18)F-GE067 was recently tested on
a cohort of healthy elderly human subjects [142];
18F-AV-45 (Florbetapir) was found to accumulate in
cortical regions expected to be high in A� deposition
[143], was shown to be correlated with the presence and
density of �-amyloid at histopathology [144] and was
shown to be easily synthetized under GMP-compliant
conditions, with potentially wide availability for rou-
tine clinical use [145, 146]; AZD4694 was recently
characterized [147] and preliminarily validated in two
small clinical cohorts [148, 149]. Other F18-amyloid
imaging radioligands are under development, currently
at a preclinical validation step [150, 151] and could
potentially facilitate integration of beta amyloid imag-
ing into clinical practice.

Amyloid imaging as marker of disease progression.
A number of markers based on amyloid PET imaging
have been used to track the progression of Alzheimer’s
disease. Longitudinal studies with repeated amyloid
PET scanning are limited, and only two of them
involved MCI patients [152, 153]. The other studies
have been cross-sectional.

Class A marker

Global index
Most amyloid imaging studies use a global index

of radioligand uptake. In these studies there is not
a single global index, but rather a variety of differ-
ent indexes have been reported. Most of them are
computed as global cortical standardized uptake value
ratios (SUVR) with averages on a specific set of regions
(e.g., weighted average of prefrontal, orbitofrontal,
parietal, temporal, anterior cingulate and posterior
cingulate/precuneus ratio values [152], average of
the area-weighted mean for frontal, superior pari-
etal, lateral temporal, lateral occipital and anterior and
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posterior cingulated [141, 153, 154], volume-weighted
average of frontal, parietal, temporal cortices, medial-
temporal lobe and posterior cingulate gyrus, average
of the medial frontal, lateral frontal, temporal, pari-
etal cortices and the posterior cingulate gyrus [155],
and overall cortical average [143]. Other indexes are
computed from the relative distribution volume (DVR)
images, as average DVR in parietal, medial temporal,
lateral temporal, posterior cingulate and frontal regions
[156] or overall average DVR. There is a longitudinal
study by Jack and colleagues assessing the global index
change in MCI [152]. These investigators reported that
the annual change in global PIB retention in patients
with MCI did not differ from the change observed in
NC, although small was greater than zero among all
subjects. Another study shows that 2-years change in
PIB retention in AD was not significantly different
from the change in NC [155]. Recently, a large lon-
gitudinal study showed that A� deposition increases
slowly and continuously from cognitive normality to
moderately severe AD [153].

Cross-sectional studies have revealed that global
cortical PIB binding in MCI is significantly higher than
in NC, and significantly lower than in AD [154, 157].
Contradictory results, however, were reported when
using the FDDNP radioligand to assess global cor-
tical binding in MCI. Whereas in one study binding
was found to be significantly different from both AD
and NC [156], in another study binding in MCI was
not different from either AD or NC [157]. A recent
study involving the novel radioligand AV-45 showed
significant differences between AD and NC [143].

Class B marker

Mean uptake in single ROIs (frontal
cortex/parietal cortex/temporal cortex/posterior
cingulate and precuneus)

Several cross-sectional studies involving partici-
pants with MCI analyzed the mean uptake in single
ROIs. For each of the following ROIs – frontal cortex,
parietal cortex, temporal cortex, posterior cingulate
and precuneus, mean uptake in MCI was found to be
significantly higher in participants with MCI than in
NC (for both PIB [158, 159] and FDDNP [156]), and
mean uptake in subjects with MCI was found to be
significantly lower than in patients with AD (for both
PIB [158] and FDDNP [156]). In those regions, mean
AV-45 uptake in NC was significantly lower than in
AD [143].

Class C marker

Mean uptake in single ROIs (anterior cingulate/
putamen/caudate/striatum/occipital cortex)

There is a single study showing that PIB uptake in
putamen and caudate in MCI is significantly higher
than in NC [159]. Two other studies showed that PIB
uptake in the caudate [155] and striatum [160] in NC
was significant lower than in patients with AD.

There is a single cross sectional study showing that
PIB uptake in the occipital cortex of patients with
AD is significantly higher than in NC [160]. There is
also a single study showing that FDDNP uptake in the
medial temporal lobe in patients with MCI is signif-
icantly higher than in NC [156, 161]. Another recent
study showed that FDDNP uptake in the medial tem-
poral lobe in NC is significant lower than in AD [140].
The same study, in which both PIB-PET and FDDNP-
PET were performed, shows that FDDNP uptake is
significant lower in NC than in AD both in inferior tem-
poral and visual cortex [140], suggesting that FDDNP
could be more sensitive than PIB for investigating AD-
related regional pathology.

Conclusion

In vivo imaging with beta amyloid PET-ligands
provides clinicians and investigators the ability to visu-
alize, localize (in specific regions) and quantify brain
beta amyloid deposition in relation to disease severity.

Longitudinal change of beta amyloid load in MCI
patients has been first addressed using an amyloid PET
ligand in a study showing no significant increase in
beta-amyloid burden during one year. However, sev-
eral cross-sectional studies have indicated that beta
amyloid load generally is lower in MCI patients as
compared to AD patients, and higher in MCI patients
as compared to healthy controls, suggesting the need
for further investigations. A recent longitudinal study
over longer (2 to 3 years) period of time showed that
A� deposition increases slowly and continuously from
cognitive normality to moderate Alzheimer’s disease,
providing first evidence to the potential value of change
in beta amyloid load as a marker of disease progression.

RESTING EEG

Since its introduction by Hans Berger in 1924, the
electroencephalogram (EEG) has been viewed with
great enthusiasm as the only methodology allowing
a direct, on-line view of the “brain at work” [162].
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Table 6
PET markers of disease progression based on literature evidence of validity

Marker Ligand N subjects and Time B-FU Results References
diagnosis

Class A
Global index 11C-PIB 106 HC, 65 MCI,

35 AD
20 ± 3 months,

3 years
(subgroup)

PIB uptake increases slowly and continuously
from NC to moderately severe AD

Villemagne et al.,
2011

11C-PIB 21 HC, 32aMCI,
8 AD

Mean of 1 year The annual change in global PIB retention did
not differ by clinical group

Jack et al., 2009

11C-PIB 32 HC, 33 MCI,
31 AD

Cross-sectional
study

neocortical PIB binding NC < MCI < AD Pike et al., 2007

Class B
Uptake in the

frontal cortex
11C-PIB 6 HC, 21 MCI,

27 AD
Cross-sectional

study
PIB retention: MCI < AD Forsberg et al.,

2008
11C-PIB 14 HC, 13 aMCI Cross-sectional

study
[11C]PIB uptake: MCI > NC Kemppainen et al.,

2007
Uptake in the

parietal cortex
11C-PIB 6 HC, 21 MCI,

27 AD
Cross-sectional

study
PIB retention: MCI < AD in the parietal cortex Forsberg et al.,

2008
11C-PIB 14 HC, 13 aMCI Cross-sectional

study
[11C]PIB uptake: MCI > NC in parietal cortex

(voxel-based analysis). [11C]PIB uptake:
MCI > NC in parietal cortex (ROI-based
analysis)

Kemppainen et al.,
2007

Uptake in the
temporal (or
lateral temporal)

11C-PIB 6 HC, 21 MCI,
27 AD

Cross-sectional
study

Lower PIB retention: MCI < AD in temporal
cortex. The MCI group showed no significant
difference compared to the NC.

Forsberg et al.,
2008

cortex 11C-PIB 14 HC, 13 aMCI Cross-sectional
study

Higher [11C]PIB uptake: MCI > NC in temporal
cortex (voxel-based analysis). Increased
[11C]PIB uptake: MCI > NC in lateral
temporal cortex (ROI-based analysis)

Kemppainen et al.,
2007

Uptake in the
Posterior cingu-
late/precuneus

11C-PIB 6 HC, 21 MCI,
27 AD

Cross-sectional
study

Lower PIB retention: MCI < AD in posterior
cingulum.

Forsberg et al.,
2008

11C-PIB 14 HC, 13 aMCI Cross-sectional
study

Higher [11C]PIB uptake: MCI > NC in posterior
cingulate, showing the main difference
(voxel-based analysis. Increased [11C]PIB
uptake in posterior cingulated: MCI > NC

Kemppainen et al.,
2007

Analysis of the EEG offers appreciable promise as
a means to characterize significant deviations from
the ‘natural’ aging found in Alzheimer and other
dementias [163]. From the 1970s and 1980s with
the introduction of structural imaging technologies
such as computer assisted tomography (CAT) and
magnetic resonance imaging (MRI), these newer meth-
ods produced non-invasive views of in vivo brain
anatomy with considerable resolution that contributed
to their clinical and therefore economic utility. Over
the course of the following two decades, develop-
ment of regional metabolic-perfusion methods such
as positron emission tomography (PET), single pho-
ton emission computed tomography (SPECT), and the
ability to map oxygen consumption and regional blood
flow in specific neural locations with functional mag-
netic resonance imaging (fMRI) have reduced the role
of electroencephalography in basic and clinical stud-

ies. However, these functional brain imaging methods
with their high spatial resolution for anatomical details
are relatively limited in their temporal resolution when
measuring functional brain activation (seconds to min-
utes). Thus, these neuroimaging techniques cannot
discriminate in series or parallel activation of dif-
ferent relays within a distributed network [164]. As
these imaging methods were being developed, simi-
lar advances were being made for EEG measures in
part because neuroelectric signals can track informa-
tion processing with millisecond precision, and may
measure natural brain aging as well as help to dis-
criminate normal aging from neurodegeneration [165,
166].

In recent years, increasing attention has been paid
to the application of quantitative EEG (qEEG) and/or
event-related potentials (ERPs) as useful clinical mark-
ers of early disease or progression [167]. In large part,



354 V. Drago et al. / Disease Tracking Markers for AD at the Prodromal (MCI) Stage

this was made possible as a result of recent improve-
ments in the ease of use of technological advances and
in access to sufficient computing power with the devel-
opment of algorithms that permit rapid processing and
interpretation of complex raw datasets. In addition,
recent technological advances include a reduction in
the size (and portability) of EEG amplifiers as well
as the development of high-density array nets that do
not require skin abrasion to place electrodes with low
impedance.

This section briefly reviews the alterations in resting
EEG that are associated with normal and pathological
brain aging. For the sake of brevity, the methods used to
extract these EEG markers will not be reviewed; how-
ever, people who are interested in these methodological
approaches can review references 168–187.

Resting state EEG rhythms typically change with
aging, with gradual modifications in spectral power
profile including a decrease in amplitude and a
decrease of alpha (8–13 Hz) activity with global “slow-
ing” of the background EEG, and an increase in
power in the slower delta (2–4 Hz) and theta (4–8 Hz)
frequency ranges [188–191]. A recent study in a
large sample of healthy subjects (N = 215, 18–85
years) confirmed an age-dependent power decrement
of low-frequency alpha rhythms (8–10.5 Hz) in pari-
etal, occipital, and temporal regions, as well as a
decrease of occipital delta power [192].

There is also an extensive literature which reports
changes in quantitative electroencephalogram with
clinical deterioration in progressive dementia, includ-
ing longitudinal studies which have demonstrated EEG
differences between those patients with pMCI and
sMCI.

Class A markers

There have been several studies using resting state
EEGs (with eyes closed) that assessed at baseline peo-
ple who were healthy elderly or patients with MCI and
AD. These studies can be found in Table 1. Most of
them assessed changes in the EEG as people had cog-
nitive deterioration and also attempted to determine the
changes in the baseline EEG, such as power density
and coherence that may be able to predict a cognitive
decline. Some EEG studies addressed the issue of lin-
ear EEG markers that change in line with cognitive
status of MCI subjects along the period from “base-
line” to “follow up” recordings. In the participants with
MCI, the markers of disease progression included an
increase in the power of theta and delta activity in the

temporal and occipital lobes as well as the reduction of
beta power in the temporal and occipital lobes [193].
AD patients were characterized by an increase in the
power of theta and delta activity and by the reduction
of alpha and beta activity in the parieto-occipital lobes
[194]. Furthemore, half of the AD patients showed an
increase in the power of theta and delta activity in a
temporal-occipital lead [195].

Class B and C markers

Other “cross-sectional” studies have compared
markers of resting state EEG rhythms between Healthy
controls, MCI and AD subjects, and have correlated
these markers to subjects’ cognitive status (“Class B
markers”). Luckhaus and colleagues have shown that
alpha power was lower in AD than MCI subjects and
was correlated to cognitive status in these subjects as
a whole [196]. A study by Huang and colleagues has
evaluated the use of dipole sources of resting state EEG
power for the differentiation of MCI from mild AD.
Dipole sources of alpha and beta power were shifted
more anteriorly in AD patients compared to both the
control and MCI subjects [197]. Abnormalities of rest-
ing state EEG rhythms in AD patients obtained from
conventional spectral analysis and nonlinear dynami-
cal methods have been previously reviewed [198].

A study by Babiloni and colleagues has demon-
strated that cortical sources of posterior occipital
delta and low frequency alpha power have an inter-
mediate magnitude in MCI subjects compared to
mild AD and Healthy controls subjects, the mild
AD subjects showing the highest delta power and
the lowest alpha power [199]. These sources were
both linearly and nonlinearly (linear, exponential,
logarithmic, and power) correlated with subjects’
global cognitive level as revealed by the MMSE.
As a methodological remark, it is remarked that
source estaimation was performed by the popu-
lar software low resolution brain electromagnetic
tomography (LORETA), which can be downloaded
from Internet (http://www.uzh.ch/keyinst/loreta.htm)
and ensures replicability of the results by independent
groups.

It has been reported that the posterior (LORETA)
sources of low frequency alpha power are strictly
related to a well known neuroanatomic marker of neu-
rodegeneration such as atrophy of hippocampus [200].
Specifically, it has been shown that posterior low fre-
quency alpha sources were maximum in MCI with
larger hippocampal volume, intermediate in MCI with
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smaller hippocampal volume, and low in AD patients.
Furthermore, the power of these sources was linearly
and non-linearly correlated with the normalized hip-
pocampal volume.

Other EEG markers of interest were those related to
functional coupling of resting state EEG rhythms. It has
been shown that the global linear functional coupling
as revealed by total spectral coherence at low frequency
alpha rhythms was highest in the healthy controls,
intermediate in the MCI subjects with low cholin-
ergic damage (i.e. a structural marker of AD), and
lowest in the MCI subjects with high cholinergic dam-
age [201]. Furthermore, these coherence values were
negatively correlated to (moderate to high) cholinergic
lesion across the MCI subjects.

Another study has evaluated fronto-parietal cou-
pling of resting EEG rhythms by an index capturing
linear and non-linear dimension of this coupling,
namely the so called ‘synchronization likelihood’
[202]. It has been shown that synchronization likeli-
hood progressively decreased from healthy controls
subjects, to those with MCI, and then to those sub-
jects with mild AD subjects at midline (Fz-Pz) and
right (F4-P4) fronto-parietal electrodes. The same was
true for the likelihood of delta synchronization at the
right fronto-parietal electrodes (F4-P4). For these EEG
bands, the synchronization likelihood correlated with
global cognitive status as measured by the MMSE.

Spectral coherence and synchronization likelihood
do not allow the determination of the directional flux of
information in the fronto-parietal coupling of resting
state EEG rhythms. This dimension can be explored by
a technique called direct transfer function (DTF) [203].
It has been shown that parietal to frontal direction
of the information flux (DTF) within functional cou-
pling of alpha and beta rhythms is stronger in healthy
controls than in MCI and/or AD subjects. Notewor-
thy, such a direction of the fronto-parietal functional
coupling is relatively preserved in aMCI subjects in
whom the cognitive decline is mainly explained by
extent of white-matter vascular disease [204]. Indeed,
fronto-parietal functional coupling of EEG rhythms
was higher in magnitude in the healthy controls than
in MCI subjects, and the coupling was higher at theta,
alpha, and low frequency beta in MCI subjects with a
higher than lower extent of vascular disease.

There are a lot of cross-sectional studies address-
ing the comparison of markers of resting state EEG
rhythms between AD and healthy control subjects,
which did not include MCI subjects. For sake of
brevity, here we just mentioned that by Babiloni and

colleagues showing a decline of (LORETA) sources
of posterior low frequency alpha power in mild AD
subjects when compared to very mild AD subjects
[205]. Of note, these sources characterized the whole
group of AD subjects with respect to both subjects with
cerebrovascular dementia and healthy control subjects
[205]. This result is of interest since sources of alpha
power are supposed to be an extremely sensitive EEG
marker for the progression of MCI to dementia.

Conclusion

The results reviewed in the present article suggest
that several spectral markers of resting state EEG
rhythms might reflect neurodegenerative processes in
the preclinical and clinical stages of AD. Among these
markers, we include LORETA sources of EEG power
density and functional coupling of scalp EEG rhythms
such as spectral coherence, DTF, and synchronization.
Unfortunately, this remarkably rich literature suffers
from the lack of integration of the various EEG mark-
ers for the evaluation of physiological brain aging and
discrimination from abnormal scenarios heralding neu-
rodegenerative dementia.

EVENT RELATED POTENTIALS

Long latency event-related potentials (ERPs) are
extensively used in analyzing cognitive processes. The
P3, a positive peak around 300 ms after a relevant
event, is the most often analyzed component in this
context. The P3 is typically elicited by an oddball
paradigm [206], in which patients with AD usually
show increased P3 latencies and – less consistently –
reduced amplitudes. Other components, preceding or
following the P3, such as the N2 negativity, are also
associated with memory and attentional processes, and
have also been analyzed in studies on MCI and AD
[207].

The alterations of the P3 component in AD and
MCI may be caused by several reasons (for references
see 208): Brain areas affected in AD contribute to the
P3 generation, and the P3 is related to cognitive pro-
cesses, which are impaired in AD. In addition, the
P3 is under cholinergic modulation. Patients with AD
have degeneration of their basal forebrain and with
this degeneration there is a reduction of the produc-
tion of acetylcholine. Anticholinergic drugs lead to an
increase in P3 latency and a decrease of P3 amplitude,
which is partially reversed by cholinesterase inhibit-
ing drugs [209]. In patients with AD, cholinesterase
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inhibiting drugs resulted in a shortening of P3 latency
and increase in P3 amplitude; and in some of these stud-
ies an association was reported between improvement
in cognitive test scores and reduction of P3 latencies
[210–216].

Since cortical neuronal functioning is directly
reflected by EEG [217], deteriorations on the synaptic
level should be visible in ERPs at very early stages of
disease even before pathology is reflected in disrupted
cognitive functions. This assumption is supported by
a recent study by Golob et al. [218], which assessed
ERPs in 26 subjects with a family history of Familial
Alzheimer disease (FAD): The still asymptomatic 15
FAD mutations carriers, when compared to 11 partic-
ipants who were not carriers, showed longer latencies
of several components, including the N2 and P3 com-
ponents. These electrophysiological alterations were
observed about ten years before estimated demen-
tia onset. Similarly, cohorts carrying genetic risks for
AD showed increased P3 and N2 latencies in one
study [219], and only increased N2 latency in another
study [220]. Furthermore, different ERP components,
including the P50, N2 and P3, were able to longitu-
dinally predict cognitive decline [220] and conversion
from MCI to AD [207, 221–224].

Sensitivity to track disease progression

Class A markers

Longitudinal studies starting with MCI or
healthy subjects

Only three studies have been conducted that longitu-
dinally followed patients with MCI or elderly subjects
who were still healthy (see Table 8). These studies
do not primarily focus on the assessment of disease
progression and therefore only comprise one or two
follow-up examinations.

Applying an oddball paradigm, all three studies
cross-sectionally found increased P3 latencies in AD
patients; and two of the studies [207, 225] also demon-
strated increased latencies in MCI compared with
healthy controls (HCs). Longitudinally, the study by
Lai et al. [225] demonstrated higher mean P3 latencies
at follow up after one year within both patient groups
(MCI and AD), whereas the HCs did not show a signifi-
cant increase. As neither conversion from MCI to AD,
nor significant changes in cognitive test scores were
reported within the follow-up, Lai et al. concluded that
the P3 latency may be more sensitive to track disease
progression than the cognitive tests.

The second study by Papaliagkas [207] also reported
a significant mean increase of the P3 latency between
baseline and 14-months follow up. However, there
was no control group at follow-up. Therefore, it is
not possible to separate the disease-associated latency
increase in the MCI patients from the normal age-
related increase. Recently, a further analysis of a
subgroup of this study has been published: Papaliagkas
et al. [226] analyzed a subsample of 22 MCI patients,
which could be re-assessed at a second follow-up.
The difference of the P3 latencies between baseline
and the first 14-months follow-up was not significant,
but the latencies at the second 23-months follow-up
were significantly increased compared with 14-months
follow-up and baseline. The authors argue that the
observed increases were higher than the age-related
increase in healthy subjects of an independent study.

In the third study by Gironell et al. [222], three ERP
recordings were done in outpatients with subjective
memory complaints, immediately after the first clini-
cal evaluation (T0) and approximately at 12 (T1) and
24 months (T2). The ERPs at T0, T1 and T2 were only
analyzed for the final diagnostic groups at T2, which
comprised 28 AD and 30 MCI patients. The P3 latency
was significantly higher for the T2-AD group through-
out the study, supporting the role of the P3 latency as
an early predictor of AD. However, there were no dif-
ferences between the participants with MCI and HC in
P3 parameters throughout this entire study. Some lim-
itations have to be considered when interpreting this
study with regard to tracking disease progression: As
the study was designed to assess the predictive power
of P3 in subjects with memory complaints, the analy-
sis of group differences is only retrospectively based
on the final diagnoses at T2. There may have been
AD subjects at T2 who might have had MCI at T1,
but no data are given about the P3 latencies of these
possible T1-MCI subjects. A further limitation is that
the authors do not provide clear data on their partici-
pants’ consumption of anticholinesterase medications.
These medications reduce the latency of P3 and thus
the use of these medications could result in false nega-
tive results. Data on other psychotropic medications at
T0 are, however, given, revealing that in the MCI group
(as classified at T2) a substantial proportion of partici-
pants (33%) used benzodiazepines. This class of drugs
is not only known to produce cognitive impairments
but also an increase of the P3 latency [227]. In addi-
tion, in this report no data are given about changes in
medications throughout the study. Overall, these three
longitudinal studies do support the potential predictive
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Table 8
ERP markers of disease progression based on literature evidence of validity

Marker N subject and diagnosis Time B-FU Results References

Class A
ERPs (Oddball task) 91 MCI (54 re-examined at

follow-up), 5 converted to AD,
30 HC

14 months
(T0, T14)

P3 latency increase, P3 and
N2 amplitude decrease

Papaliagkas et al., 2008

ERPs (Oddball task) 22 MCI (subsample of
Papaliagkas et al., 2008),
3 converted to AD, 30 HC

23 months
(T0, T14, T23)

P3 latency increase,
N2 amplitude decrease

Papaliagkas et al., in press
(subsample of
Papaliagkas et al.,
2008)

ERPs (Oddball task) 18 MCI, 20 AD, 14 HC 12 months
(T0, T12)

P3 latency increase (in AD
and, at Pz, in MCI)

Lai et al., 2010

P3 (Oddball task) 116 outpatients with subjective
memory complaints At the end
of follow-up (T24): 30 MCI,
28 AD, 6 other types of
dementia, 30 cases of normal
cognition, 22 “lost”.

24 months
(T0, T12, T24)

P3 latency in patients with
stable MCI at T24:
no difference nor increase
with time compared with
healthy controls

Gironell et al., 2005

power and cross-sectional diagnostic value of ERPs,
but unfortunately only give limited information about
the ability of ERPs to track disease progression.

In addition to the longitudinal studies assessing
healthy participants or patients with MCI, there are also
longitudinal observations in patients with AD. Within
AD, P3 latencies increased in parallel with cognitive
deterioration [214, 228–231].

Class B and C markers

Most cross-sectional studies that assessed ERPs in
MCI reported higher P3 latencies in patients with MCI
compared with HCs [223, 235–237]. However, the P3
latency increase did not reach significance level in one
study [237], and reached significance in another study
only for the Pz electrode position [238]. It is notewor-
thy that an increased P3 latency was found in MCI
patients of even those studies, in which a substantial
proportion of patients were treated with cholinesterase
inhibiting drugs at the time of EEG recording [223,
234]. Four cross-sectional studies included patients
with AD in addition to MCI and HCs. In these studies,
the P3 latencies of MCI patients were numerically in
between that of AD patients and HCs (with the excep-
tion of one singular finding at one electrode position
in one study) [238]. However, the post-hoc compar-
isons between all three groups (AD vs. MCI vs. HCs)
did not always reach statistical significance. Some
of the studies suffer from methodological limitations,
such as small sample sizes, insufficient control of psy-
chotropic drug effects and inadequate matching. For
example, the study by Bennys et al. [235] was not
well matched according to sex and age leading to more

males and younger subjects in the HCs than the MCI
group [235].

Several cross-sectional studies on ERPs in patients
with AD have already been reviewed elsewhere [206,
233, 239]. These cross-sectional studies show that
patients with AD have increased P3 latencies com-
pared with HCs, and some [232] but not all [222],
studies reported a correlation between P3 latency and
cognitive tests.

Conclusions

Late ERPs may very well be a sensitive marker
that either normal people or patients with MCI will
progress to AD. So far, however, there are only three
serial studies starting with healthy elderly or MCI
patients that are unfortunately characterized by few
follow-ups and methodological limitations. Nonethe-
less, studies tracking disease progression within AD,
cross-sectional studies including MCI, studies predict-
ing conversion to AD, and studies tracking effects
of cholinesterase inhibiting drugs, further support the
assumption that late ERPs might be a good marker for
disease progression from the earliest stages.

There are several attractive aspects for using ERPs as
a marker. Recording ERPs is relatively inexpensive and
noninvasive procedure, with almost no side-effects.
ERPs can be performed quickly and can be performed
with mobile equipment. Thus, additional well con-
trolled longitudinal studies are warranted.

Cross-sectional studies, such as those that compare
MCI with HCs, can be influenced by substantial vari-
ance due to the high inter-individual variability of
the P3, irrespective of any disease state. Whereas P3



360 V. Drago et al. / Disease Tracking Markers for AD at the Prodromal (MCI) Stage

latencies recorded at different times are relatively sta-
ble within an individual, different individuals often
have different latencies suggesting that P3 variability
is trait-like. Therefore, variance of P3 should present
no problem for within person-designs, such as tracking
disease progression or effects of drugs and future stud-
ies should try to reduce the error variance of the late
ERPs [233] in order to further improve their diagnostic
power. In addition, the use of drugs that cause increase
or decrease of P3 latencies should be better controlled
in these studies.

Further research should also be performed to help
clarify which testing paradigm (e.g., odd ball, cognitive
tests) [224, 240, 241] and which ERP component (or
which combination of ERP components) is most sensi-
tive or predictive of disease onset, disease progression,
or disease regression with treatment. Alternative meth-
ods, such as source localization analyses [208, 242,
243], should also be assessed for reliability and validity
as well as sensitivity and specificity.

CSF

Amyloid plaques, tau pathology, neuro-inflam-
mation, oxidative stress, astrogliosis and synaptic and
neuronal losses are typical neuropathological findings
in AD. To find markers useful to support the clinical
diagnosis and to monitor disease progression and
possibly therapeutic effects in clinical trials all these
different pathological processes have to be considered.
Examination of the cerebral spinal fluid for beta amy-
loid peptides and tau proteins may provide information
about the pathological processes occurring in the brain.

Class A markers

The concentration of soluble beta-amyloid (1–42)
(A�1-42) is selectively reduced in the CSF of individ-
uals affected by AD. The inverse correlation between
CSFA�42 and in vivo amyloid imaging load [244, 245]
suggests that the selective reduction of A�42 in CSF
in AD is a direct biomarker of A� deposition in human
brain and presumably reflects the preferential deposi-
tion of A�42. This decrease is already present in early
stages of the disease. Several longitudinal studies have
shown that CSF levels of A�x-40 and A�1-42.are stable
during disease progression. Coefficients of variation
(CVs) around 8% were reported between baseline and
follow-up measurement [246]. Consequently, no corre-
lations with the severity of the disease have been found
[247]. (See table) [248–251].

CSF-biomarkers that may be related to the abnormal
hyperphosphorylation tau protein are phospho-tau181
and phospho-tau231. The concentration of both of
these markers is increased in CSF early in the course
of the disease. Also some studies reported increas-
ing phospho-tau levels in very early stages of AD,
most authors of longitudinal studies concluded that
phospho-tau181 as well as phospho-tau231 remain sta-
ble throughout the course of the disease. Correlations
of phospho-tau levels in CSF with the severity of the
disease were not conclusively observed (see table)

Tau protein in CSF is believed to be related the rate
of axonal and neuronal degeneration. Although there is
some conflicting data, most longitudinal studies report
conclusively increased total-tau concentrations in CSF,
even in the early stages. During further progression of
the disease, CSF total-tau remains elevated but stable
[247]. Total-tau measurements at baseline and follow-
up are highly correlated with each other [246]. The
reported CVs were around 8% [246].

In accordance with the postulate that tau in CSF is
related to neuronal degeneration, Hesse et al. observed
elevated total-tau levels in CSF after stroke. The CSF
tau levels were correlated with the infarct area and nor-
malized within five months after the initial event [252].
Thus, elevated tau levels are not pathognomic of AD
[253].

In regard to treatment, Gilman et al. [254] reported
reduced CSF total-tau levels in immunization respon-
ders in the first abeta immunisation trial. The stability
over time and the sensitivity to CNS consolidation
makes this marker especially interesting for the mon-
itoring of neurodegeneration during the therapy with
disease modifying drugs.

A well established marker representing oxidative
stress is the F2 isoprostane. Longitudinal studies
report evidence, that isoprostanes increase early in
AD and correlate with disease duration and severity.
[255–258]. Furthermore, the concentration of iso-
prostane can be reduced by application of Vitamin C
or tocopherol, two antioxidative vitamins [258] (see
table)

Class C markers

Gliosis of the affected brain areas is another typical
finding in the brains of patients with AD. Follow-
ing neuronal cell death, astroglia becomes activated
to form a scar. S-100B and GFAP are believed to
reflect astrocyte activity. In cross sectional studies it
is reported that S-100B in CSF [259] is normal in AD,
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Table 9
CSF markers of disease progression based on literature evidence of validity

Marker N subjects and diagnosis Time B-FU Results References

Class A
CSF - A�1-42 21 HC, 22 converter, 43 sMCI 2 years stable Brys 2009
CSF A�1-40
CSF total-tau
CSF phospho-tau
CSF F2-isoprostane increase
CSF A�1-42 17 HC, 83 MCI 2 years stable Zetterberg 2007
CSF total-tau
CSF phospho-tau
CSF A�1-42 9 HC, 7 MCI 2 years stable de Leon 2006
CSF A�1-40
CSF phospho-tau
CSF F2-isoprostane 9 HC, 7 MCI 2 years increase de Leon 2006
CSF A�1-42 10 HC; 8 MCI 1 year stable de Leon 2002
CSF A�1-40
CSF phospho-tau 10 HC, 8 MCI 1 year increase de Leon 2002
CSF A�1-42 17 HC, 38 MCI, 50 AD 21 months increase Bouwman 2007
CSF total-tau
CSF phospho-tau stable
CSF total-tau 9 MCI, 18 AD, 9 OD 14 months stable Blomberg 1996
CSF total-tau 40 early MCI 34 months stable Andersson 2008
CSF phospho-tau 40 early MCI 34 months increase Andersson 2008
CSF F2-isoprostane 11 HC, 6 MCI 2 years increase de Leon 2007
Class B
Class C
CSF GFAP 14 HC,18 AD, 22 CJD No corr. With MMSE Jesse, 2009
CSF GFAP 8 HC, 27 AD increase Fukujama, 2001
CSF S100B 14 HC,18 AD, 22 CJD stable Jesse, 2009
CSF IL-1 9 HC, 8 AD 6 years No corr. With MMSE Lanzrein, 1998
CSF IL-1 9 HC, 8 AD 6 years No corr. With MMSE Lanzrein, 1998
CSF IL-1 receptor

antagonist
9 HC, 8 AD 6 years No corr. With MMSE Lanzrein, 1998

CSF soluble IL-2
receptor

20 HC, 42 AD no corr. With MMSE Engelborghs, 1999

CSF IL-1� MS, MID, AD increase Cacabelos 1991
CSF IL-1� 20 HC, 42 AD no corr. With MMSE Engelborghs, 1999
CSF IL-6 9 HC, 8 AD 6 years No corr. With MMSE Lanzrein, 1998
CSF IL-6 24 HC, 41 AD No corr. With MMSE Kalman, 1997
CSF IL-6 27 AD No corr. With MMSE Sun, 2003
CSF IL-6 20 HC, 42 AD no corr. With MMSE Engelborghs, 1999
CSF soluble IL-6

receptor
20HC, 41 AD No corr. With MMSE Hampel, 1998

CSF IL10 25 HC, 30 AD no corr. With MMSE Rota, 2006
CSF IL-10 20 HC, 42 AD no corr. With MMSE Engelborghs, 1999
CSF IL12 25 HC, 30 AD no corr. With MMSE Rota, 2006
CSF IL-12 20 HC, 42 AD no corr. With MMSE Engelborghs, 1999
CSF TNF� 9 HC, 8 AD 6 years No corr. With MMSE Lanzrein, 1998
CSF TNF� 27 HC; 23 AD, 15 OD, 11 depress no corr. With MMSE Blasko, 2006
CSF sTNF-receptors

I and II
9 HC, 8 AD 6 years No corr. With MMSE Lanzrein, 1998

CSF �1-
antichymotrypsin

9 HC, 8 AD 6 years No corr. With MMSE Lanzrein, 1998

CSF �1-
antichymotrypsin

141 AD No corr. With MMSE Sun, 2003

CSF �1-antitrypsin 136 AD No corr. With MMSE Sun, 2003
CSF MCP-1 27 HC; 23 AD, 15 OD, 11 depress Weak corr. With MMSE Blasko, 2006
CSF MCP-1 136 AD No corr. With MMSE Sun, 2003
CSF oxLDL 132 AD No corr. With MMSE Sun, 2003
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Table 9
(Continued)

Marker N subjects and diagnosis Time B-FU Results References

CSF TGF 1� 27 HC; 23 AD, 15 OD, 11 depress no corr. With MMSE Blasko, 2006
CSF TGF1� 25 HC, 30 AD Weak corr. With MMSE Rota, 2006
CSF IFN-� 20 HC, 42 AD no corr. With MMSE Engelborghs, 1999
CSF neopterin 20 HC, 42 AD no corr. With MMSE Engelborghs, 1999
CSF BDNF, FGF-2,

GDNF, VEGF, HGF
27 HC; 23 AD, 15 OD, 11 depress no corr. With MMSE Blasko, 2006

CSF MIP-1� 27 HC; 23 AD, 15 OD, 11 depress no corr. With MMSE Blasko, 2006

AD: Alzheimer’s disease; HD: Healthy controls; QD: Questionable Dementia (Defined by Berg 1985)** Questionable dementia (CDR = 0.5);
sMCI: stable MCI: participants with MCI whose CDR-SB score did not differ between the first and last evaluation; dMCI: decliners MCI:
participant with MCI whose CDR-SB score declined between the first and last evaluation; converters: participants who received a clinical
diagnosis of AD during the follow up period; CJD: Creutzfeld Jacobs disease; OD: other dementias.

whereas several authors report a significant increase
in CSF GFAP concentration in AD patients. [259,
260]. Fukujama et al. [260] reported an increase in
CSF GFAP concentrations related to the severity of
dementia whereas Jesse and his colleagues found no
correlation with disease progression. In a longitudi-
nal study, Crols et al. [261] observed increasing GFAP
concentrations in the acute stage of encephalitis which
normalized in patients who recovered. In one patient,
who died from herpes encephalitis GFAP remained
elevated [261]. This may point to GFAP as a general
marker for astrocyte activation and possibly gliosis.

Several CSF-markers reflecting the neuro-
inflammatory processes of AD are discussed as
biomarkers. So far there is only cross-sectional data
from AD patients in different stages of the disease
available. For none of these proteins does conclusive
data exist that there is a correlation with these markers
and the severity of the disease. [262–269]

In summary the available data shows, that A�1-42,
t-tau and p-tau are valuable markers which support the
clinical diagnosis of Alzheimer’s disease. However,
these markers are not sensitive to disease progres-
sion and cannot be used to monitor the severity of
Alzheimer’s disease. The reason may be that all three
markers change already in the preclinical stage of
AD and then remain stable in the later stages when
patients seek medical help [3]. For Isoprostane F2
some evidence exists that its increase correlates with
the progression and the severity of AD.
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Könönen M, Hallikainen M, Kivipelto M, Tervo S, Vanninen
R, Evans A, Soininen H (2009) Cortical thickness analysis
to detect progressive mild cognitive impairment: a reference
to Alzheimer’s disease. Dement Geriatr Cogn Disord 28,
404-412.

[73] George S, Mufson EJ, Leurgans S, Shah RC, Ferrari C,
Detoledo-Morrell L. (Epub ahead of print) MRI-based
volumetric measurement of the substantia innominata in
amnestic MCI and mild AD. Neurobiol Aging

[74] Muth K, Schönmeyer R, Matura S, Haenschel C, Schröder
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U, Caltagirone C, Spalletta G (2010) A multimodal MRI
investigation of the subventricular zone in mild cognitive
impairment and Alzheimer’s disease patients. Neurosci Lett
469, 214-218.

[132] Qiu A, Oishi K, Miller MI, Lyketsos CG, Mori S, Albert
M (2010) Surface-based analysis on shape and fractional
anisotropy of white matter tracts in Alzheimer’s disease.
PLoS One 5, e9811.

[133] Nordberg A (2008) Amyloid plaque imaging in vivo: cur-
rent achievement and future prospects. Eur J Nucl Med Mol
Imaging 35, 846-850.

[134] Villemagne VL, Fodero-Tavoletti MT, Pike KE, Cappai R,
Masters CL, Rowe CC (2008) The ART of Loss: A� Imaging
in the Evaluation of Alzheimer’s Disease and other Demen-
tias. Mol Neurobiol 38, 1-15.

[135] Jagust WJ, Landau SM, Shaw LM, Trojanowski JQ, Koeppe
RA, Reiman EM, Foster NL, Petersen RC, Weiner MW,
Price JC, Mathis CA (2009) Alzheimer’s Disease Neu-
roimaging Initiative. Relationships between biomarkers in
aging and dementia. Neurology 73, 1193-1199.

[136] Klunk WE, Mathis CA (2008) The future of amyloid-beta
imaging: a tale of radionuclides and tracer proliferation.
Curr Opin Neurol 21, 683-687.

[137] Lopresti BJ, Klunk WE, Matthis CA, Hoge JA, Ziolko SK,
Lu X, Meltzer CC, Schimmel K, Tsopelas ND, DeKosky
ST, Price JC (2005) Simplified quantification of Pittsburg
compound B amyloid imaging PET studies: a comparative
study. J Nucl Med 46, 1959-1972.

[138] Vandenberghe R, Van Laere K, Ivanoiu A, Salmon E, Bastin
C, Triau E, Hasselbalch S, Law I, Andersen A, Korner A,
Minthon L, Garraux G, Nelissen N, Bormans G, Buckley C,
Owenius R, Thurfjell L, Farrar G, Brooks DJ (2010) 18F-
flutemetamol amyloid imaging in Alzheimer disease and
mild cognitive impairment: a phase 2 trial. Ann Neurol 68,
319-329.

[139] Braskie MN, Klunder AD, Hayashi KM, Protas H, Kepe
V, Miller KJ, Huang SC, Barrio JR, Ercoli LM, Siddarth P,
Satyamurthy N, Liu J, Toga AW, Bookheimer SY, Small GW,
Thompson PM (2010) Plaque and tangle imaging and cog-
nition in normal aging and Alzheimer’s disease. Neurobiol
Aging 31, 1669-1678.

[140] Shin J, Lee SY, Kim SJ, Kim SH, Cho SJ, Kim YB (2010)
Voxel-based analysis of Alzheimer’s disease PET imaging
using a triplet of radiotracers: PIB, FDDNP, and FDG. Neu-
roImage 52, 488-496.

[141] Rowe CC, Ackerman U, Browne W, Mulligan R, Pike KL,
O’Keefe G, Tochon-Danguy H, Chan G, Berlangieri SU,
Jones G, Dickinson-Rowe KL, Kung HP, Zhang W, Kung
MP, Skovronsky D, Dyrks T, Holl G, Krause S, Friebe
M, Lehman L, Lindemann S, Dinkelborg LM, Masters
CL, Villemagne VL (2008) Imaging of amyloid [beta] in
Alzheimer’s disease with 18F-BAY94-9172, a novel PET
tracer: proof of mechanism. Lancet Neurology 7, 129-135.

[142] Koole M, Lewis DM, Buckley C, Nelissen N, Vandenbul-
cke M, Brooks DJ, Vandenberghe R, Van Laere K (2009)
Whole-Body Biodistribution and Radiation Dosimetry of
18F-GE067: A Radioligand for In Vivo Brain Amyloid
Imaging. J Nucl Med 50, 818-822.

[143] Wong DF, Rosenberg PB, Zhou Y, Kumar A, Raymont
V, Ravert HT, Dannals RF, Nandi A, Brasić JR, Ye W,
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[147] Juréus A, Swahn BM, Sandell J, Jeppsson F, Johnson AE,
Johnström P, Neelissen JA, Sunnemark D, Farde L, Svensson
SP (2010) Characterization of AZD4694, a novel fluorinated
Abeta plaque neuroimaging PET radioligand. J Neurochem
114, 784-794.
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Although studies of brain electrical activity have a
long history in psychiatry and neurology, the advent of
quantitative electroencephalography (qEEG) systems
in the 1980 s introduced topographic mapping (“brain
mapping”) as a display option. This important devel-
opment brought EEG and related techniques squarely
into the domain of neuroimaging. Onto a standard-
ized head or brain template (or more recently onto
the subject’s own brain MRI) could be mapped the
raw voltages of EEGs, averaged voltages of Evoked
Potentials (EPs) and Event-related Potentials (ERPs),
frequency domain measurements of EEG amplitude
and power deriving from fast Fourier transformations
(FFTs), results of inferential statistical tests such as sig-
nificance probability mapping (SPM), and a wide range
of other quantitative data. Simultaneously the tech-
nique of magnetoencephalography (MEG), recording
magnetic instead of voltage fields produced by brain
activity, made its debut, introducing magnetic coun-
terparts to EEGs, EPs, and ERPs. Application of these
new techniques to dementia in general and Alzheimer’s
disease (AD) in particular was rapid.

There are two broad paradigms for studying brain
electrical activity. In one, the EEG/MEG eavesdrops
on the resting or idling brain while the subject sits qui-
etly with his eyes open or closed. Verdoorn et al. in this
volume present a vivid example of the use of the resting
MEG to investigate AD. The other paradigm, subsum-
ing EPs, ERPs and their magnetic equivalents, actively

∗Correspondence to: Kerry L. Coburn, Mercer University School
of Medicine, Macon, GA 31207, USA. E-mail: coburn kl@mercer.
edu.

interrogates brain systems using external stimuli. In
EP studies auditory, visual, or other stimuli are used to
drive the brain’s sensory systems producing a sensory
evoked potential containing a series of waves (compo-
nents) corresponding to stages of cortical information
processing. ERP studies elaborate on this framework
by requiring the subject to perform a specific cogni-
tive task related to the stimuli. The most common such
task is the auditory oddball, in which the subject is
instructed to ignore one class of stimuli (e.g., low pitch
tones) but to respond to a second class of stimuli (e.g.,
high pitch tones). The brain responds with an ERP
containing the familiar auditory sensory components
followed by one or more new components (e.g., N200,
P300) reflecting the additional information processing
related to the cognitive task.

In many ways EEG offers an ideal method for
assessing brain function. Its exquisite temporal reso-
lution can track brain activity in the millisecond time
domain characteristic of neuronal activity in the cor-
tical substrate. It is entirely noninvasive and employs
no ionizing radiation. It records both excitatory and
inhibitory signals directly rather than secondary hemo-
dynamic processes. It also is inexpensive. MEG offers
these same advantages, although MEG systems are not
in widespread clinical use due to their size and the
necessity of supercooling their superconducting sen-
sors with liquid helium. In contrast, EEG systems are
abundant and in many cases portable.

Another important advantage is that normative
databases are available for EEG, allowing statistical
comparison of a patient’s brain activity with that of
age-matched controls. The use of quantitative tech-
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niques and inferential statistics moves EEG analysis
from the realm of qualitative clinical impressions into
the realm of quantitative empirical assessment. Such
comparison with healthy controls yields information
about the degree of abnormality of the patient’s brain
activity recorded by each electrode. Some databases
additionally offer comparison with known clinical con-
ditions, allowing a statistically based multivariate “best
fit” classification that can aid clinical diagnosis. EEG’s
poor spatial resolution is being overcome by the use of
increasingly dense electrode arrays, from 20 a decade
ago to as many as 256 today. MEG, in addition to hav-
ing a theoretically better spatial resolution than EEG,
has experienced a similar increase in the number of
sensors.

It has long been known that the typical EEG in
Alzheimer’s disease contains increased slow activity in
the theta (4–8 Hz) frequency range and decreased fast
activity in the beta (13–24 Hz) range over the broad
regions of the temporal and parietal lobes sustaining
high levels of tissue damage from the disease [1, 2].
More localized cortical damage resulting from strokes
produces more focal theta, and in principle it should
be possible to use this to identify individuals suffering
from vascular dementia [3]. In practice however, this
has been difficult to achieve using traditional univari-
ate analysis techniques. Applications of multivariate
techniques have shown more promise.

Quantitative EEG studies applying multivariate
analysis to dementia have been reviewed extensively
[4, 5]. Well-replicated studies have shown repeatedly
that individual AD subjects and matched healthy con-
trols can be classified into their appropriate groups
on the basis of multivariate EEG analysis alone with
accuracies as high as 80–90%. Furthermore, individ-
ual AD subjects could be discriminated from their
nondemented depressed, alcoholic, or delirious, coun-
terparts, and within the dementias AD subjects could
be separated from those suffering from vascular or
fronto-temporal dementia. However, such studies were
performed using patients with established diagnoses
and usually did not attempt to identify subjects in the
earliest stages of a dementing process.

More recent work, reviewed in the Bablioni et al.
and Moretti et al. chapters in this volume, greatly
refines our understanding of the earliest frequency
domain EEG changes in dementia. Subjects suffer-
ing from Minimal Cognitive Impairment (MCI) were
found to display several promising EEG markers. The
markers not only distinguish between groups of MCI
subjects and matched groups of healthy controls, but

also between MCI sub-groups that will remain in MCI,
progress to AD, or progress to non-AD dementia. It will
be interesting to see whether these EEG markers can
be used to accurately classify individual subjects. If so,
they could be employed as diagnostic aids and perhaps
more importantly in a prognostic capacity. Addition-
ally, the markers could serve as surrogate measures of
disease progression, greatly aiding the development of
new therapies.

The frequency domain changes seen in the EEG are
paralleled by MEG changes. Verdoorn et al. in this
volume document MEG differences between groups
of AD patients and healthy controls, and additionally
find several MEG markers that change over time in
parallel with neuropsychological changes to track dis-
ease progression. As with EEG, the critical question
is whether MEG markers derived from groups of sub-
jects can be applied to individuals. If so, they offer
great potential for early phase development of novel
treatments.

Pritchard et al. [6] developed a new nonlinear math-
ematical method of analyzing EEG activity based on
deterministic chaos theory, and derived a measure of
brain activity they termed dimensional complexity.
They then used dimensional complexity to study AD
and found that not only did this measure reliably dis-
tinguish between groups of AD patients and groups of
matched healthy controls [7, 8], but it also could reli-
ably classify individuals as belonging to either of these
two groups [2]. Direct comparison between standard
frequency analysis and a combination of frequency
analysis and dimensional complexity clearly showed
the superiority of the combined technique. The use
of nonlinear dynamic analysis has been limited by
the availability of computational power. Indeed, those
early studies required collaboration with the Super-
computer Computations Research Institute at Florida
State University. But in the two decades since those
seminal studies rapid increases in computational power
have allowed the analyses to be run on desktop com-
puters, and nonlinear analysis has occupied a minor
but important role in EEG research. The Bablioni et
al. chapter in this volume reviews some recent nonlin-
ear dynamic findings regarding AD (e.g., the sparing
of resting state posterior alpha EEG rhythms in AD
patients with more severe ischemic changes in the
white-matter).

Because AD involves widespread brain pathology
and marked deterioration of cognitive functions one
might expect changes in both EPs and ERPs, and both
are seen. For example, the visual EP in response to a
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diffuse light flash contains a P2 component that has
been found consistently to be delayed in groups of AD
patients [1, 9, 10, 12, 13]. This delay probably reflects
damage to the cholinergic neurons in visual associa-
tion areas of the cortex. Similarly, the ERP produced
by AD victims during the oddball task typically con-
tains a delayed P300 component, probably reflecting
the additional processing time necessary for the dam-
aged higher-order association areas of the cortex to
perform the cognitive task. The amplitude of the P300
component is often found to be diminished in AD,
presumably reflecting a reduced population of cortical
pyramidal neurons involved in the cognitive oddball
task. Unfortunately, neither the latency increase nor
the amplitude decrease is sufficiently reliable to be of
clinical value when assessing individual patients. In an
effort to extract a more reliable P300 signal from the
background noise Ashford et al. in this volume com-
pute power and energy measures from the recorded
P300 voltage record. Both derived measures appear
to track age- and AD-related changes more closely
than does the traditional voltage wave. In this vol-
ume, Olichney et al. review prior ERP studies of AD,
including P300 studies of attention and N400 studies of
linguistic processing. Importantly, ERP studies can be
designed to be sensitive to the cardinal features of AD.
In this regard, recent work by Olichney and colleagues
suggests that a Late Positive Component important for
memory processes, sometimes termed the P600, may
be particularly sensitive to the earliest stage of synap-
tic dysfunction during the ‘Pre-clinical’ (MCI) stage
of AD. Olichney et al. [14] have demonstrated that
two late ERP components (N400 and P600) are also
promising in their ability to predict outcome in MCI.
As with the EEG markers proposed by Bablioni et al, an
important question is whether ERP markers can accu-
rately classify individual subjects during the MCI stage
or even earlier. Recently proposed research criteria for
Pre-clinical AD [15] (Sperling et al, in press) divided
this entity into 3 stages based on the presence/absence
of very mild cognitive deficits and synaptic dysfunc-
tion. We believe that this volume illustrates several
applications of the EEG, ERP and MEG techniques
to characterize synaptic/neuronal function and their
earliest derailments in AD. Further research and vali-
dation of these measures are needed to test their clinical
utility, cost-effectiveness and to determine which infor-
mation is most complimentary to the results from other
imaging modalities (e.g., MRI, PET) and other AD
biomarkers.
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EEG Changes are Specifically Associated
with Atrophy in Amydala and Hippocampus
in Subjects with Mild Cognitive Impairment
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Abstract. We evaluated the association between amygdalo-hippocampal complex (AHC) atrophy and two EEG markers of
cognitive decline: increase of theta/gamma and increase of alpha3/alpha2 relative power ratio. Seventy-nine subjects with mild
cognitive impairment (MCI) underwent EEG recording and MRI scan.. Three groups of AHC growing atrophy were obtained.
The groups were characterized by the performance to cognitive tests and theta/gamma and alpha3/alpha2 relative power ratio.
AHC atrophy is associated with memory deficits as well as with increase of theta/gamma and alpha3/alpha2 ratio. Moreover,
when the amygdalar and hippocampal volume are separately considered, within AHC, the increase of theta/gamma ratio is best
associated with amygdalar atrophy whereas alpha3/alpha2 ratio is best associated with hippocampal atrophy. AHC atrophy is
associated with memory deficits and EEG markers of cognitive decline. So far, these EEG markers could have a prospective value
in differential diagnosis between MCI who will convert in in Alzheimer’s disease (AD), MCI converting in non-AD dementias
and MCI non-converters. The alterations of the functional connections, inducing global network pathological changes, in the
whole AHC could better explain MCI state.

Keywords: Mild cognitive impairment, electroencephalography, theta rhythm, gamma rhythm, cognitive tests, amygdalo-
hippocampal complex

INTRODUCTION

The last decade has seen a surge in research in
biomarkers for Alzheimer disease (AD) and other
dementia disorders [1]. With predictions of 1 in 4
persons ultimately developing the disease, disorders
causing dementia have become one of the major health
concerns in aging societies. Impending costs to soci-
ety and individuals, as well as the enormous and
increasing market potential to industry, make this an
extremely important field in which the stakes, pres-
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cia, Italy. Tel.: +39 0303501597; Fax: +39 0303533513; E-mail:
davide.moretti@afar.it.

sure, and expectations are high to develop better means
to establish presence of disease, monitor progression,
and make a diagnosis. In that arena, it is of the utmost
importance that biomarkers in a prodromal stage of
disease, commonly referred as mild cognitive impair-
ment (MCI) are evaluated in a valid and rigorous way
in order to obtain an early diagnosis [2]. A biomarker
must be validated in the population and clinical set-
ting for which the biomarker is intended.5 A diagnostic
marker for AD would typically be used to distinguish
between individuals with cognitive problems who have
AD-type pathology and those who do not, or, in the
case of early diagnosis, to predict which of the cogni-
tively healthy persons might develop cognitive decline
over time. Furthermore, biomarkers must be identi-
fied that can be obtained relatively easily and with
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minimal invasiveness. Previous longitudinal studies
showed that changes in a patient’s EEG might have
prognostic value with regard to the future progres-
sion of the illness [3–5]. Our group is developing by
many years an MCI observational project, in which
EEG activity is studied, together with other variables,
to detect specific neuroelectric biomarkers able to iden-
tify prodromal stage of AD. In other words, our aim
is to look at EEG markers in subjects with the so-
called mild cognitive impairment state who are at
major risk to develope the AD or other dementias.
Moreover, the collected studies on this “prodromal
road” may helps us to understand neurophysiological
mechanism of the disease and the association of the
modification of EEG rhythms with MRI morphostruc-
tural features in MCI subjects. Overall, the bulk of
evidence our group have produced, confirming recent
functional studies [6, 7], shows that the EEG changes
of rhythmicity occurs in a non-linear way respect to the
decourse of disease. In particular we found that some
EEG markers are associated to the hippocampal atro-
phy but the EEG modifications are non-proportionally
to the hippocampal atrophy itself [8, 9]. Moreover,
the functional connectivity in MCI with hippocam-
pal atrophy is increased whereas in MCI with vascular
lesions is impaired [10], determining a state of over-
synchronization. Of note, recent studies using animal
models suggest that beta-amyloid deposits can act to
trigger oversynchronization with epileptiform activity
and that this abnormal neuronal activity might also
contribute to cognitive decline [11]. The present study
adds another step towards understanding the complex
relationship between EEG phenotype and AD pathol-
ogy. As a final result, the modifications of theta/gamma
and alpha3/alpha2 ratio are associated with specific
anatomical structure atrophy of amygdale and hip-
pocampus.

Mild cognitive impairment (MCI) refers to the tran-
sitional state between the cognitive changes of normal
aging and very early dementia [12]. Patients with
MCI, who are at high risk of developing Alzheimer
disease [AD; 13], have smaller hippocampal and amyg-
dalar volumes than healthy elderly people [14, 15].
Medial temporal lobe (MTL) structures, in particular
the amygdala and hippocampus, show atrophy in the
early stages of AD and are potential markers for detect-
ing pre-clinical AD [16–18]. Moreover, a recent study
has demonstrated that atrophy of the hippocampus and
amygdala on MRI in cognitively intact elderly peo-
ple predicts dementia, in particular of Alzheimer type,
during a 6-year follow-up [19].

Interactions between amygdala and hippocampus
are particularly important for memory formation, for
attention [20, 21] and for production of theta and
gamma rhythmic activity [22, 23]. Amygdala lesions
attenuate hippocampal synaptic plasticity and block
the memory-enhancing effects of direct hippocampal
stimulation [24, 25]. Further, behavioral stress as well
as stimulation of the amygdala interferes with synap-
tic plasticity in the hippocampal formation [26–28].
This interaction appears to be bidirectional, given that
tetanic stimulation of hippocampal efferent fibers can
induce long-term potentiation in the lateral amygdala
[LA; 29] which is the major input station of sensory
signals of the amygdala to the CA1 area of the hip-
pocampus [30]. Associative memories involves both
the LA and the dorsal hippocampus and a lesion
of the area reduces the retrieval of associative tasks
[31]. The LA/CA1 network system seems to be well
suited to rhythmically oscillate at theta frequencies:
the basolateral amygdaloid complex receives synaptic
inputs from the hippocampus [32], where theta waves
have been observed [33], and from the anterior tha-
lamic nuclei, which could transfer hippocampal theta
rhythms to the amygdala [34, 35]. On the whole, the
amygdalo-hippocampal network is a strictly coupled
functional complex. As a consequence, the atrophy of
the amygdalo-hyppocampal complex (AHC) has to be
related with both cognitive deficits and modifications
in brain oscillatory activity.

Recent works showed that in subjects with MCI is
present an increase of theta relative power [36–38],
a decrease of gamma relative power [36, 37] as well
as an increase of high alpha as compared to low
alpha band [37, 38]. As a working hypothesis, EEG
markers like theta/gamma and alpha3/alpha2 power
ratio could show modifications proportional to the
AHC atrophy. In the present study the association
between AHC atrophy and two EEG markers of cogni-
tive decline (increase of theta/gamma and increase of
alpha3/alpha2 relative power ratio) was investigated in
subjects with MCI.

MATERIALS AND METHODS

Subjects

For the present study, 79 subjects with MCI
were recruited from the memory Clinic of the Sci-
entific Institute for Research and Care (IRCCS)
of Alzheimer’s and psychiatric diseases ‘Fatebene-
fratelli’ in Brescia, Italy. All experimental protocols
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had been approved by the local Ethics Committee.
Informed consent was obtained from all participants
or their caregivers, according to the Code of Ethics
of the World Medical Association (Declaration of
Helsinki).

Diagnostic criteria

Patients were taken from a prospective project
on the natural history of MCI. The project was
aimed to study the natural history of non-demented
persons with apparently primary cognitive deficits,
i.e., deficits not due to psychic (anxiety, depres-
sion) or physical (hypothyroidism, vit. B12 and folate
deficiency, uncontrolled heart disease, uncontrolled
diabetes) conditions. Patients were rated with a series
of standardized diagnostic and severity instruments,
including the Mini-Mental State Examination [MMSE;
39], the Clinical Dementia Rating Scale [CDRS; 40],
the Hachinski Ischemic Scale [HIS; 41] and the Instru-
mental and Basic Activities of Daily Living [IADL,
BADL, 42]. In addition, patients underwent diagnostic
neuroimaging procedures (magnetic resonance imag-
ing, MRI), and laboratory testing to rule out other
causes of cognitive impairment. These inclusion and
exclusion criteria for MCI were based on previous
seminal studies [43–49]. Inclusion criteria of the study
were all of the following: (i) complaint by the patient,
or report by a relative or the general practitioner, of
memory or other cognitive disturbances; (ii) Mini-
Mental State Examination (MMSE) score of 24 to
27/30, or MMSE of 28 and higher plus low perfor-
mance (score of 2–6 or higher) on the clock drawing
test [50]; (iii) sparing of instrumental and basic activ-
ities of daily living or functional impairment steadily
due to causes other than cognitive impairment, such
as physical impairments, sensory loss, gait or bal-
ance disturbances. Exclusion criteria were any one of
the following: (i) patients aged 90 years and older;
(ii) history of depression or juvenile-onset psychosis;
(iii) history or neurological signs of major stroke; (iv)
other psychiatric diseases, epilepsy, drug addiction,
alcohol dependence; (v) use of psychoactive drugs,
including acetylcholinesterase inhibitors or other drugs
enhancing brain cognitive functions; and (vi) current
or previous uncontrolled or complicated systemic dis-
eases (including diabetes mellitus), or traumatic brain
injuries. All patients underwent: (i) semi-structured
interview with the patient and – whenever possible –
with another informant (usually, the patient’s spouse
or a child of the patient) by a geriatrician or neu-

rologist; (ii) physical and neurological examinations;
(iii) performance-based tests of physical function, gait
and balance; (iv) neuropsychological battery assessing
verbal and non-verbal memory, attention and execu-
tive functions [Trail Making Test B-A; Clock Drawing
Test; 50, 51], abstract thinking [Raven matrices; 52],
frontal functions [Inverted Motor Learning; 53]; lan-
guage [Phonological and Semantic fluency; Token
test; 54], and apraxia and visuo-constructional abili-
ties [Rey figure copy; 55]; (v) assessment of depressive
symptoms by means of the Center for Epidemiologic
Studies Depression Scale [CES-D; 56]. Inclusion and
exclusion criteria were homogeneous with previous
works [36–38, 49]. As the aim of our study was to
evaluate the specific association between AHC atrophy
with both EEG markers and cognitive decline, we did
not consider the clinical subtype of MCI, i.e., amnesic,
non-amnesic or multiple domains.

EEG recordings

All recordings were obtained in the morning with
subjects resting comfortably. Vigilance was continu-
ously monitored in order to avoid drowsiness.

The EEG activity was recorded continuously
from 19 sites by using electrodes set in an elastic
cap (Electro-Cap International, Inc.) and positioned
according to the 10–20 International system (Fp1, Fp2,
F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz,
P4, T6, O1, O2). The ground electrode was placed
in front of Fz. The left and right mastoids served
as reference for all electrodes. The recordings were
used off-line to re-reference the scalp recordings to
the common average. Data were recorded with a band-
pass filter of 0.3–70 Hz, and digitized at a sampling
rate of 250 Hz (BrainAmp, BrainProducts, Germany).
Electrodes-skin impedance was set below 5 k�. Hor-
izontal and vertical eye movements were detected by
recording the electrooculogram (EOG). The record-
ing lasted 5 minutes, with subjects with closed eyes.
Longer recordings would have reduced the variability
of the data, but they would also have increased the pos-
sibility of slowing of EEG oscillations due to reduced
vigilance and arousal. EEG data were then analyzed
and fragmented off-line in consecutive epochs of 2
seconds, with a frequency resolution of 0.5 Hz. The
average number of epochs analyzed was 140 ranging
from 130 to150. The EEG epochs with ocular, muscu-
lar and other types of artifacts were discarded.
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Analysis of individual frequency bands

A digital FFT-based power spectrum analysis
(Welch technique, Hanning windowing function, no
phase shift) computed – ranging from 2 to 45 Hz – the
power density of EEG rhythms with a 0.5 Hz frequency
resolution. Methods are exposed in detail elsewhere
[36–38, 57]. Briefly, two anchor frequencies were
selected according to literature guidelines [58], that is,
the theta/alpha transition frequency (TF) and the indi-
vidual alpha frequency (IAF) peak. Based on TF and
IAF, we estimated the following frequency band range
for each subject: delta, theta, low alpha band (alpha1
and alpha2), and high alpha band (alpha3). More-
over, individual beta and gamma frequencies were
computed. Three frequency peaks were detected in
the frequency range from the individual alpha 3 fre-
quency band and 45 Hz. These peaks were named
beta1 peak (IBF 1), beta2 peak (IBF 2) and gamma
peak (IGF). Based on peaks, the frequency ranges
were determined. Beta1 ranges from alpha 3 to the
lower spectral power value between beta1 and beta2
peak; beta2 frequency ranges from beta 1 to the lower
spectral power value between beta2 and gamma peak;
gamma frequency ranges from beta 2 to 45 Hz, which
is the end of the range considered. The mean fre-
quency range computed in MCI subjects considered as
a whole are: delta 2.9–4.9 Hz; theta 4.9–6.9 Hz; alpha1
6.9–8.9 Hz; alpha2 8.9–10.9 Hz; alpha3 10.9–12–9 Hz;
beta1 12.9–19.2 Hz; beta2 19.2–32.4; gamma 32.4–45.
In the frequency bands determined in this way, the rel-
ative power spectra for each subject were computed.
The relative power density for each frequency band was
computed as the ratio between the absolute power and
the mean power spectra from 2 to 45 Hz. The relative
band power at each band was defined as the mean of
the relative band power for each frequency bin within
that band. Finally, the theta/gamma and alpha3/alpha2
relative power ratio were computed and analyzed. The
analysis of other frequencies was not in the scope of
this study.

MRI scans

MRI scans were acquired with a 1.0 Tesla Philips
Gyroscan at the Neuroradiology Unit of the Città di
Brescia hospital, Brescia. The following sequences
were used to measure hippocampal and amygdalar vol-
umes: a high-resolution gradient echo T1-weighted
sagittal 3D sequence (TR = 20 ms, TE = 5 ms, flip
angle = 30◦, field of view = 220 mm, acquisition

matrix = 256 × 256, slice thickness = 1.3 mm), and a
fluid-attenuated inversion recovery (FLAIR) sequence
(TR = 5000 ms, TE = 100 ms, flip angle = 90◦, field
of view = 230 mm, acquisition matrix = 256 × 256,
slice thickness = 5 mm). Hippocampal, amygdalar and
white matter hyperintensities (WMHs) volumes were
obtained for each subject. The hippocampal and
amygdalar boundaries were manually traced on each
hemisphere by a single tracer with the software
program DISPLAY (McGill University, Montreal,
Canada) on contiguous 1.5 mm slices in the coronal
plane. The amygdala is an olive-shaped mass of gray
matter located in the superomedial part of the temporal
lobe, partly superior and anterior to the hippocam-
pus. The starting point for amygdala tracing was at
the level where it is separated from the entorhinal
cortex by intrarhinal sulcus, or tentorial indentation,
which forms a marked indent at the site of the inferior
border of the amygdala. The uncinate fasciculus, at
the level of basolateral nuclei groups, was considered
as the anterior-lateral border. The amygdalo-striatal
transition area, which is located between lateral amyg-
daloid nucleus and ventral putamen, was considered
as the posterior-lateral border. The posterior end of
amygdaloid nucleus was defined as the point where
gray matter starts to appear superior to the alveolus
and laterally to the hippocampus. If the alveolus was
not visible, the inferior horn of the lateral ventricle
was employed as border [48]. The starting point for
hippocampus tracing was defined as the hippocampal
head when it first appears below the amygdala, the
alveus defining the superior and anterior border of the
hippocampus. The fimbria was included in the hip-
pocampal body, while the grey matter rostral to the
fimbria was excluded. The hippocampal tail was traced
until it was visible as an oval shape located caudally
and medially to the trigone of the lateral ventricles [36,
37]. The intraclass correlation coefficients were 0.95
for the hippocampus and 0.83 for the amygdala.

White matter hyperintensities (WMHs) were auto-
matically segmented on the FLAIR sequences by using
previously described algorithms [36, 37]. Briefly, the
procedure includes (i) filtering of FLAIR images to
exclude radiofrequency inhomogeneities, (ii) segmen-
tation of brain tissue from cerebrospinal fluid, (iii)
modelling of brain intensity histogram as a gaussian
distribution and (iv) classification of the voxels whose
intensities were ≥3.5 SDs above the mean as WMHs
[36, 37]. Total WMHs volume was computed by count-
ing the number of voxels segmented as WMHs and
multiplying by the voxel size (5 mm3). To correct
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for individual differences in head size, hippocampal,
amygdalar and WMHs volumes were normalized to the
total intracranial volume (TIV), obtained by manually
tracing with DISPLAY the entire intracranial cavity on
7 mm thick coronal slices of the T1 weighted images.
Both manual and automated methods user here have
advantages and disadvantages. Manual segmentation
of the hippocampus and amygdala is currently consid-
ered the gold standard technique for the measurement
of such complex structures. The main disadvantages
of manual tracing are that it is operator dependent and
time consuming. Conversely, automated techniques
are more reliable and less time-consuming, but may
be less accurate when dealing with structures with-
out clearly identifiable borders. This however is not
the case for WMHs which appear as hyperintense on
FLAIR sequences.

Left and right hippocampal as well as amygdalar
volumes were estimated and summed to obtain a total
volume (individual) of both anatomical structures. In
turn, total amygdalar and hippocampal volume were
summed obtaining the whole AHC volume. AHC
(whole) volume has been divided in tertiles obtain-
ing three groups. In each group hippocampal and
amygdalar volume (within AHC) has been computed.
The last volumes were compared with the previous
obtained individual (hippocampal and amygdalar) vol-
umes.

Statistical analysis and data management

The analysis of variance (ANOVA) has been applied
as statistical tool. At first, any significant differences

among groups in demographic variables, i.e., age,
education, MMSE score, and morphostructural char-
acteristics, i.e., AHC, hippocampal, amygdalar and
white matter hyperintensities (WMHs) volume were
evaluated (Table 1). Greenhouse-Geisser correction
and Mauchley’s sphericity test were applied to all
ANOVAs. In order to avoid a confounding effect,
ANOVAs were carried out using age, education,
MMSE score, and WMHs as covariates. Duncan’s test
was used for post-hoc comparisons. For all statistical
tests the significance level was set at p < 0.05.

Preliminarily, ANOVA was performed in order to
verify 1) the difference of AHC volume among groups;
2) the difference of hippocampal and amygdalar vol-
ume within AHC among groups; 3) the difference of
hippocampal and amygdalar volume individually con-
sidered among groups; 4) NPS impairment based on
ACH atrophy.

Moreover, as a control analysis, in order to detect
if difference in EEG markers was linked to signifi-
cant difference in volume measurements, the volume
of hippocampus within AHC was compared with the
hippocampal volume individually considered, as well
as the amygdalar volume within AHC was compared
with the amygdalar volume individually considered.
This control analysis was performed through a paired
t-test.

Subsequently, ANOVA was performed in order to
check differences in theta/gamma and alpha3/alpha2
relative power ratio in the three groups ordered by
decreasing tertile values of the whole AHC volume.
In each ANOVA, group was the independent variable,
the frequency ratios was the dependent variable and

Table 1
Mean values±standard deviation of sociodemographic characteristics, MMSE scores

MCI cohort Group 1 Group 2 Group 3 p value
(ANOVA)

Number of subjects (f/m) 79 (42/37) 27 (14/13) 27 (15/12) 25 (13/12)
Age (years) 69.2 ± 2.3 66.8 ± 6.8 69.4 ± 8.7 71.5 ± 6.9 0.1
Education (years) 7.7 ± 0.8 8.3 ± 4.5 6.7 ± 3.1 8.2 ± 4.6 0.2
MMSE 27.1 ± 0.4 27.5 ± 1.5 27.4 ± 1.5 26.6 ± 1.8 0.1
Total AHC volume 6965.3 ± 1248.8 8151.2 ± 436.4 7082.7 ± 266.9 5661.8 ± 720.4 0.00001
AHC-hippocampal volume (mm3) 4891.7 ± 902.6 5771.6 ± 361.1 4935.6 ± 380.9 3967.9 ± 650.3 0.00001
AHC-amygdalar volume (mm3) 2073.5 ± 348.7 2379.6 ± 321.3 2147.1 ± 301.3 1693.9 ± 288.5 0.0001
Individual hippocampal volume (mm3) 4889.8 ± 962.4 5809.6 ± 314.2 4969.4 ± 257.6 3890.1 ± 551.4 0.00001
Individual amygdalar volume (mm3) 2071.7 ± 446.4 2514.4 ± 259.5 2079.2 ± 122.8 1621.6 ± 185.2 0.0001
White matter hyperintensities (mm3) 3.8 ± 0.5 3.2 ± 2.8 4.2 ± 3.8 4.1 ± 3.6 0.7
t-Test hippocampus (p values) 0.4 0.5 0.1
t-Test amygdala (p values) 0.03 0.2 0.1

Mean values±standard deviation of sociodemographic characteristics, MMSE scores, white matter hyperintensities, hippocampal and amygdalar
volume measurements. Hippocampal and amygdalar volumes are referred to the whole amygdalo-hippocampal complex (AHC) and singularly
considered (individual). The t-test refers to AHC vs individual volume in each group.
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age, education, MMSE score, and WMHs was used as
covariates. Duncan’s test was used for post-hoc com-
parisons. For all statistical tests the significance level
was set at p < 0.05.

In order to check closer association with EEG
markers, hippocampal volume, and amygdalar volume
within AHC were analyzed separately. A control anal-
ysis was carried out also on the individual hippocampal
and amygdalar volumes based on decreasing tertile
values for homogeneity with the main analysis.

RESULTS

Table 1 summarizes the ANOVA results of demo-
graphic variables, i.e., age, education, MMSE score,
and morphostructural characteristics, i.e., hippocam-
pal, amygdalar and white matter hyperintensities
volume in the whole MCI cohort as well as in the
three subgroups in study. Hippocampal and aymg-
dalar volumes are considered as parts of the whole
AHC volume as well as individually considered.
Significant statistical results were found in hip-
pocampal and amygdalar volume both within the
AHC (respectively, F2,76 = 92.74; p < 0.00001 and
F2,76 = 33.82; p < 0.00001) and individually consid-
ered (respectively, F2,76 = 157.27; p < 0.00001 and
F2,76 = 132.5; p < 0.00001). The global AHC vol-
ume also showed significant results (F2,76 = 159.27;
p < 0.00001). Duncan’s post-hoc test showed a sig-
nificant increase (p < 0.01) in all comparisons. The
paired t-test showed significant difference between
the volume of ACH-amygdala vs amygdalar volume
individually considered in the first group (p < 0.03).
The amygdalar volume difference in the other groups
(respectively p = 0.2 and 0.1) as well as the difference
in the volume of AHC-hippocampus vs individual hip-
pocampus (p = 0.4 in the first, p = 0.5 in the second and
p = 0.1 in the third group) was not statistically signifi-
cant.

Table 2 summarizes the ANOVA results of the
memory NPS tests score. The analysis revealed

significant main effect Group in Babcock test
(F2,76 = 2.76; p < 0.03), Rey word list immediate
recall (F2,76 = 4.80; p < 0.01), Rey word list delayed
recall (F2,76 = 6.26; p < 0.003) and Rey figure recall
(F2,76 = 5.20; p < 0.007). Duncan’s post-hoc test
showed a significant decrease of performance (lower
scores) as the AHC volume decreases (all p’s < 0.05),
with the only exception of the post-hoc test in the
Babcock test between the first and the second group
(p = 0.2). The ANOVA results in other NPS test did
not show significant results.

Table 3 shows the results of theta/gamma and
alpha3/alpha2 ratio in the groups based on the
decrease of whole AHC volume as well as,
within the same group, the decrease of hippocam-
pal and amygdalar volumes separately considered.
ANOVA shows results towards significance when
amygdalo-ippocampal volume is considered glob-
ally both in theta/gamma (F2,76 = 2.77; p < 0.06) and
alpha3/alpha2 ratio (F2,76 = 2.71; p < 0.07). When
amygdalar and hippocampal volumes were consid-
ered separately, ANOVA results revealed significant
main effect Group, respectively, in theta/gamma ratio
analysis (F2,76 = 3.46; p < 0.03) for amygdalar and
alpha3/alpha2 ratio for hippocampal (F2,76 = 3.38;
p < 0.03) decreasing volume. The ANOVA did
not show significant results in theta/gamma ratio
when considering hippocampal volume (F2,76 = 0.3;
p < 0.7) and in alpha3/alpha2 ratio when con-
sidering amygdalar volume (F2,76 = 1.46; p < 0.2).
The control analysis (individual volumes) did not
show any significant result neither for hippocam-
pal (theta/gamma, F2,76 = 0.3; p < 0.7; alpha3/alpha2,
F2,76 = 2.15; p < 0.1) nor for amygdalar volume
(theta/gamma, F2,76 = 0.76; p < 0.4; alpha3/alpha2,
F2,76 = 2.15; p < 0.1).

DISCUSSION

The main result of the present study is that AHC atro-
phy is associated with the increase of theta/gamma and

Table 2
Mean values±standard deviation and cut off of NPS scores

NPS TEST Group1 Group2 Group3 CUT-OFF p value
(ANOVA)

Babcock 10.5 ± 3.8 10.5 ± 3.5 7.8 ± 4.1 8 0.02
Rey list immediate recall 45.1 ± 8.7 39.5 ± 11.2 34.7 ± 10.2 28.52 0.002
Rey list delayed recall 10.1 ± 3.5 7.9 ± 3.4 6.2 ± 3.9 4.68 0.001
Rey figure recall 17.2 ± 6.7 14.2 ± 6.3 10.5 ± 5.7 9.47 0.001

Mean values ± standard deviation and cut off of NPS scores. In red the test with ANOVA statistical significant difference.
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Table 3
Relative power band ratios in amygdalo-hippocampal complex (AHC)

Hippocampal + amygdalar theta/gamma ratio p alpha3/alpha2 p
volume (�v2) value ratio (�v2) value

Group 1 1.40 ± 0.35 0.06 1.05 ± 0.11 0.07
Group 2 1.43 ± 0.35 1.11 ± 0.14
Group 3 1.47 ± 0.44 1.12 ± 0.16

AHC-hippocampal volume
Group 1 1.39 ± 0.27 0.7 1.04 ± 0.11 0.03
Group 2 1.48 ± 0.45 1.11 ± 0.15
Group 3 1.43 ± 0.41 1.12 ± 0.14

AHC-amygdalar volume
Group 1 1.36 ± 0.37 0.03 1.04 ± 0.13 0.2
Group 2 1.44 ± 0.36 1.12 ± 0.16
Group 3 1.49 ± 0.39 1.09 ± 0.11

Individual hippocampal volume
Group 1 1.39 ± 0.27 0.7 1.04 ± 0.11 0.1
Group 2 1.48 ± 0.45 1.07 ± 0.15
Group 3 1.43 ± 0.40 1.10 ± 0.14

Individual amygdalar volume
Group 1 1.39 ± 0.37 0.1 1.04 ± 0.13 0.4
Group 2 1.43 ± 0.36 1.12 ± 0.16
Group 3 1.46 ± 0.39 1.09 ± 0.11

Relative power band ratios in amygdalo-hippocampal complex (AHC), hippocampal and amygdalar atrophy. Hippocampal and
amygdalar volumes are referred to the whole amygdalo-hippocampal complex (AHC) and singularly considered (individual).

alpha3/alpha2 ratio and with cognitive decline. More-
over, when the amygdalar and hippocampal volume
are separately considered, within AHC, the increase of
theta/gamma ratio is best associated with amygdalar
atrophy whereas alpha3/alpha2 ratio is best associated
with hippocampal atrophy. The volumes of hippocam-
pal and amygdala among the groups within AHC are
different from those of hippocampus and amygdala
individually considered. The differences are significant
only in the amygdala volume of the group with minor
atrophy, but it could be due to the sample size. On the
other hand, it should be considered that small volumet-
ric difference could give rise to major changes in brain
rhythmicity. On the whole, the results support the idea
that AHC is not simply the summation of two separate
structures. Rather, it suggests that AHC is a definite
structural and functional network confirming previous
studies showing that atrophy of both amygdala and hip-
pocampus in cognitively intact elderly people could
predict dementia [12, 19, 59].

Theta/gamma and alpha3/alpha2 ratio: possible
relationship with AHC and physiological meaning

A large body of literature has previously demon-
strated that subjects with cognitive decline show an

increase of theta relative power [36–38], a decrease of
gamma relative power [38, 39] as well as an increase
of high alpha as compared to low alpha band [38]. On
the whole theta/gamma ratio and alpha3/alpha2 ratio
could be considered reliable EEG markers of cognitive
decline.

The amygdalo-hippocampal network is a key struc-
ture in the generation of theta rhythm. More specifi-
cally, theta synchronization is increased between LA
and CA1 region of hippocampus during long-term
memory retrieval [34, 35], during period of intense
arousal [34], or during the maintenance of vigilance
to negative stimuli [50]. So far, the theta synchroniza-
tion induced by the amygdala is deeply involved in
both memory and endogenous attentional mechanism.
Our results shows that amygdala volume reduction is
mainly associated to the theta synchronization. It is
possible that the loss of GABA inhibitory process, trig-
gered by the hippocampal atrophy, could determine the
decrease of gamma rhythm generation as well as the
amygdala excitation mechanism [61, 62].

The increase of alpha3/alpha2 ratio is associated
with the hippocampal formation within the AHC, con-
firming previous results of our group showing that the
increase of high alpha is related to hippocampal atro-
phy in MCI patients [37]. In the present study our



386 D.V. Moretti et al. / EEG Changes are Specifically Associated with Atrophy in Amydala and Hippocampus

results extend those previous findings, clearly showing
that AHC atrophy is more correlated with EEG mark-
ers and cognitive performance than the hippocampus
alone. Moreover, present results specify the possible
anatomical correlation of EEG markers with the sin-
gle structure within AHC. The increase of high alpha
synchronization has been found in internally-cued
mechanisms of attention, associated with inhibitory
top-down processes [63], acting as filter to irrelevant
information. This filter activity could be carried out
by hippocampus. Indeed, a recent work has demon-
strated that the mossy fiber (MF) pathway of the
hippocampus, connecting the dentate gyrus to the
auto-associative CA3 network, is controlled by a feed-
forward circuit combining disynaptic inhibition with
monosynaptic excitation. Analysis of the MF associ-
ated circuit revealed that it could act as a highpass filter
[64].

Theta/gamma and alpha3/alpha2 ratio: possible
interactions at system level

In a previous work [37] we proposed that hip-
pocampal atrophy is linked to memory and attention
disfunction. In the present work a picture emerge
in which the AHC atrophy (more specifically than
hippocampal atrophy alone) determines a dysregu-
lation of inhibitory mechanisms probably inducing
an overactivity of amygdalo-hippocampal network
associated with alterations in memory and atten-
tion circuits along AHC-thalamic-cingulate pathways.
Of note, the amygdala is intimately involved in the
anatomo-physiological anterior pathways of atten-
tion through its connections with anterior cingulated
cortex, anteroventral, anteromedial and pulvinar tha-
lamic nuclei [65].The loss of inhibitory mechanism
at hippocampal level, associated with a decrease in
gamma power, impairs the filter function of hip-
pocampus. Indeed, the integrity of CA3-CA1 interplay,
coordinated by gamma oscillations, is crucial for
hippocampal activity [62]. The increase in cortico-
subcortical inputs to AHC determines an increase of
memory retrieval effort in long-term memory system
and dysregulation of divided attention, in particular
when multiple stimuli have to be processed [66–68],
inducing behavioural dysfunction as well as subse-
quent memory deficits. The exchange of information
between memory and attentive systems has been asso-
ciated with theta synchronization and upper alpha band
desynchronization [69, 70]. The increase of high alpha
power found in our results could represent the need of

a selection process on the ongoing information gener-
ating more cortical inhibitory mechanism [63].

GENERAL REMARKS

The main scope of our project is to detect EEG
biomarkers useful in individual patients. Indeed, the
results at group level, although interesting, are not yet
helpful for the diagnostic/prognostic aims. In this view,
the main results of our project is that two specific EEG
markers could be considered reliable markers of cog-
nitive decline: theta/gamma ratio and alpha3/alpha2
ratio. Indeed, these markers have been associated with
memory decline in psychometric tests and with hip-
pocampal atrophy [8, 9]. The results of the present
study are important for understanding of the peculiarity
of EEG rhythms changes in a clinical setting. Of note,
in another study of our group it was showed that the
increase of theta/gamma ratio is linked to MCI subjects
who convert in non-AD dementia whereas the increase
of alpha3/alpha2 ratio is associated with MCI subject
who convert to AD [71]. We should to strengthen that
the claim that a risk factor can be used as a biomarker
requires much more substantiation and evaluation than
the mere presence of an association. A significant and
strong relation with the outcome is a prerequisite, not a
guarantee, for a biomarker. For a predictive biomarker,
the question is not just whether that factor relates to
the outcome of the disease but what its incremental
contribution is in predicting who will get the disease
and when. In this view, the EEG tool has many advan-
tages. It is the less invasive and cheapest among the
neuroscience techniques. The EEG has very good reli-
ability given that about one century of experience have
increased the skills of a lot of scientists in performing
it. On the whole, the EEG allows the collection of a
big amount of data, helpful for analysis and a possible
widespread application as a diagnostic/prognostic test.

CONCLUSION

The increase of theta/gamma and alpha3/alpha2
ratio is associated with AHC atrophy and with cog-
nitive decline. The vulnerability and damage of the
connections within AHC could affect reconsolidation
of long-term memory and give rise to memory deficits,
attentive disorders and behavioural symptoms. The
increase of theta/gamma and alpha3/alpha2 ratio could
be a promising tool for diagnostic and neurophysiolog-
ical research purposes.
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Abstract. Physiological brain aging is characterized by a combination of synaptic pruning, loss of cortico-cortical connections
and neuronal apoptosis that provoke age-dependent decline of cognitive functions. Neural/synaptic redundancy and plastic
remodeling of brain networking, also secondary to mental and physical training, promotes maintenance of brain activity in
healthy elderly for everyday life and fully productive affective and intellectual capabilities. Unfortunately, in pathological
situations, aging triggers neurodegenerative processes that impact on cognition, like Alzheimer’s disease (AD). Oscillatory
electromagnetic brain activity is a hallmark of neuronal network function in various brain regions. Modern neurophysiological
techniques including digital electroencephalography (EEG) allow non-invasive analysis of cortico-cortical connectivity and
neuronal synchronization of firing, and coherence of brain rhythmic oscillations at various frequencies. The present review of
field EEG literature suggests that discrimination between physiological and pathological brain aging clearly emerges at the
group level, with some promising result on the informative value of EEG markers at the individual level. Integrated approaches
utilizing neurophysiological techniques together with biological markers and structural and functional imaging are promising
for large-scale, low-cost, widely available on the territory and non-invasive screening of at-risk populations.

Keywords: Consciousness, electroencephalography (EEG), persistent vegetative state, Alzheimer’s disease.

INTRODUCTION

Several decades ago, electroencephalogram (EEG)
was introduced to allow a direct, on-line view of
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human “brain at work” in physiological and patholog-
ical conditions [1]. Indeed, EEG is a direct correlate of
brain function, and it reflects CNS dysfunction includ-
ing the characterization of significant deviations from
the ‘natural’ aging such as Alzheimer’s disease (AD)
and other dementias [2]. Starting from the 1970 s, EEG
was progressively supplanted for clinical applications
on diagnosis of abnormal brain aging. This happen
first with the introduction of structural imaging tech-
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nologies such as computer assisted tomography (CAT)
and magnetic resonance imaging (MRI), and then
with the development of regional metabolic-perfusion
methods such as positron emission tomography
(PET), single photon emission computed tomography
(SPECT), and the ability to map oxygen consumption
and regional blood flow in specific neural locations
with functional magnetic resonance imaging (fMRI).
These new techniques produce relatively non-invasive
views of “in vivo” brain anatomy with high spatial
resolution (millimeters to few centimeters) when
compared to standard EEG (several centimeters).
However, these functional brain imaging methods are
relatively limited in their temporal resolution when
measuring functional brain activation (seconds to
minutes) compared to EEG (milliseconds) and cannot
discriminate the activation and the temporal hierarchy
of different relays within a distributed network either
in series or in parallel [3]. It should be noted that high
temporal resolution of EEG is crucial for the study
of an emerging property of brain activity, namely the
spontaneous and event-related oscillatory activity at
different frequencies ranging at 1–4 Hz (delta), 4–8 Hz
(theta), 8–13 Hz (alpha), 13–30 Hz (beta), and >30 Hz
(gamma). Each of these frequencies conveys peculiar
physiological information on brain functional state
during sleep and wake periods.

Recently, greater attention has been focused on the
application of quantitative EEG (qEEG) and/or event-
related potentials (ERPs) as suitable clinical markers
of early stage of disease or its progression [4–6]. It
has been reported that a positive ERP peaking 600 ms
after the zerotime of stimuli to be encoded (P600) was
reduced in patients with AD and mild cognitive impair-
ment (MCI), particularly in those MCI patients who
subsequently converted to AD [7, 8]. Furthermore,
a positive ERP peaking 300 ms after the zerotime of
oddball stimuli (P300) was reduced in amplitude in
AD patients [5, 9], even during its early stages [10].
However, recording of ERPs requires a peculiar set
up between the stimulation device and EEG machine,
about 40–60 minutes of time for the examination in
the patient, and technicians able to carry out engaging
experimental conditions. In this regard, recording
of resting state eyes closed EEG rhythms represents
a fully standardized procedure much easier and
rapid that does not require stimulation devices and
is not prone to anxiety for task performance or to
fatigue.

There is a vivid scientific debate about the phys-
iological generation of sleep and resting state or

spontaneous on-going EEG rhythms in the cerebral
cortex, high-voltage, slow oscillatory potentials being
observed in isolated, large slabs of neocortical tissue
[11–13]. A certain consensus is reached on the fol-
lowing physiological model. During slow-wave sleep,
corticofugal slow oscillations (<1 Hz) are effective in
grouping thalamic-generated delta rhythms (1–4 Hz)
and spindling activity (7–14 Hz) [14]. In this condi-
tion, delta rhythms would dominate EEG oscillations,
while alpha rhythms (about 8–12 Hz) would be
suppressed. In the case of endogenous or exogenous
arousing stimuli, spindles, high- and low-frequency
components of the delta rhythms are blocked by the
inhibition of reticulo-thalamic (7–14 Hz), thalamo-
cortical (1–4 Hz), and intracortical (<1 Hz) oscillators.
These rhythms are replaced by fast oscillations in
the range of beta (14–30 Hz) and gamma frequencies
(>30 Hz) [14, 15]. In the wake resting state condition,
alpha rhythms would dominate the human EEG
oscillatory activity, while delta rhythms would be
quite low in amplitude in physiological conditions
[16–18].

In line with the above model, fluctuation of wake
resting state EEG rhythms is supposed to reflect the
continuous transitions between synchronization (i.e.
reduced arousal) and desynchronization (i.e. increased
arousal) of pyramidal cortical neurons at alpha rhythms
together with an increased synchronization of relevant
neural populations at operating beta/gamma rhythms
spanning 14–40 Hz or higher frequencies [18]. Along
the temporal flux of the resting state condition, these
transitions may be mainly regulated by the fluctu-
ating activity of cholinergic basal forebrain neurons
projecting to hippocampus, large cortical regions, and
reticular thalamus as well as by thalamocortical pro-
jections [11, 19, 20].

The present review outlines the impact of EEG
techniques for the measurement of physiological and
pathological brain aging. Its major goal is to highlight
the emerging neurophysiological findings important to
determine whether these techniques provide sufficient
innovative and potentially useful information for the
assessment of normal aging and AD, both at the group-
and at the single-subject levels

ADVANCED EEG TECHNIQUES

Advanced EEG analysis techniques can illustrate
changes in specific rhythms oscillating at various
frequencies over time, provide quantitative measure-
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ments of individual rhythms and reduce the effects
of volume currents from far-field generators [21,
22]. Hence, EEG signals generated from extracere-
bral sources (e.g., electrocardiogram, electromyogram,
electroretinogram, eye movements etc.) can be iso-
lated from those produced by the brain, providing a
direct measure of the recorded neuroelectric signals
mainly generated in brain areas adjacent to the explor-
ing electrode [22]. EEG coherence or synchronicity of
rhythmic signals from separate electrodes, in different
frequency bands, generated in different cortical areas,
can also be measured providing a faithful reflection of
“whether, where and for how long” separate neuronal
assemblies work together.

The high resolution EEG technique has markedly
enhanced the spatial resolution of the conventional
EEG from about 6–9 cm to 2–3 cm by the use of spatial
enhancement methods such as Laplacian transforma-
tion with a regularized 3D spline function. This method
reduces the low spatial EEG frequencies contributed
by volume conduction and eliminates electrode ref-
erence influence [23–26]. Compared to other linear
or nonlinear modelling analysis techniques of cortical
sources of EEG–MEG, surface Laplacian estimation
provides a rough representation of the neural currents
without an explicit model of the generators (i.e., shape,
number, location) by using a model of the head as a vol-
ume conductor [23, 24]. However, surface Laplacian
methods cannot disentangle the activity of two spa-
tially separated but extremely adjacent cortical zones
such as primary somatosensory and motor areas that
are contiguous across the central sulcus or deep cor-
tical sources in secondary somatosensory and insular
cortices. Surface Laplacian estimation is also unreli-
able when computed at the borders of the recording
electrodes grid (i.e., temporo-parietal electrodes). Its
maxima often overlie cortical sources of EEG poten-
tials, since the influence of tangential relative to radial
oriented generators is greater [23, 24, 27].

Spectral coherence analysis indexes the tempo-
ral synchronization of two EEG time series among
electrodes in the frequency domain and permits
characterization of linear functional cortico–cortical
connectivity. EEG spectral coherence is a normalized
measure of the coupling between two electroen-
cephalographic signals at any given frequency [28, 29].
It is commonly interpreted as an index of functional
coupling [30, 31], mutual information exchange [28],
functional co-ordination [32], and integrity of cortical
neural pathways [33]. Its basic theoretical assumption

is that when the activity of two cortical areas is func-
tionally coordinated, the EEG rhythms of these cortical
areas show linear correlation and high spectral coher-
ence. In general, decreased coherence reflects reduced
linear functional connections and information trans-
fer (i.e., functional uncoupling or unbinding) among
cortical areas or modulation of common areas by a
third region. In contrast, coherence increase is inter-
preted as augmented linear functional connections and
information transfer (i.e., functional coupling or bind-
ing), which reflects the interaction of different cortical
structures for a given task. It has been repeatedly
demonstrated that perceptive, cognitive, and motor
processes are associated with enhanced EEG spectral
coherence [34–37], as a function of the extension and
type of the neural networks engaged [18, 38]. Finally,
the direction of the information flow within the EEG
rhythms between pairs of electrodes can be estimated
by a directed transfer function (DTF) [39–44].

There are different methods to solve the non-
invasive localization of the neuronal generators
responsible for measured EEG phenomena (i.e. the
source reconstruction of the electromagnetic brain
scalp signals). Low-resolution electromagnetic tomog-
raphy algorithm (LORETA) software, which can be
freely downloaded by Internet (http://www.unizh.ch/
keyinst/NewLORETA/LORETA01.htm), has been
successfully used in recent EEG studies on pathologi-
cal brain aging [45–50]. LORETA computes 3D linear
solutions (LORETA solutions) for the EEG inverse
problem within a 3-shell spherical head model includ-
ing scalp, skull, and brain compartments [51–53].
LORETA solutions consisted of voxel z-current den-
sity values able to predict EEG spectral power density
at scalp electrodes As it is a reference-free method
of EEG analysis, one can obtain the same LORETA
source distribution for EEG data referenced to any
reference electrode including common average. Fur-
thermore, it can be also used from data collected by
low spatial sampling (e.g., 19 electrodes) when corti-
cal sources are estimated from resting EEG rhythms
[54–57]. A normalization of the data was obtained by
normalizing the LORETA current density at each voxel
with the power density averaged across all frequencies
(0.5–45 Hz) and across all voxels of the brain volume.
After the normalization, the solutions lost the original
physical dimension and were represented by an arbi-
trary unit scale. This procedure reduced inter-subjects
variability and was used in previous EEG studies
[46–50].
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RESTING STATE EEG RHYTHMS AND
PHYSIOLOGICAL AGING

Resting state eyes closed cortical EEG rhythms typ-
ically change across physiological aging, with gradual
modifications in profile and magnitude of the spectra
power spectrum. It was observed a marked amplitude
decrease of alpha (8–13 Hz) and a global “slowing” of
the background EEG, which increases in power and
spatial distribution in the slower delta (1–4 Hz) and
theta (4–8 Hz) rhythms [58–61]. A recent study in a
large sample of healthy subjects (N = 215, 18–85 years)
confirmed an age-dependent power decrement of pos-
terior low-frequency alpha (alpha 1; 8–10.5 Hz) and
delta rhythms [62]. Aging effects on parieto-occipital
alpha rhythms presumably reflect the activity of dom-
inant oscillatory neural network in the resting awaken
brain. This activity is modulated by thalamo–cortical
and cortico–cortical interactions facilitating/inhibiting
the transmission of sensorimotor information and the
retrieval of semantic information from cortical storage
[17, 18, 63].

In the condition of awaken rest, low-frequency alpha
rhythms (about 8–10 Hz) would be mainly related
to subject’s global attentional readiness [16, 64–67].
Noteworthy, there is consensus that alpha rhythms rep-
resent the dominant resting oscillations of the adult,
awaken human brain [16, 61, 64–67] and have been
linked to intelligent quotient, memory, and cognition
[61]. Whereas high-frequency alpha rhythms (about
10–12 Hz) reflect the oscillation of specific neural sys-
tems for the elaboration of sensorimotor or semantic
information [60, 64, 65]. Over the course of “natu-
ral” aging, the power decrease of the occipital alpha
rhythms might be associated with changes in the
cholinergic basal forebrain system function, which sus-
tains the excitatory activity in the cholinergic brainstem
pathway [68].

Neuroelectric output does not scale linearly with
inputs received. Therefore, that assessment of non-
linear EEG interactions is important, as this method
can provide information on the strength, direction
and topography of the interdependencies. Spatial
organization of non-linear interactions between dif-
ferent brain regions has been investigated to compare
anterior-posterior intra-hemispheric and left–right
inter-hemispheric interactions across physiological
aging. Differences were found in the rates of inter-
dependencies between the left pre-frontal and the right
parietal regions between young and elderly, suggesting

that the aging brain engages the right parietal region to
assist the pre-frontal cortex [69].

RESTING STATE EEG RHYTHMS AND AD

Dementia is one of the most frequent chronic dis-
eases of the elderly and it is characterized by loss
of intellectual and behavioral abilities that interfere
with daily functioning. Dementia incidence tends to
increase with age affecting over 30% of people after
age 85 [70, 71]. The elderly are the fastest growing
segment of the population. Consequently, social costs
for managing dementia are expected to rise becoming
an important social problem. Furthermore, dementia
profoundly affects the caregivers and family dynamics
and relationships. AD is the most common cause of
dementia in geriatric patients.

Important neuropathological features indicating AD
include brain cortical and subcortical atrophy leading
to ventricular enlargements primarily due to neuronal
loss in the temporal and parietal structures. Among
the primary markers of AD, microscopic signs includ-
ing neurofibrillary tangles (intracellular aggregates of
tau protein filaments) and amyloid plaques (extracel-
lular aggregates of amyloid beta-peptides) that are
dispersed throughout the cerebral cortex and basal
ganglia, particularly concentrated in the hippocampus,
entorhinal cortex, and post-central parietal neocor-
tex [72]. Tangles are mainly found in hippocampal
and parahippocampal limbic structures, whereas amy-
loid plaques are largely diffuse throughout the cortex
[73]. A neurophysiological hallmark of brain aging is
a progressive impairment of use-dependent synaptic
plasticity and of synaptic connectivity between neu-
rons and its association with the degree of dementia
[74]. In the aging brain –including the AD ones during
pre-clinical conditions- plastic compensatory remod-
eling guarantees functional maintenance, so that the
neuronal and synaptic death can occur in the absence
of symptoms for an unknown period of time that might
last years or even decades. This mechanism of “cogni-
tive or brain reserve” motivates the use of instrumental
markers of AD in association to standard assessment of
cognitive functions with “paper and pencil” neuropsy-
chological batteries.

When compared to the resting state EEG rhythms
of healthy normal elderly (Nold) subjects, AD patients
showed an amplitude increase of widespread delta
and theta sources and an amplitude decrease of
posterior alpha (8–13 Hz) and/or beta (13–30 Hz)



C. Babiloni et al. / EEG and Consciousness 395

sources [45, 55, 56, 76–78]. The observation of
these abnormalities of the EEG rhythms could allow
discrimination among different dementia diagnoses,
for instance a marked decline of posterior slow-
frequency alpha power shows peculiar features in
mild AD subjects when compared to cerebrovascu-
lar dementia, fronto-temporal dementia and normal
elderly subjects with similar cognitive impairment.
Furthermore, pathological increased amplitude of the
theta sources characterized cerebro-vascular dementia
patients [56].

These EEG abnormalities have been associated with
altered regional cerebral blood flow/metabolism and
with impaired global cognitive function as evaluated
by mini mental state evaluation (MMSE) [77, 79–81].

Of note, early stages of AD (even preclinical) are
typically associated to slowing down of resting occipi-
tal alpha rhythms, namely a decrease of the individual
alpha frequency (IAF) peak in power density [82]. The
IAF peak, defined as the frequency associated to the
strongest EEG power at the extended alpha range [61],
should be always taken into account in EEG studies in
AD subjects, since power changes in theta and alpha
bands might be dependent phenomena. Furthermore,
the conventional partition of EEG power into many
conventional frequency bands allows the comparison
of the results with those of most of the field studies
but may prevent the separation of independent EEG
rhythms or sources.

Despite the evidence of abnormal cortical rhythms
in MCI and AD subjects, EEG analysis alone is unable
to allow a diagnosis of disease. Additional biologi-
cal parameters are needed for this purpose. In this
regard, several studies have shown a strict relationship
between genetic risk factors such as Apolipoprotein E
� 4 genotype (Apo-E � 4) and late-onset AD. Apo-
E � 4 has been found to affect EEG rhythms in AD
patients; it is associated with abnormalities of rest-
ing state EEG rhythms in AD [83–86] with relatively
specific EEG measures. Compared to AD patients
with �2 and �3, AD patients with �4 showed higher
theta and lower beta spectral power [85]. Furthermore,
the AD ApoE �4 carriers patients were character-
ized by higher theta power and lower beta power at
baseline, whereas they were characterized by higher
delta power and lower alpha power at 3 years at
follow-up [84]. Moreover, AD patients with ApoE �4
has been related to selective decrease in functional
cortico–cortical connectivity, which was suggested
by the reduction of right and left temporopari-
etal, right temporofrontal, and left occipitoparietal

alpha EEG coherence [83]. Thus, genetic risk fac-
tors for AD are combined with relatively specific EEG
measures.

EEG power per se does not capture one of the main
features of AD, namely the impairment of functional
neural connectivity. This parameter –however- can be
fruitfully approached by coherence measurements. It
has been in fact reported that AD patients present a
reduced linear coupling of resting state EEG rhythms
among cortical regions, as revealed by spectral EEG
coherence [33, 83, 87–90], suggesting a linear tem-
poral synchronicity of coupled EEG rhythms from
simultaneously engaged neural sources. Such findings
imply that functional coupling of cortical rhythms at
certain frequency bands might be interesting features
of AD, and that abnormality of cortical EEG coher-
ence may be a fine-grained marker of AD, which is
supposed to reflect a disease of cerebral networks sub-
serving global cognition. It could be speculated that
this impaired pattern of EEG functional coupling is
modulated by cholinergic systems, and that a decrease
of cortical EEG coherence is characterized by defec-
tive basal forebrain cholinergic inputs to cortex and
hippocampus [91].

Most EEG studies of AD have reported a prominent
decrease of alpha band coherence [33, 74, 83, 86–90,
92–94]. This result also has been found to be associ-
ated with ApoE genetic risk, which is hypothesized
to be mediated by cholinergic deficit [95]. However,
delta and theta band coherence changes in AD are
not homogeneous, as some studies demonstrate con-
tradictory results with either a decrease or an increase
of slow-band EEG coherence [33, 90, 92, 96]. These
conflicting results might be due to the use of coher-
ence markers from single electrode pairs rather than
for the “total coherence” as obtained averaging the
EEG spectral coherence across all combinations of
electrode pairs. The latter may better take into account
frequency band-by-frequency band the global impair-
ment of brain networks and cognition along the AD
process, which is supposed to be a disease affecting
the functional integration within cerebral neural net-
works supporting cognition. In a recent study [97] the
results show that the delta total coherence is higher
in the AD than in the MCI and in the MCI than in
the Nold group. Furthermore, the low-frequency alpha
total coherence is lower in the AD group than in the
MCI and Nold groups. This evidence confirms that
the functional coupling of resting EEG rhythms is
progressively abnormal in amnesic MCI and AD sub-
jects.
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To improve the functional coupling evaluation, EEG
and MEG data have been analyzed with procedures
inspired by the theory of nonlinear dynamics, which
provide a measure of signal dynamic coordination [98].
It is shown that AD patients generate a nonlinearly
defined dimensional “complexity” of the EEG, which
is a measure of signal dynamic coordination. The AD
patients have significantly lower dimensional com-
plexity of EEG than age-approximated non-demented
controls. This may be associated with deficient infor-
mation processing in the brain injured by AD. Brain
rhythms loose the usual modulation in complexity as
observed by eyes-open versus eyes-close comparisons,
as a reflection of neuronal death, deficiency in neu-
rotransmission, and/or loss of connectivity in local
neuronal networks [99, 100]. Non-linear analysis has
also been used to model brain flexibility in informa-
tion processing, defined as the capability to affect
state of information processing from identical initial
conditions. AD patients show a decrease in informa-
tion processing flexibility, such that decrease of EEG
complexity in AD might be attributable to decreased
nonlinear dynamics that are associated with cogni-
tive decline. Among the techniques for nonlinear brain
dynamics evaluation, synchronization likelihood com-
bines sensitivity to linear and nonlinear functional
coupling of EEG/MEG rhythms [98]. This measure
has been shown to be significantly decreased at alpha
and low beta bands when comparing AD to MCI and/or
Nold subjects [35, 101–103].

In addition to the cortico–cortical uncoupling pro-
gression, a decrease of synaptic coupling is likely to
contribute to reducing selective EEG coherence for
faster rhythms, as observed in healthy humans by
transient use of a cholinergic synaptic blocker like
scopolamine [104]. Animal models suggest that acetyl-
choline loss produces a decrease of high-frequency
EEG couplings and an increase of slow-frequency
couplings [105]. Loss or a significant drop in EEG
synchronization in faster rhythms has also been cor-
related with decreased MMSE scores in MCI and AD
patients [98]. Linear and non-linear EEG analyses
improve classification accuracy of AD compared to
unaffected controls, and these methods correlate with
disease severity [35, 98, 102].

Few studies have assessed EEG measures over the
course of dementia progression. A significant increase
of delta and theta power in conjunction with decrease
of alpha and beta power over a period of 30 months
from diagnosis have been found [106]. The length of
the follow-up is of paramount importance and indi-

cates the reason for a lack of findings over a 12-month
period [107]. The major question in this context is:
“Which is the physiological mechanism at the basis
of abnormal resting brain rhythms in MCI and AD?”
Abnormality of resting EEG rhythms may originate
from impairment in the cholinergic neural projections
from basal forebrain, which is a pivotal aspect of AD
[20]. Resting EEG alpha power is decreased from
experimental damage to this cholinergic pathway
[108]. Furthermore, the cholinergic basal forebrain
has been found to be responsive to the treatment
with cholinesterase inhibitors more for AD than other
dementias [109]. Conversely, brainstem cholinergic
innervations of the thalamus are relatively spared in
AD patients [20]. Long-term (1 year) treatments of
acetylcholinesterase inhibitors (AChEI) demonstrate
less temporal and occipital alpha reduction for respon-
ders compared to non-responders and a combined
effect on delta and low alpha [47, 110]. Hence,
increasing cholinergic tone was related to restoring
temporal and occipital alpha rhythms in responders.
Brain cholinergic systems also appear to improve
primarily cerebral blood flow with a functional impact
on attention and memory functions [111].

RESTING STATE EEG RHYTHMS AND
MILD COGNITIVE IMPAIRMENT (MCI)

Assessing pre-clinical dementia is of keen interest
as a clinical research issue, since MCI often precedes
loss of autonomy in daily life. As the selective cogni-
tive impairments characteristic of MCI are primarily
memory-related and not severe enough to exceed stan-
dard clinical criteria for AD, their prodromal qualities
do not greatly impair daily functioning but can be
reliably identified by refined clinical and neuropsy-
chological evaluation. Consistent MCI symptoms 3–5
years following their identification either remain sta-
ble or decrease in 30–50% of the cases, whereas the
remaining cases progress toward a frank AD condition
or, less frequently, to other dementias. The amnesic
MCI condition has often been considered a precursor
of AD, despite the fact that not all the MCI patients
develop the AD. Epidemiological and clinical follow-
up studies confirm that MCI reflects a transition state
towards mild AD and prompts the idea that early iden-
tification of MCI patients can facilitate rehabilitative
or pharmacological interventions to slow down the dis-
ease progression [112–114].

Figs 1–3 show the results of a re-analysis of resting
state eyes closed EEG data of our Italian Consortium.
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Fig. 1. Grand average of low resolution brain electromagnetic source tomography (LORETA) solutions (i.e., normalized relative current density
at the cortical voxels) modeling the distributed EEG sources for delta, theta, alpha 1, alpha 2, beta 1 (13–20 Hz), and beta 2 (20–30 Hz) bands
in normal elderly (Nold), mild cognitive impairment (MCI) and mild Alzheimer’s disease (AD) groups. The left side of the maps (top view)
corresponds to the left hemisphere. Legend: LORETA, low-resolution brain electromagnetic tomography.

central frontal parietal occipital parietal limbic

Fig. 2. Statistical ANOVA interaction (F(60,8010)=10.16; p < 0.0001) among the factors Group (Nold, MCI, AD), Band (delta, theta, alpha 1,
alpha 2, beta 1, beta 2, gamma), and regions of interest (frontal, central, parietal, occipital, temporal, limbic).
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Fig. 3. Scatterplots of LORETA solutions for the delta and alpha 1
parietal rhythms and MMSE values in all subjects. Statistical values
of linear correlation were obtained by Pearson test (p < 0.005)

Table 1
Demographic and clinical data of healthy elderly (Nold), amnesic

mild cognitive impairment (MCI), and Alzheimer (AD) subjects

Subjects Gender Age MMSE IAF
(N) (M/F) (years) (Hz)

Nold 56 29/27 73.4 ± (0.9) 27.7 ± (0.2 SE) 9.2 ± (0.2)
MCI 106 36/70 70.0 ± (0.7) 25.9 ± (0.2 SE) 9.4 ± (0.1)
AD 108 35/73 71.3 ± (0.8) 19.8 ± (0.5 SE) 8.7 ± (0.1)

For this re-analysis, we selected 56 Nold, 106 amnesic
MCI, and 108 AD subjects with paired age, gender,
and education (Table 1). Fig. 1 maps the grand average
of (LORETA) cortical sources of these rhythms in the
three groups. Fig. 2 plots the power of these sources
collapsed for cortical lobar regions of interest. It can
observed an intermediate magnitude of low-frequency
alpha rhythms (8–10.5 Hz) in parietal, occipital, and
limbic areas in MCI compared to mild AD and Nold
subjects, according to original evidence reported in a
previous study [48]. Noteworthy, the spectral magni-
tude of some delta and alpha sources was correlated
with MMSE scores across Nold, MCI, and AD sub-

jects as a whole group. Fig. 3 plots these correlations
for delta and low-frequency sources in parietal lobe.
There was a negative correlation of the MMSE score
and delta sources, as well as a positive correlation of the
MMSE score and low-frequency alpha sources. This
suggests that EEG evidence of alpha power decreases
in AD and MCI compared to normal subjects in relation
to global cognition. These results agree with a bulk of
previous evidence [75, 83, 94, 115–117]. It can be spec-
ulated that the relative spectral magnitude decrease of
posterior low-frequency alpha sources in MCI may be
related to an initial selective impairment of the cholin-
ergic basal forebrain, which could induce a sustained
increase of the excitatory activity in the cholinergic
brainstem pathway [68, 104, 105]. Studies using tran-
scranial magnetic stimulation (TMS) have shown that
the motor cortex of AD patients is reorganized and
hyperexcitable, and that such hyperexcitability even
may offer clues for the differential diagnosis from other
dementias in which the cholinergic deficit is not pre-
dominant [117–119]. As a consequence, the increased
excitability of thalamocortical connections would uns-
electively desynchronize the resting alpha rhythms and
enhance the cortical excitability. Hence, changes of
low-frequency alpha power in MCI and mild AD sug-
gest a progressive impairment of the thalamo–cortical
and cortico–cortical systems that govern visual atten-
tion. This hypothesis is consistent with clinical findings
of increasing deficits of visuo-spatial abilities in MCI
and mild AD [120]. In the same vein, limbic sources
imply a progressive impairment of thalamo–cortical
and cortico–cortical systems regulating attention tone
for memory functions.

Decreases in cortico–thalamic modulation and
increase of slow EEG rhythms have been found to cor-
relate to progressive cortical hypoperfusion in AD [81,
121]. Abnormal delta and alpha sources in the poste-
rior brain regions could therefore index the progressive
decline of cognitive visuo-spatial functions across
MCI and mild AD, thereby supporting a transition
between these conditions [112–114]. An intriguing
aspect includes the peculiar magnitude increase of the
parieto-occipital high-frequency alpha sources (alpha
2, 10.5–13 Hz) in MCI compared to mild AD and
normal elderly [48]. Furthermore, prospective studies
have demonstrated that increased delta/theta activity,
decreased alpha and beta, and slowed mean frequency
may be predictors of progression from MCI to demen-
tia [75, 94]. These findings imply that neuroelectric
indices could be developed for the preclinical assess-
ment of dementia, as their acquisition are inexpensive,
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easily implemented, entirely non-invasive and very
well suited for large-scale screening and follow-up of
at-risk populations.

The hypothesis of some strict relationships between
brain activity in MCI and AD subjects implies the pre-
diction of similar features of resting state EEG rhythm
in MCI and AD subjects as a function of genetic risk
factors. A corollary hypothesis is that the presence of
ApoE �4 affects sources of resting EEG rhythms in
both MCI and AD was assessed in 89 MCI with 34.8%
�4 incidence and 103 AD with 50.4% �4 incidence
[122]. Alpha 1 and 2 sources in occipital, temporal,
and limbic areas were of lower amplitude in subjects
carrying the ApoE �4 allele. For AD homozygous for
ApoE �4 allele, abnormal temporo-parietal and occip-
itoparietal EEG or MEG rhythms were found [83, 98].
However, in addition to ApoE �4 allele, another impor-
tant genetic risk factor for late-onset AD is haplotype
B of CST3 (the gene coding for cystatin C—a neu-
rotrophic protein), which was investigated to establish
eventual links with cortical rhythmicity [123]. EEG
measures were obtained from 84 MCI with 42% B hap-
lotype and 65 AD with 40% B haplotype. Slow alpha
(from parietal, occipital, temporal areas) and fast alpha
(from occipital areas) power were statistically lower in
CST3 B carriers. A trend was observed for occipital
delta power sources as stronger in CST3 B carriers
than in non-carriers for both MCI and AD patients.

Association between the presence and amount of
hippocampal atrophy in AD and MCI subjects and
changes in sources of posterior slow rhythms have
been observed by EEG and whole-head MEG [19,
124, 125]. Less known is the relationships between
impairment of white matter and slow rhythms across
the continuum from MCI to AD. This issue has been
addressed with EEG assessments in MCI (N = 34) and
AD (N = 65) cases [46]. Delta activity was related to
the amount of cortical atrophy revealed by MRI voxel-
to-voxel volumetry of lobar brain volume (white and
gray matter), such that as delta power increased brain
volume decreased. Thus, changes in brain structure and
function could be found for MCI and AD patients.

As life expectancy and elderly populations in West-
ern countries are increasing, the incidence of MCI
that may predict AD or vascular dementia is rising.
Cognitive impairment associated with MCI or AD
is combined with decreased power and coherence in
the alpha/beta band, at least at the group level. This
observation suggests the occurrence of a functional dis-
connection among cortical areas, since both power and
coherence in the delta and theta bands increase with

cortical deafferentiation from subcortical structures
[126]. However, the extent to which features of neuro-
electric activity can be used to predict the conversion
from MCI to AD in single subjects is as yet unclear.
In a seminal EEG study, a multiple logistic regres-
sion of theta power (3.5–7.5 Hz), mean frequency, and
interhemispheric coherence have been able to predict
decline from MCI to AD at long term with an overall
predictive accuracy of about 90% [127]. Furthermore,
spectral EEG coherence or other EEG features have
shown to contribute to the discrimination of Nold from
mild AD with 89–45% of success, from MCI to AD
with 92–78% of success, and the conversion of MCI
subjects to AD with 87–60% of success [75, 90, 94,
128–133]. These findings are encouraging for future
development of this prognostic and perhaps diagnostic
approach [134].

Rossini et al. (2006) [117] have investigated whether
combined analysis of EEG power and coherence pro-
vide early and reliable discrimination of MCI subjects
who will convert to AD after a relatively brief follow-
up. Cortical connectivity using spectral coherence
measures and LORETA was evaluated to character-
ize EEG sources at baseline in 69 MCI cases that were
reassessed clinically after about 14 months. At follow-
up, 45 subjects were classified as stable MCI (MCI
Stable), whereas the remaining 24 had converted to
AD (MCI Converted). Results showed that at base-
line, fronto-parietal midline coherence as well as delta
(temporal), theta (parietal, occipital and temporal), and
low-frequency alpha (central, parietal, occipital, tem-
poral, limbic) sources were stronger in MCI Converted
than MCI Stable subjects. Cox regression modeling
showed low midline coherence and weak temporal
source was associated with 10% annual rate AD con-
version, while this rate increased up to 40% and 60%
when strong temporal delta source and high midline
gamma coherence were observed, respectively. This
outcome indicates that quantitative EEG is able to pre-
dict with a good approximation MCI progression to
AD in the short run.

CONCLUSIONS

The present review highlights the use of modern
EEG techniques that report assessment of physiologi-
cal and pathological brain aging. Application of these
techniques allows the quantification of the power and
functional coupling of resting state eyes closed EEG
rhythms at scalp electrodes and mathematical corti-
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cal sources. The results reviewed in the present article
suggest that these quantitative indexes of resting state
EEG rhythms might reflect neurodegenerative pro-
cesses along preclinical and clinical stages of AD, at
least at group level. Furthermore, independent genetic
risk factors were related to specific features of these
EEG rhythms. Unfortunately, this remarkable liter-
ature suffers from the partial lack of integration of
various EEG techniques such as analysis of power
density and functional coupling (i.e. spectral coher-
ence, directed transfer function) within a unique frame
of goal-directed test for evaluation of physiological
brain aging and discrimination from abnormal scenar-
ios heralding neurodegeneration. In the near future,
systematic evaluation of AD and other dementing dis-
orders compared to normal aging using refined and
integrated EEG techniques will help to integrate these
methodologies and improve diagnostic utility. If this
approach can provide clinically useful information
at the individual level, such methods should prompt
design of an instrument widely available for large-scale
population-based screening studies.
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F, Chiovenda P, Del Duca M, Giambattistelli F, Ursini F,
Tombini M, Vernieri F, Rossini PM (2011) Motor cortex
excitability in Alzheimer’s disease: a transcranial magnetic
stimulation follow-up study. Neurosci Lett 492, 94-98.

[120] Arnaiz E, Almkvist O (2003) Neuropsychological features
of mild cognitive impairment and preclinical Alzheimer’s
disease. Acta Neurol Scand Suppl 179, 34-41.

[121] Rodriguez G, Vitali P, Canfora M, Calvini P, Girtler N,
De Leo C, Piccardo A, Nobili F (2004) Quantitative EEG
and perfusional single photon emission computed tomog-
raphy correlation during long-term donepezil therapy in
Alzheimer’s disease. Clin Neurophysiol 115, 39-49.

[122] Babiloni C, Benussi L, Binetti G, Cassetta E, Dal Forno
G, Del Percio C, Ferreri F, Ferri R, Frisoni G, Ghidoni
R, Miniussi C, Rodriguez G, Romani GL, Squitti R, Ven-
triglia MC, Rossini PM (2006e) Apolipoprotein E and alpha
brain rhythms in mild cognitive impairment: a multicentric
electroencephalogram study. Ann Neurol 59, 323-334.

[123] Babiloni C, Benussi L, Binetti G, Bosco P, Busonero G,
Cesaretti S, Dal Forno G, Del Percio C, Ferri R, Frisoni
G, Ghidoni R, Rodriguez G, Squitti R, Rossini PM (2006f)
Genotype (cystatin C) and EEG phenotype in Alzheimer
disease and mild cognitive impairment: a multicentric study.
Neuroimage 29, 948-964.

[124] Fernandez A, Arrazola J, Maestu F, Amo C, Gil-Gregorio
P, Wienbruch C, Ortiz T (2003) Correlations of hippocam-
pal atrophy and focal lowfrequency magnetic activity in
Alzheimer disease: volumetric MR imagingmagnetoen-
cephalographic study. AJNR Am J Neuroradiol 24, 481-487.

[125] Wolf H, Jelic V, Gertz HJ, Nordberg A, Julin P, Wahlund LO
(2003) A critical discussion of the role of neuroimaging in
mild cognitive impairment. Acta Neurol Scand Suppl 179,
52-76.

[126] Spiegel A, Tonner PH, Renna M (2006) Altered states of
consciousness: processed EEG in mental disease. Best Pract
Res Clin Anaesthesiol 20, 57-67.

[127] Prichep LS, John ER, Ferris SH, Rausch L, Fang Z, Cancro
R, Torossian C, Reisberg B (2006) Prediction of longitu-
dinal cognitive decline in normal elderly with subjective
complaints using electrophysiological imaging. Neurobiol
27, 471-481. Nerve 21, 1209-1215.

[128] Nuwer M (1997) Assessment of digital EEG, quantitative
EEG and brain mapping: report of the American Clinical
Neurophysiology Society. Neurology 49, 277-292.

[129] Claus JJ, Strijers RL, Jonkman EJ, Ongerboer de Visser BW,
Jonker C, Walstra GJ, Scheltens P, van Gool WA (1999) The
diagnostic value of electroencephalography in mild senile
Alzheimer’s disease. Clin Neurophysiol 110, 825-832.

[130] Bennys K, Rondouin G, Vergnes C, Touchon J (2001) Diag-
nostic value of quantitative EEG in Alzheimer disease.
Neurophysiol Clin 31, 153-160.

[131] Brassen S, Braus DF, Weber-Fahr W, Tost H, Moritz S,
Adler G (2004) Late-onset depression with mild cogni-
tive deficits: electrophysiological evidences for a preclinical
dementia syndrome. Dement Geriatr Cogn Disord 218,
271-277.

[132] Lehmann C, Koenig T, Jelic V, Prichep L, John RE, Wahlund
LO, Dodge Y, Dierks T (2007) Application and comparison
of classification algorithms for recognition of Alzheimer’s
disease in electrical brain activity (EEG). J Neurosci Meth-
ods 161, 342-350.

[133] Missonnier P, Gold G, Herrmann FR, Fazio-Costa L,
Michel JP, Deiber MP, Michon A, Giannakopoulos P (2006)
Decreased theta event-related synchronization during work-
ing memory activation is associated with progressive mild
cognitive impairment. Dement Geriatr Cogn Disord 22,
250-259.

[134] Buscema M, Rossini P, Babiloni C, Grossi E (2007) The
IFAST model, a novel parallel nonlinear EEG analysis
technique, distinguishes mild cognitive impairment and
Alzheimer’s disease patients with high degree of accuracy.
Artif Intell Med 40, 127-41.



Handbook of Imaging the Alzheimer Brain
J.W. Ashford et al. (Eds.)
IOS Press, 2011
© 2011 The authors and IOS Press. All rights reserved.
doi:10.3233/978-1-60750-793-2-405

405

Working Memory Electroencephalographic
Patterns in Subtypes of Amnestic Mild
Cognitive Impairment
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Abstract. Amnestic mild cognitive impairment (aMCI) is characterized by memory deficits alone (single-domain, sd-aMCI) or
associated with other cognitive disabilities (multi-domain, md-aMCI). Conversion rates to dementia are greater in multi- than
in single-domain aMCI, but it remains unclear whether md-aMCI is a mere progression of sd-aMCI or represents a distinct
clinical entity. Electroencephalography (EEG) is an easily accessible modality particularly powerful to investigate the functional
activation of neocortical circuits. Sensitive attention- and working memory-related EEG indices have been identified in MCI,
providing valuable insight on the underlying cerebral alterations. The present study examined the patterns of EEG activity during
the encoding and retrieval phases of working memory in md- and sd-aMCI, with the purpose to identify early differences in neural
activation between the two subtypes. Continuous EEG was recorded in 43 aMCI patients, whose 16 sd-aMCI and 27 md-aMCI,
and 36 age-matched controls (EC) during delayed match-to-sample tasks for face and letter stimuli. At encoding, attended stimuli
elicited parietal alpha (8–12 Hz) power decrease (desynchronization), whereas distracting stimuli were associated with alpha
power increase (synchronization) over right central sites. No difference was observed in parietal alpha desynchronization among
the three groups, suggesting similar attention-related activation of cortical circuits. For attended faces, the alpha synchronization
underlying suppression of distracting letters was reduced in both aMCI subgroups, but more severely in md-aMCI cases that
differed significantly from EC. At retrieval, the early N250r recognition effect was significantly reduced for faces in md-aMCI
as compared to both sd-aMCI and EC. The results suggest the differential alteration of working memory cerebral processes for
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faces in the two aMCI subtypes. Whereas a progressive impairment of the cerebral activity related to distracter suppression at
encoding is already present in sd-aMCI, md-aMCI is characterized by a specific deterioration of face covert recognition process
at retrieval.

Keywords: EEG, amnestic MCI, working memory, face, alpha activity, N250r component

INTRODUCTION

The concept of MCI assumes that there is a con-
tinuum between normal aging and dementia, and
designates a heterogeneous condition that includes
individuals presenting cognitive impairment in mem-
ory and/or other domains but preserved daily life
activities and absence of dementia [1]. Clinical char-
acterization further subdivides MCI into amnestic type
(aMCI), presenting mainly memory deficits, and non-
amnestic type (na-MCI), presenting impairment in
non-memory cognitive domains. Amnestic MCI is the
most likely to convert to clinically overt Alzheimer’s
Disease (AD) with an annual rate of 10–15% [2,
3]. The number of affected cognitive functions has
been used to further differentiate single domain aMCI
(sd-aMCI) with isolated memory impairment from
multiple domain aMCI (md-aMCI) showing additional
deficits in language, executive functions, or visuospa-
tial abilities [3]. Recent studies suggest that conversion
rates to AD are considerably greater for md-aMCI
compared to sd-aMCI [4–7]. The psychophysical,
structural, and functional imaging characteristics of sd-
aMCI and md-aMCI are currently explored, in search
for possible differences in the expression of the under-
lying AD pathology. For instance, a more severe total,
but not hippocampal brain atrophy in md-aMCI as
compared to sd-aMCI was observed [8]. However, a
study using PIB amyloid imaging did not evidence
significant differences in the proportion of amyloid-
positive patients as a function of the aMCI subtype
[9]. Moreover, a larger activation of cerebral networks
associated with preserved cognitive functions was even
described in sd-aMCI patients compared to controls,
pointing to the presence of compensation mechanisms
[10]. To date, no formal differentiation between the
aMCI subtypes has been evidenced.

Whether the md-aMCI subtype represents a natural
progression of sd-aMCI or involves specific pathologi-
cal processes remains an open question. In front of the
inherent heterogeneity of the MCI construct and the
limitation of the neuropsychological instruments, the
need for an objective evaluation of underlying cerebral
pathology appears as a prerequisite for addressing this

issue. Among in-vivo investigating tools of the brain,
electroencephalography (EEG) represents a widely
available, non-invasive and low-cost procedure able
to depict dynamic information on brain function
with high temporal resolution, particularly suitable to
capture subtle alteration in the instant activation of
neural generators before the occurrence of significant
brain damage in MCI. Early EEG studies focusing
on cross-sectional quantitative differences between
healthy controls, MCI and AD cases have reported con-
troversial observations, mainly due to the substantial
overlap in the quantitative EEG parameters between
controls and MCI ([11] for review). In contrast, analy-
sis of the EEG signal in response to controlled events
represents a powerful tool for investigating the func-
tional activation of neocortical circuits. Event-related
potentials (ERPs), typically recorded by event-locked
averaging of the EEG, are made of various compo-
nents designed by their polarity (N for negative, P for
positive) and mean latency of occurrence after event
presentation ([12] for review). In parallel, event-related
oscillatory activities are obtained by power analysis of
the EEG signal, displaying specific response patterns
according to the frequency band and the nature of the
event ([13] for review). Several EEG contributions in
healthy subjects have reported the reactivity of cere-
bral oscillatory activity to various cognitive attention
and memory tasks, especially in the theta, alpha and
beta frequency ranges [14–17]. Of particular interest
in this context is the distinction between frontal and
parietal theta activities in relation to selective atten-
tion and working memory load, respectively [18]. In
MCI, cognitive activation designs have provided var-
ious ERP markers of altered brain function, mostly
endogenous components reacting to the cognitive con-
tent of the task, such as the P200, N200, P300, N400 or
P600 components [19–26]. In working memory tasks,
an ERP index of memory load proved to efficiently pre-
dict rapid cognitive deterioration in MCI cases [27]. In
MCI patients having later deteriorated, the reduction
of frontal theta activity as compared to stable cases
and elderly controls suggested the presence of early
deficits in selective attention networks [28]. Further-
more, combination of event-related indices and beta
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activity collected during working memory tasks proved
to efficiently predict MCI deterioration [29].

Relatively few studies have used EEG indices to
specifically investigate aMCI cases [30–32], and none
of them have directly compared the two aMCI sub-
types. While episodic memory impairment is a central
feature in aMCI, working memory, which refers to
the ability to hold and manipulate incoming informa-
tion for short time periods, may also be affected in
this condition [33–36]. Since it refers to short-term
processing, working memory is easily accessible to
experimental implementation and has proved useful
in the evaluation of related processes, i.e., selective
attention, manipulation and rehearsal of information,
retrieval and central executive functions [37]. Some
behavioral studies have suggested that the focusing
of attention, a key component of successful working
memory, is altered in MCI [38, 39]. Further behav-
ioral data have reported more severe working memory
deficits in multi- than single-domain MCI patients [34].
Despite these observations, potential functional differ-
ences in memory processes in aMCI have not been
examined, although they could represent basic dis-
tinctive features of cerebral dysfunction. The present
chapter describes an EEG study designed to investigate
whether EEG responses can discriminate md-aMCI
from sd-aMCI and age-matched controls during work-
ing memory performance [40]. In order to disentangle
the different processes of memory activation, the
delayed-match-to-sample (DMS) experimental task
was adopted, which typically contains three phases:
encoding (“stimulus”), maintenance (“retention”), and
retrieval (“probe”) [41]. The encoding phase included
face and letter stimuli that were alternatively attended
or ignored according to task instruction. Thus, pro-
cesses of selective attention for task-relevant stimuli
as well as suppression of task-irrelevant stimuli were
independently evaluated, both processes being suscep-
tible to cognitive deterioration [28, 39, 42, 43]. Letter
and face stimuli permitted the evaluation of verbal and
non-verbal memory, known to be highly sensitive to
cognitive decline ([44] for review). Among non-verbal
material, faces represent complex visual stimuli with
high social and emotional significance, which recog-
nition is impaired in AD but appears to be preserved
in aMCI [45–47]. Such findings underline the need for
closer examination of the functional substrates of face
recognition, in search for potential cerebral alteration
preceding behavioral impact.

The event-related EEG analysis was performed in
the encoding and retrieval phases of the DMS task,

using formerly identified sensitive electrophysiologi-
cal markers. In the encoding phase, selective attention
processes were examined using the alpha (8–12 Hz)
oscillatory activity time-locked to stimulus onset. A
decrease in alpha power, or desynchronization (ERD),
is commonly observed in cerebral regions actively
engaged in the task ([15] for review), while recent
evidence suggests that alpha power increase, or syn-
chronization (ERS), can be concomitantly recorded
in disengaged regions, allowing functional inhibition
necessary for optimal information processing ([48]
for review). Deiber and colleagues recently explored
the ERPs as well as the alpha activity during the
encoding phase of the same DMS task in healthy
young and elderly subjects [49]. They showed that
alpha activity at encoding depended on whether the
stimulus had to be attended or ignored, and that the
activity related to suppression of ignored stimuli was
altered with age, in correspondence with increased
age-related distractibility [50–52]. In the retrieval
phase, ERPs elicited by the probe stimuli were exam-
ined. The ‘N250r’ component has been consistently
identified in the DMS task, larger in amplitude for
attended stimuli previously stored in short-term mem-
ory [53]. This repetition-sensitive N250r, particularly
pronounced for faces, is thought to represent an early
index of covert recognition preceding active recollec-
tion processes [54–56]. The rationale for examining
early covert processes was that they are less susceptible
to be affected by potential compensatory mechanisms
that may occult subtle differences between aMCI
subtypes.

MATERIALS AND METHODS

Inclusion procedure

Seventy-nine right-handed elderly subjects
(64.7 ± 5.9 years; 46 women) were recruited using
announcements in local newspapers. All individuals
were screened with the Mini Mental State Exam-
ination (MMSE) [57], the Lawton’s Instrumental
Activities of Daily Living (IADL) [58], and the
Hospital Anxiety and Depression Scale (HAD) [59].
In addition, extensive neuropsychological testing
was performed, including attention (Wechsler Adult
Intelligence Scale-Revised, WAIS-R, Code [60],
Trail Making Test A [61]), working memory (verbal:
Digit Span Forward [62], visuo-spatial: Corsi Block
Tapping [63]), episodic memory (verbal: Buschke
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Double Memory Test 48 items [64], visual: Shapes
[65]), executive functions (Trail Making Test B
[61], verbal fluency [66], Wisconsin Card Sorting
Test [67]), language (Boston Naming [68]), visual
gnosis (Ghent Overlapping Figures [69]) and praxis
(ideomotor [70], reflexive [71], and constructional
[72]). Subjects were also evaluated with the Clinical
Dementia Rating scale (CDR) [73], and only CDR 0
cases with scores within 1.5 standard deviations of
the age appropriate mean in all tests were included
in the control group (EC), made of 36 individuals
(64.7 ± 6.6 years; 24 women). Participants having a
CDR score of 0.5 but no dementia, and a score more
than 1.5 standard deviations below the age appropriate
mean in any of the above tests, were diagnosed as
possible MCI [74]. Among these cases, single domain
amnestic MCI (decreased performance in the Buschke
Double Memory Test 48 items) were distinguished
from multi-domain amnestic MCI (decreased perfor-
mance in the Buschke Double Memory Test 48 items
and either the Trail Making test or the Corsi Block
Tapping test) [75]. These patients were reviewed
independently by two highly experienced clinicians
blinded to each other’s findings and were included
in the respective MCI groups only if both clinicians
concurred on the diagnosis. The final sample included
16 single domain amnestic MCI (sd-aMCI, 65.8 ± 5.4
years, 7 women), and 27 multi-domain amnestic MCI
(md-aMCI, 64 ± 5.3 years, 15 women) (Table 1).

All EC and aMCI participants had normal or
corrected-to-normal visual acuity, and none reported
a history of major medical disorders (cancer, cardiac
illness), sustained head injury, psychiatric or neuro-
logical disorders, and alcohol or drug abuse. Subjects
with regular use of psychotropics, stimulants and ß-

Table 1
Demographic and clinical data

Variables EC sd-aMCI md-aMCI

Age (years) 64.7 ± 6.6 65.8 ± 5.4 64.0 ± 5.3
Gender (f/m) 24/12 7/9 15/12
Educationa 2.0 ± 0.8 2.4 ± 0.6 1.9 ± 0.7
MMSE 29.0 ± 0.8 28.2 ± 1.5 27.7 ± 1.9
IADL 8.4 ± 1.0 8.6 ± 0.7 8.5 ± 1.0
HAD anxiety 6.0 ± 2.4 5.3 ± 3.5 6.1 ± 3.4
HAD depression 2.6 ± 1.9 1.8 ± 1.8 2.3 ± 1.8

Data are presented as mean ± SD. EC: elderly controls (N = 36);
sd-aMCI: single-domain amnestic MCI (N = 16); md-aMCI: multi-
domain amnestic MCI (N = 27). aEducation levels, 1: ≤9 years, 2: 10
to 12 years, 3: >12 years; MMSE: Mini-Mental State Examina-
tion; IADL: Lawton’s Instrumental Activities of Daily Living; HAD:
Hospital Anxiety and Depression Scale (cut off is 8 for both anxiety
and depression).

blockers were excluded because of the potential effects
of these drugs on cerebral activity. Informed written
consent was obtained from all participants included in
the study. The study was approved by the Ethical Com-
mittee of the University Hospitals of Geneva, and was
in line with the Helsinki Declaration.

Experimental design

Three blockwise-interleaved delayed-match-to-
sample (DMS) tasks were used in which visual
information was held constant while the task demands
were manipulated [49, 76]. The participants, comfort-
ably seated, watched a computer-controlled display
screen at a distance of 80 cm. In each task, they
viewed series of four images, two faces and two
letters, presented in a randomized order (Fig. 1).
Each image was presented for 1000 ms with a 600 ms
blank-screen inter-stimulus interval. The tasks dif-
fered on the basis of the instruction informing the
participants on how to process the stimuli: (A1) Face
task: Remember Faces and Ignore Letters, (A2) Letter
task: Remember Letters and Ignore Faces, and (A3)
Passive task: Passive View of both Faces and Letters,
with no attempt to remember or evaluate them. The
attention status was conceptualized as follows: for
A1 and A2 memory conditions, attention is required
for one stimulus category (“Attend”), the irrelevant
stimulus category being ignored (“Ignore”) (e.g., faces
are selectively attended in task A1, and ignored in
task A2); in task A3, no attention is devoted to neither
stimulus category (“Passive”). Images were followed
by a 1200 ms delay period, after which a fifth stimulus
(probe) was presented until the subjects responded
or for a maximum of 2800 ms. In the memory tasks
(A1, A2), the probe was a face or a letter (depending
upon the condition), and participants were required to
report whether it matched (target) or not (lure) one
of the previously presented, relevant stimuli. In the
Passive task (A3), an arrow was presented as probe
and the subjects were required to indicate its direction.
A 2000 ms inter-trial interval followed either the
response or the 2800 ms response-window. In all
tasks, the subjects’ response consisted in pressing a
button with the right or left index finger (memory
tasks: target or lure, Passive task: right or left arrow
direction). Targets and lures, as well as right and left
arrow directions, occurred with equal probability.
Images of faces and letters were embedded in a 50%
random noise grey rectangular background patch sub-
tending approximately 6◦ × 7◦ of visual angle. Sixty
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Fig. 1. Experimental design. In each trial, 2 faces and 2 letters are presented in a randomized order. Tasks differ in the instructions given at the
beginning of each run and in the response requirements. In the response period (Probe), a face (A1) or a letter (A2) is presented, and subjects
must report with a button press whether the stimulus matched one of the previously presented stimuli. In the passive task (A3), subjects make a
button press indicating the direction of the arrow.

digitized grayscale images of male (30) and female
(30) faces of neutral expressions were selected from
the Karolinska Directed Emotional Faces set [77],
the gender of the face stimuli used within each trial
being held constant. Twenty letter images were used,
made of Arial font white letters with 10% grey noise.
Each task consisted of 36 trials (72 face and 72 letter
stimuli) and lasted approximately 5.5 min. Twenty out
of the 72 face images were repeated once within a run,
while letters were repeated on average 3.6 times per
run. The order of task presentation was randomized
across participants. A short training session on the
Face task preceded the session, so that each participant
got familiar with the task requirements.

Data acquisition and processing

Continuous EEG was recorded using 30 surface
electrodes mounted on a cap (NeuroScan Quick
Cap) and referenced to the linked earlobes. Electrode
impedances were kept below 5 k�. Electrophysiologi-
cal signals were sampled at 1000 Hz with lower cutoff
at 0.05 Hz and upper cutoff at 200 Hz (DC amplifiers
and software by NeuroScan, USA). The electroocu-
logram was recorded using two pairs of bipolar
electrodes in both vertical and horizontal directions.
Visual stimuli and button presses were automatically
documented with markers in the continuous EEG
file, which were used off-line to segment the contin-

uous EEG data into epochs time-locked to stimulus
onset.

Reaction time (RT) was measured as the time
interval between probe onset and response button
press. Accuracy was defined as the percentage of
correct responses. Raw EEG data were re-referenced
to the average reference off-line. Ocular artifacts
were removed using singular value decomposition
(NeuroScan software). The EEG was segmented into
epochs of 1000 ms time-locked on stimulus onset and
epochs of 1200 ms starting 200 ms before probe onset
for encoding and retrieval analysis, respectively. The
epochs were automatically scanned for contamination
by muscular or electrode artifacts, and the remaining
trials were inspected visually to control for residual
minor artifacts.

Encoding
The power of the signal in the alpha frequency

range was obtained using the frequency extrac-
tion module of Brain Vision Analyzer software
between 7.5 and 12.5 Hz. Within each task and for
each trial, the power from stimulus onset to off-
set (1000 ms) corresponded to the power in the
active state (A), whereas the average power dur-
ing the 500 ms preceding the trial was selected as
the reference period power (R). The percentage of
power change over baseline was calculated using
the traditional formula: %ERD/ERS = (A–R)/R ×
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100. Thus, negative percentage values correspond to a
decrease in power, or desynchronization (ERD), and
positive percentage values to a power increase, or
synchronization (ERS) [13]. Deiber et al. previously
demonstrated that alpha ERD associated to attended
stimuli displayed a parietal distribution with right later-
alization for faces (P4) and left lateralization for letters
(P7), whereas alpha ERS associated to ignored and pas-
sively viewed stimuli culminated in the right central
region (C4) [49]. The alpha %ERD/ERS time course
was measured between 200 and 1000 ms in 10 ms
time-windows over the electrodes showing maximal
alpha responses, i.e, right parietal (P4) for attended
faces, left parietal (P7) for attended letters, and right
central (C4) for both faces and letters in Ignore and
Passive status.

Retrieval
ERPs were obtained by averaging the EEG signal

within 1000 ms after probe onset, with a 200-ms
pre-probe baseline, for correct-response trials only.
They were band-pass filtered between 0.5 and 30 Hz (-
48 dB/octave) using a zero-phase shift digital filter. To
examine the effects of stimulus repetition on ERPs at
retrieval, the waveforms for faces/letters that matched
a face/letter in the encoding set (target ERPs) were
compared to the waveforms for faces/letters that did
not match any of the faces/letters in the encoding set
(lure ERPs). A target minus lure difference waveform
was obtained for each Face and Letter task, which
revealed the N250r component as an increased nega-
tivity over the right central region in the latency range
between 230 and 350 ms. N250r amplitude was mea-
sured on the culmination electrodes identified in the
grand average target minus lure difference waveform
(FC4, C4, CP4).

Statistical analysis

Demographic (age, gender, education) and neu-
ropsychological scores were compared among the
three groups using the Kruskal-Wallis non-parametric
test, with Bonferroni correction for multiple group
comparisons. The distribution of performance values
was normalized using cubic transformation. RT as
well as normalized performance values were com-
pared using a two-way repeated measures ANCOVA
with Task (Face, Letter, Passive) as within-subject
and Group (EC, sd-aMCI, md-aMCI) as between-
subject factors, while controlling for age, gender and
education. Post-hoc analysis used paired t-tests with

Bonferroni correction for multiple comparisons. In the
encoding phase, for each stimulus category and atten-
tion status, the effect of group was tested on alpha
%ERD/ERS within each 10 ms-time window using a
one-way repeated measures ANCOVA with control
for age, gender and education. To partially correct for
multiple comparisons, data were considered reliable
only when at least 5 consecutive time-windows (50 ms)
were significant (p < 0.05). In the retrieval phase, the
N250r amplitude values were entered into a two-way
repeated-measures ANCOVA, with Stimulus category
(Face, Letter) as within-subject and Group (EC, sd-
aMCI, md-aMCI) as between-subject factors, while
controlling for age, gender and education. Post-hoc
analysis used paired t-tests with Bonferroni correction
for multiple comparisons.

RESULTS

Clinical and neuropsychological data
(Tables 1 and 2)

Age, gender and education did not differ signif-
icantly between the three groups. IADL and HAD

Table 2
Neuropsychological data

Variables EC sd-aMCI md-aMCI

Attention
WAIS-R; Code 64.8 ± 13.4 62.2 ± 10.8 56.2 ± 12.6
Trail Making Test A (s) 37.0 ± 9.8 35.6 ± 9.1 46.9 ± 15.6

Working memory
Verbal (Digit) 6.8 ± 2.0 7.0 ± 2.4 6.0 ± 1.5
Visuo-spatial (Corsi) 5.6 ± 1.4 5.6 ± 1.5 4.7 ± 1.6

Episodic memory
Verbal (Buschke 48)

Immediate recall (IR) 42.7 ± 3.6 35.9 ± 8.3 36.1 ± 5.2
Differed cued recall (DR) 29.7 ± 4.9 17.9 ± 4.2 23.0 ± 5.1
Intrusions 2.6 ± 2.2 3.6 ± 3.0 4.3 ± 2.8

Visual (Shapes) 11.8 ± 0.4 11.6 ± 0.8 10.9 ± 1.5
Executive functions

Trail Making Test B (s) 59.0 ± 17.6 57.9 ± 17.5 89.3 ± 44.9
Verbal Fluency 24.2 ± 6.8 20.5 ± 6.0 22.5 ± 6.6
WCST 5.3 ± 1.5 5.4 ± 1.2 4.4 ± 2.0

Language (Boston) 19.6 ± 0.8 19.1 ± 0.8 19.1 ± 0.9
Visual gnosis (Ghent) 5.0 ± 0.0 5.0 ± 0.0 5.0 ± 0.0
Standardized praxis

Ideomotor 29.3 ± 1.2 28.1 ± 3.2 28.3 ± 1.9
Reflexive 7.5 ± 0.8 7.6 ± 0.5 7.0 ± 0.9
Constructional 10.6 ± 1.7 11.0 ± 0.0 10.6 ± 0.7

Data are presented as mean ± SD. EC: elderly controls; sd-aMCI:
single-domain amnestic MCI; md-aMCI: multi-domain amnestic
MCI. WAIS-R: Wechsler Adult Intelligence Scale - Revised; WCST:
Wisconsin Card Sorting Test, number of completed categories (/6);
Ideomotor praxis: transitive and intransitive (/30).
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scores were also comparable among groups. EC had a
significantly higher MMSE than md-aMCI (p < 0.005),
and significantly higher Buschke immediate recall (IR)
and differed cued-recall (DR) scores than both sd-
aMCI (IR: p < 0.005, DR: p < 0.0001) and md-aMCI
(IR, DR: p < 0.0001). Md-aMCI were slower than both
EC and sd-aMCI in the Trail Making Test A (p < 0.01)
and B (p < 0.001).

Behavioral data

Figure 2 displays the mean reaction time and
performance for each task and group. There was
a significant task effect on RTs (F(2,72) = 102.8,
p < 0.0001), with longest RTs for Face followed by
Letter and Passive tasks (Face > Passive: t = 21.84,
p < 0.005; Face > Letter: t = 8.43, p < 0.005; Letter >
Passive: t = 21.94, p < 0.005). Main effects of group
(F(2,72) = 5.78, p < 0.001) and task (F(2,72) = 98.4,
p < 0.001) were observed on performance. Md-aMCI
was the worst performing group, with significantly
poorer overall performance than EC (t = 3.06,
p < 0.005). In terms of performance, the Face task
was significantly harder that the Letter and Passive
tasks (Face < Letter: t = 9.8, p < 0.005; Face < Passive:
t = 13.63, p < 0.005; Letter < Passive: t = 5.95,
p < 0.005). Additionally, there was an interaction
between group and task (F(4,72) = 2.79, p < 0.05), with
md-aMCI performing significantly worse than EC in
the Face task only (t = 3.19, p < 0.01). No effects of
age, gender and education were observed on RT and
performance.

Electrophysiological data at encoding: alpha
%ERD/ERS

Figure 3A shows the time course of alpha power
for each group, stimulus category and attention sta-
tus, on electrodes with maximal alpha responses. After
200 ms, attended stimuli elicited an alpha ERD on
parietal electrodes, maximal on right and left hemi-
sphere for face and letter, respectively. Ignored stimuli
were accompanied by a sustained alpha ERS culmi-
nating on right central electrode for both stimulus
categories. A main effect of group was observed only
for ignored letters, starting at 230 and ending at 360 ms
(F(2,72) range = 3.27 to 4.64, p < 0.05). Whereas both
aMCI subgroups showed reduced alpha ERS as com-
pared to EC, this reduction was significant only in
md-aMCI (t range = 2.43 to 2.84, p < 0.05). There was
also a trend for reduced alpha ERS between 260 and

Fig. 2. Mean reaction time (ms) and performance (% of correct
response) for each task and group, with standard deviations. EC:
elderly controls (N = 36); sd-aMCI: single-domain amnestic MCI
(N = 16); md-aMCI: multi-domain amnestic MCI (N = 27). Face per-
formance is significantly worse in md-aMCI as compared to EC
(*: p < 0.01).

330 ms in md-aMCI compared to EC when ignoring
faces (p < 0.07). The topographic distribution of alpha
power for ignored letters reveals the marked reduction
of alpha ERS on right central region in md-aMCI as
compared to EC, and the intermediate reduction level
for sd-aMCI (Fig. 3B). No effects of age, gender and
education were observed on alpha %ERD/ERS.
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Fig. 3. A. Grand average alpha %ERD/ERS for face and letter stimuli in Attend (upper row) and Ignore (bottom row) attention status in the
3 groups. Data are presented at electrodes showing largest alpha responses. After 200 ms the Attend status is associated with a parietal alpha ERD
(negative values), and the Ignore status with a sustained central alpha ERS (positive values). The alpha ERS to ignored letters is significantly
smaller in md-aMCI compared to EC between 230 and 360 ms (dotted lines). B. Topographic distribution of alpha %ERD/ERS for ignored
letters in the 3 groups, average between 230 to 360 ms after stimulus onset. Blue colors for ERD, red colors for ERS. Compared to controls
(solid circle), the right central ERS is reduced in sd-aMCI (dashed circle) and negligible in md-aMCI (dotted circle).

Electrophysiological data at retrieval: target vs.
lure ERPs

Figures 4 and 5 show the grand average wave-
forms to target and lure probes within each group for
face and letter, respectively. P1 and N1 early visual
ERP components were recorded at occipital sites,
while the N170 component culminated over the right
occipito-temporal region and was larger for face than
letter stimuli, in agreement with the well described
face-sensitivity of the N170 ([78] for review). There
was no significant difference on these components
across groups. Subtracting lure from target ERPs
revealed a N250r component with right centro-parietal
distribution. The N250r was markedly reduced in
md-aMCI for faces (Fig. 4), whereas it was simi-
lar among groups for letters (Fig. 5). Main effects
of group (F(2,72) = 8.36, p < 0.001) and stimulus cate-
gory (F(1,72) = 6.95, p < 0.05) were observed on N250r

amplitude. N250r for faces was significantly reduced
in md-aMCI as compared to EC (t = 3.40, p < 0.005)
and sd-aMCI (t = 3.48, p < 0.005), whereas no signifi-
cant difference was observed across groups for letters.
N250r for faces was larger than for letters (t = 2.92,
p < 0.05). No effects of age, gender and education were
observed on N250r.

DISCUSSION

The present data revealed distinct patterns of EEG
responses in aMCI subtypes during working memory
tasks. Unlike sd-aMCI cases who display moderate
EEG activity alteration confined to encoding, md-
aMCI show significant alteration of EEG patterns that
concerns both the encoding and retrieval phases of the
memory process. These results pointed out the sen-
sitivity of electrophysiological indices to detect early
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Fig. 4. A. Grand average ERPs to target (solid line) and lure (dotted line) face probes, and difference waves between target and lure (gray
line). The N250r repetition effect signaled on difference waves over CP4 and C4 electrodes in EC and md-aMCI (dashed line) is negligible in
md-aMCI (dotted line). B. Topographic distribution of N250r repetition effect for faces at latency of peak amplitude in the 3 groups. N250r
displays a right centro-parietal distribution in both EC and sd-aMCI, and is not detectable in md-aMCI (dotted circle).
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Fig. 5. A. Grand average ERPs to target (solid line) and lure (dotted line) letter probes, and difference waves between target and lure (gray line).
The N250r repetition effect signaled on difference waves over CP4 and C4 electrodes is similar in the 3 groups (dashed line). B. Topographic
distribution of N250r repetition effect for letters at latency of peak amplitude in the 3 groups.
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functional differences in short-term memory processes
between subtypes of aMCI.

Encoding

The observation on alpha ERD/ERS confirmed the
patterns of alpha activity according to the top-down
control of attention carried by the instruction that
were recently described in healthy elderly controls
[49]. Attended stimuli were associated with a bilateral
parietal alpha ERD showing stimulus-specific later-
alization tendency, i.e., predominant right and left
distribution for faces and letters, respectively. Such
posterior alpha desynchronization reflects selective
attentional activation in dedicated cerebral areas [13,
15]. Intervening distracting stimuli that had to be
ignored were associated with right predominant cen-
tral alpha ERS, suggesting a role of this region in
the top-down mechanism of distracter suppression.
Indeed, alpha ERS, corresponding to an increase in
alpha power, is thought to reflect the functional inhi-
bition of task-irrelevant regions necessary to allocate
resources to task-relevant regions [48, 79–82].

The similar parietal alpha ERD observed in the
three diagnostic groups supported the preservation of
cerebral processes relative to selective visual attention
in aMCI. There is an ongoing discussion about the
attentional processes that are altered in MCI patients.
Whereas alteration of selective attention was pro-
posed [38, 39], the most severe difficulties were often
observed in disengaging and shifting attention, as
well as in inhibiting competing responses [42, 43,
83, 84]. Deiber and colleagues recently reported that
stable MCI patients showed similar frontal induced
theta activity as controls at inclusion, suggesting the
preservation of cortical circuits involved in selective
attentional processes [18, 28]. They also observed
spared attention-related alpha activity in elderly as
compared to young healthy individuals [49]. The com-
parable posterior alpha activity in aMCI and controls
reported here is concordant with these findings. How-
ever, MCI cases that deteriorate at one-year follow-up
displayed decreased frontal induced theta activity at
inclusion, suggesting early deficits in selective atten-
tion networks in progressive MCI [28]. Taken together,
these results indicate that the cerebral activity under-
lying selective attention is preserved independently
of age and mild cognitive decline, but may undergo
early significant alteration in rapidly evolving cogni-
tive impairment.

The reduction of alpha ERS to ignored stimuli
in md-aMCI compared to controls suggested altered
suppression activity for distracters in this subgroup
[49]. Although such deficit was observed in both face
and letter tasks, it was only significant in the most
difficult face task, in which the participants had to sup-
press irrelevant letters. Interestingly, in the same task,
md-aMCI displayed significantly worst performances
compared to controls. These findings are consistent
with most attention studies in MCI and early AD
reporting an association between cognitive impairment
and enhanced vulnerability to interferences [42, 85,
86]. In line with the data in md-aMCI cases, an age-
related reduction of alpha ERS to distracting letters
was recently evidenced [49], supporting the vulner-
ability of top-down suppression mechanisms even in
normal brain aging [50–52, 87]. Sd-aMCI showed
alpha ERS values closer to md-aMCI than to controls,
but not significantly different from either groups. Such
intermediate alpha ERS pattern supports the idea of
a continuum in the susceptibility of top-down inhibi-
tion mechanisms from young to healthy elderly and
sd-aMCI, the md-aMCI displaying the highest vulner-
ability of related cortical circuits.

Retrieval

The subtraction of lure ERPs from target ERPs did
not reveal any significant difference before 250 ms in
any of the diagnostic group. This observation sup-
ports previous findings reporting preserved sensory
processing in MCI and AD, as indexed by unaltered
cortical ERPs before 185–200 ms [19, 88, 89]. The
N200 component is among the initial ERP whose
latency delay has been described as potentially predic-
tive of cognitive deterioration in MCI patients [26, 29].
Concerning early cognitive components, the N250r is
a negative deflection consistently described for imme-
diate face repetitions [90, 91]. It refers to a relatively
more negative ERP for repeated (target) as compared
to unrepeated (lure) faces, typically peaking between
230 and 330 ms over right parieto-temporal sites. The
N250r, also observed for other visual stimuli such as
letters and words [56, 92–94], is thought to reflect the
covert repetition-sensitive activation of stored repre-
sentations for recognition. The present data revealed
a larger N250r for faces than letters, consistent with
the well-established sensitivity for face recognition of
this component [55]. Importantly, a significant group
effect was evidenced on the N250r, with md-aMCI
showing smaller N250r amplitude for faces than both
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sd-aMCI and control subjects. This result suggests that
the brain process of matching face information to short-
term representations is specifically altered in md-aMCI
subgroup, supporting distinct functional vulnerability
among the two aMCI subtypes. Parallel observations
indicate that retrieval processes are particularly sen-
sitive to cognitive decline. The memory “storage”
C250 component, analogous to the N250r, was recently
shown to be among the ERP components predicting
MCI individuals who deteriorate versus those who
remain stable, supporting its discriminating power for
MCI conversion to AD [19]. Regarding face process-
ing, neuropsychological studies have documented the
absence of deficit in face recognition in aMCI com-
pared to AD patients [45, 47]. The present results
reveal early deficits in the activation of neural gener-
ators involved in covert face recognition in md-aMCI
patients, and suggest distinctive underlying functional
characteristics between the two aMCI subgroups at
retrieval.

Single versus multi-domain aMCI

Very few studies have specifically addressed the
potential disparities in cognitive activation between
single- and multi-domain aMCI subgroups. In a
visual search task, behavioral measures of visual
attention and intraindividual variability showed sig-
nificant differences in attention between md-aMCI
(but not sd-aMCI) and controls, with decrements
in controlled processing and shifting efficacy, albeit
preserved attentional distribution [95]. Such visual
attention impairment could be expected to affect
encoding processing in md-aMCI. The present data
confirm this hypothesis and reveal for the first time
to our knowledge a differential alteration of working
memory-related cerebral processes for faces in aMCI
subtypes. Compared to controls md-aMCI were more
severely impaired than sd-aMCI in respect to brain
activation related to distracter inhibition at encoding.
Such activation was moderately altered in sd-aMCI,
supporting the idea of a progressive worsening in the
cerebral control of interfering stimuli with increas-
ing severity of cognitive deficits. Contrasting with this
continuum between sd- and md-aMCI at encoding,
only md-aMCI displayed a vulnerability of cortical cir-
cuits involved in covert face recognition at retrieval.
This qualitative difference implies that md-aMCI are
exposed not only to the progressive damage of neu-
ral generators already affected in sd-aMCI during the
encoding phase of working memory, but also to spe-

cific pathological processes relative to covert face
recognition.
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[40] Deiber MP, Ibáñez V, Herrmann F, Rodriguez C, Emch J,
Missonnier P, Millet P, Gold G, Giannakopoulos P (2011) Face
short-term memory-related electroencephalographic patterns
can differentiate multi- versus single-domain amnestic mild
cognitive impairment. J Alzheimers Dis in press.

[41] Habeck C, Rakitin BC, Moeller J, Scarmeas N, Zarahn E,
Brown T, Stern Y (2005) An event-related fMRI study of the
neural networks underlying the encoding, maintenance, and
retrieval phase in a delayed-match-to-sample task. Brain Res
Cogn Brain Res 23, 207-220.

[42] Amieva H, Phillips LH, Della Sala S, Henry JD (2004)
Inhibitory functioning in Alzheimer’s disease. Brain 127,
949-964.

[43] Perry RJ, Hodges JR (1999) Attention and executive deficits
in Alzheimer’s disease: a critical review. Brain 122, 383-
404.

[44] Chetelat G, Eustache F, Viader F, De La Sayette V, Pelerin
A, Mezenge F, Hannequin D, Dupuy B, Baron JC, Des-
granges B (2005) FDG-PET measurement is more accurate



418 M.-P. Deiber et al. / Working Memory in Amnestic MCI Subtypes

than neuropsychological assessments to predict global cogni-
tive deterioration in patients with mild cognitive impairment.
Neurocase 11, 14-25.

[45] Bediou B, Ryff I, Mercier B, Milliery M, Henaff MA,
D’Amato T, Bonnefoy M, Vighetto A, Krolak-Salmon P
(2009) Impaired social cognition in mild Alzheimer disease.
J Geriatr Psychiatry Neurol 22, 130-140.

[46] Holdnack JA, Delis DC (2004) Parsing the recognition
memory components of the WMS-III face memory subtest:
normative data and clinical findings in dementia groups. J
Clin Exp Neuropsychol 26, 459-483.

[47] Seelye AM, Howieson DB, Wild KV, Moore MM, Kaye JA
(2009) Wechsler Memory Scale-III Faces test performance in
patients with mild cognitive impairment and mild Alzheimer’s
disease. J Clin Exp Neuropsychol 31, 682-688.

[48] Jensen O, Mazaheri A (2010) Shaping functional architecture
by oscillatory alpha activity: gating by inhibition. Front Hum
Neurosci 4, 186.

[49] Deiber MP, Rodriguez C, Jaques D, Missonnier P, Emch J,
Millet P, Gold G, Giannakopoulos P, Ibáñez V (2010) Aging
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Abstract. Cognitive event-related brain potential (ERP) studies of decision-making and attention, language, and memory impair-
ments in Alzheimer’s disease (AD) and mild cognitive impairment (MCI) are reviewed. Circumscribed lesions of the medial
temporal lobe (MTL), as may be the case in individuals with amnestic MCI, generally produce altered plasticity of the late
positive P600 component, with relative sparing of earlier sensory ERP components. However, as the neuropathology of AD
extends to neocortical association areas, abnormalities of the P300 and N400 (and perhaps even P50) become more common.
Critically, ERP studies of individuals at risk for AD may reveal neurophysiological changes prior to clinical deficits, which
could advance the early detection and diagnosis of “presymptomatic AD”.

Keywords: Alzheimer’s disease (AD), mild cognitive impairment (MCI), synaptic dysfunction, preclinical AD, event-related
potentials (ERP), P300, N400, P600, Late Positive Component (LPC), EEG

INTRODUCTION/OVERVIEW

This article offers a concise overview of the scien-
tific literature on several event-related brain potential
(ERP) components with demonstrated sensitivity to
Alzheimer’s disease (AD). These components include
the N200, P300, N400, and P600 (or LPC for late posi-
tive component), each of which taps different aspects of
perceptual and/or cognitive processing. ERPs provide
a flexible and powerful technique, with superb tem-
poral resolution, which can be used to probe subtle,
sometimes ‘subclinical’, abnormalities of cognition.
Despite over 30 years of ERP research since the initial

∗Correspondence to: Prof. John M. Olichney, M.D., Center for
Mind and Brain, 267 Cousteau Place, Davis, CA 95618, USA. Fax:
+1 530 297 4000; E-mail: jmolichney@ucdavis.edu.

P300 studies, the full potential of cognitive ERPs for
diagnosing and/or treating AD patients has yet to be
realized. In this era of rapidly evolving brain imaging
techniques, non-invasive electrophysiological data are
increasingly important in advancing our understand-
ing of the what and where of cognition. Understanding
the mechanisms by which AD causes an unraveling
of many key cognitive processes, far broader than
memory processes alone, is finally within the reach
of cognitive neuroscientists.

COGNITIVE EVENT-RELATED
POTENTIALS (ERPS)

Cognitive ERPs provide a powerful, non-invasive,
tool for studying the brain’s synaptic function. ERPs

mailto:jmolichney@ucdavis.edu
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are an instantaneous reflection of the summated post-
synaptic excitatory (EPSPs) and inhibitory (IPSPs)
membrane potentials, primarily of pyramidal cells in
the neocortex [1–3]. The temporal immediacy of
ERPs is especially advantageous in the study of
memory, given that memory encoding and retrieval
processes can be very fast, and in light of the evidence
that the temporal encoding of information may be
important if not essential for synaptic plasticity
[4, 5]. Because ERPs (like Magnetoencephalography
or MEG) reflect the precise timing and temporal
patterns of neuronal activity, they are very useful in
quantifying the timing and sequence of the various
stages or aspects of cognitive processing, more
generally. In broad stroke, evoked potential (EP) and
ERP research have shown that early brain responses
(e.g., the visual N1) generally reflect the sensory input
characteristics, while later responses are relatively
more dependent on the mental operations performed
on the stimuli as well as on non-sensory factors such
as predictability, higher perceptual and semantic
features. It is these slower, later, so-called endogenous
components that have shown particular sensitivity to
Alzheimer’s disease (AD), a disease with predilection
for the medial temporal lobes and higher association
neocortical regions [6, 7].

AD AND SYNAPTIC DYSFUNCTION

In recent years, several investigators have suggested
that AD may be primarily a disorder of the synapse and
synaptic plasticity [8–10]. Several transgenic animal
models of AD, for instance, have revealed promi-
nent inhibition of long-term potentiation (LTP) and/or
reduced synaptic transmission before the appearance
of extensive AD pathology (amyloid plaques and
neurofibrillary changes) or neuron loss [11, 12]. As
a consequence, much of the current basic research
focuses on the mechanisms of synaptic dysfunction
in AD and its relationship to A� oligomers [13].
Selkoe [9], for example, made a substantive change
in his model of AD pathogenesis, when he sug-
gested that the earliest changes in synaptic function
may be due to soluble forms of A� and precede
the appearance of any extracellular amyloid deposits.
Clinico-neuropathologic studies, likewise, have impli-
cated the synapse as a primary mediator of dementia
severity. Terry et al. [14], for example, found that
nearly 90% of the variance in dementia severity could
be accounted for by the density of pre-synaptic ter-

minals in mid-frontal cortex. Electron microscopy of
cortical biopsies in early- to mid-stage AD shows
a 30% decrease in synaptic density and a 25% de-
crease in synapses/ neuron [15]. Bertoni-Freddari et al.
[16] reported a large increase in the proportion of
deafferented synapses on hippocampal neurons from
autopsied AD cases. In short, it is reasonable to con-
ceive of AD as a diffuse deafferentation syndrome, in
which both the neocortex and hippocampus have lost a
critical proportion of their normal inputs [17]. Accord-
ingly, cognitive ERPs may provide a highly sensitive
biomarker for AD.

MIDDLE-LATENCY ERP COMPONENTS IN
AD DEMENTIA (P50, N100, P200 AND N200)

In general, EP and ERP studies in AD have shown
normal latency and amplitude of the early “sensory”
components (e.g., visual and auditory N1 or N100). In
1987, Goodin and Aminoff [18] reported normal audi-
tory N100 and P200 latencies in AD in response to
frequent, standard (i.e., non- target) tones in a classic
auditory “oddball” P300 paradigm (see also section on
P300 studies of AD below). This finding was despite
the fact that their AD patient group was severely im-
paired (6 of 22 AD patients were too severe to be tested
with the mini-mental state exam (MMSE)). N100 and
P200 latencies were also found to be relatively insen-
sitive to normal aging, but sensitive to subcortical
dementias such as Huntington’s or Parkinson’s disease
[19].

Delayed P200 latency to pattern reversal or to flash
stimuli in AD has been reported in some (e.g., [20,
21]) but not other studies (e.g., [22]). A delayed flash
P200 has been suggested as useful in distinguishing
AD from other dementias, particularly when normal
flash P100 and pattern reversal P100 s are present [23,
24]. Martinelli et al. [20] also found delayed visual
P200 in AD, using pattern visual evoked potentials.
Furthermore, they reported that P200 amplitude over
the right posterior scalp correlated with visuospatial
abilities. However, Saitoh [25] used a visual target
P300 paradigm, and found normal P100, N100, and
P200 components in AD.

Most investigations of verbal stimuli – spoken [26]
or written [27] also have found normal (amplitude
and latency) N100 and P200 components in mild AD
patients. In response to non-verbal, auditory tones,
Golob and Starr [28] found robust P50 potentials (also
termed the auditory P1) in mild AD, which were sig-
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nificantly enlarged compared to healthy elderly. One
caveat for this result is that reduced slow-negative
“readiness potentials” in AD also resulted in slightly
more positive pre-stimulus baseline voltage in the AD
group.

N200

Rather consistent abnormalities in auditory N200
latency have been reported in AD [19, 29, 30]. The
N200 is the earliest ERP component which consis-
tently differentiates target from non-target stimuli in
an “oddball” task, and immediately precedes the P300
discussed below. It is also sensitive to normal aging,
becoming smaller and slower with age [31] at a rate
nearly as fast as the slowing of P300 latency [19]
(e.g., estimated at 0.74 ms/year, in comparison to
1.15 ms/year for the P300). Duffy et al. [32, 33] have
shown that visual motion-elicited ERPs may help iden-
tify a subtype of AD. AD patients with low ability to
detect random dot motion also showed large decrease
in their N200 amplitude response to optic flow with
nearly absent N200 in response to radial motion of
coherent dots. The authors interpreted this finding as
implicating greater neuropathology in the extrastriate
visual cortex of this subgroup.

In sum, later components, such as the N200 and
P300 (discussed below) have shown better sensitiv-
ity to dementia than early sensory components, albeit
poor specificity in differentiating among the various
dementias.

P300: OVERVIEW

The P300 (or ‘P3b’) component is a scalp positivity
elicited by low-probability task-relevant stimuli dur-
ing stimulus classification tasks in auditory, visual,
and somatosensory modalities. In the canonical P300-
eliciting experiment, the “auditory oddball” task, par-
ticipants are asked to detect (by counting or button
press) a low-probability “target” (e.g., high-pitched)
tone embedded in a stream of “standard” (e.g., low-
pitched) tones. The target tones normally elicit a large
scalp positivity which peaks ∼300 ms post-stimulus
onset and is maximal over midline centroparietal
electrode sites (unlike the frontally distributed ‘P3a’
elicited by task-irrelevant stimuli, e.g., dog barking).
The standard tones typically do not elicit a P300
(although see Squires et al. [34] for demonstration
that standards may also occasionally elicit some P300

activity). This pattern of results (P300 s to target tones
only) is dependent on attention. The P300 has been
extensively studied and well characterized in both nor-
mal and neurologically-impaired populations. P300
latency is variable, and generally increases with the
complexity of the stimulus evaluation and decisional
processes demanded by the task. P300 amplitude and
latency are modulated by a variety of factors-subjective
probability, stimulus saliency, availability of atten-
tional resources [35] —and it appears to be generated
by a distributed network of neural regions—infer-
otemporal, perirhinal, prefrontal, cingulate, superior
temporal and parietal cortices, as well as the hip-
pocampus [36, 37] —suggesting that P300 may index
a heterogeneous set of cognitive processes. On the
other hand, studies of patients with damage to the
temporo-parietal junction have found that the auditory
(although not visual) P300 response is eliminated [38],
suggesting that this neocortical region may be criti-
cal in generation or propagation of the scalp P300 (in
the auditory modality). In general, the P3b amplitude
has proven more sensitive to sensory-perceptual than
response selection and execution factors, in contrast to
reaction time measures which are sensitive to both, It
is generally agreed that when a stimulus elicits a P300
component, it is reasonable to assume that the stimulus
has been encoded into working memory. This is gener-
ally consistent with the hypotheses that P300 reflects
processes involved in updating of working memory
[39], or the processes of stimulus categorization [40].

P300 IN ALZHEIMER’S DISEASE

With normal aging, the latency of the auditory
P300 increases ∼1–2 ms/year [19, 41]. In AD, an
even greater latency increase (∼2 standard deviations
above the mean of normal older individuals) is com-
monly reported, and some studies have found that
P300 latency may be useful to differentiate between
AD pathology and other disorders (e.g., depression,
schizophrenia [42, 43]), although others have not [44,
45]. The clinical utility of P300 latency measures
is generally enhanced in combination with standard
neuropsychological tests. Goodin [46], for example,
found that in cases of equivocal dementia (50% pretest
probability), those with concurrent P300 latency delay
showed a greater likelihood of having a dementing ill-
ness (estimated at 90%). One study found change in
P300 latency was more sensitive to disease progression
(over 1 year) than either the Cognitive Abilities Screen-
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ing Instruments (CASI) or MMSE in both AD and MCI
[47]. P300 amplitude also appears to be reduced in
AD, although P300 amplitude reductions are also seen
in several other neurological and psychiatric disorders
(e.g., vascular dementia, schizophrenia). In summary,
the literature indicates that auditory P300 measures
show moderate correlations with mini-mental status
exam (MMSE) scores [45, 48] and have greater sensi-
tivity to more advanced stages of dementia.

Factors that appear to affect the clinical utility of
P300 include the methodology used — especially with
respect to attentional and memory-load demands —
and the dementia severity of the patient group (see
detailed review in Olichney and Hillert [49]). Abnor-
mal P300 latencies are more likely to be reported in
more complex tasks (e.g., counting) relative to simple
target-detection tasks. It is interesting to note, how-
ever, that this effect is not simply due to task difficulty
per se; Polich and Pitzer [50], for example, reported
that increasing the difficulty of sensory discrimina-
tions actually decreased the discriminative sensitivity
of P300 latency and amplitude measures. Although the
P300 response has been most commonly studied in
the auditory modality, studies using visual [50] and
olfactory [51] stimuli have reported greater sensitivity
to AD pathology. Morgan and Murphy [51] investi-
gated olfactory event-related potentials (OERPs) and
found delayed P200 and P300 latencies, which were
significantly correlated with AD dementia severity
and had a stronger (92%) value in differentiating AD
from normal aging group than auditory P300 mea-
sures.

N400: OVERVIEW

The N400 is a scalp negativity elicited in response to
potentially meaningful stimuli that peaks 400 ms post-
stimulus over bilateral posterior channels. The N400
is typically larger over the right hemisphere for visual
words, but sometimes shows a slight left-hemisphere
bias for spoken words [52, 53]. Intracranial record-
ings have consistently found N400-like potentials in
the anterior fusiform and parahippocampal gyri bilater-
ally [54, 55]; other candidate N400 generators include
the superior temporal sulcus, and posterior parietal
and ventral prefrontal cortices [56]. N400 amplitude
is sensitive to the semantic congruity of the eliciting
stimulus with the (preceding) context, being smaller in
a congruous context (e.g., a coherent sentence, a single
related word) than incongruous one. N400 amplitude is

also reduced by stimulus repetition (reviewed in a later
section). The effect of semantic congruity on N400
amplitude (the “N400 effect”) has been interpreted
to reflect the reduction in processing effort needed to
access the meaning of a stimulus, given a coherent pre-
dictable context [57, 58], i.e., “contextual integration”
(though see Kutas & Federmeier [59] for an alternative
account in terms of semantic memory activation).

N400 IN ALZHEIMER’S DISEASE

The presence or absence and amplitude of the N400
have been used to evaluate the integrity of semantic
memory in Alzheimer’s disease. Language dysfunc-
tion is evident relatively early in the course of AD,
patients often presenting with word-finding difficulties
and poor performance on tests of letter and category
fluency [60]. The latter is especially suggestive of a
breakdown of semantic memory [61]. Indeed, behav-
ioral studies (e.g., the triadic word task) have found
evidence that semantic associations are progressively
degraded in AD [62]. Nonetheless, it continues to be
a matter of debate whether the semantic impairment
in AD is primarily a deficit in retrieving information
from an intact memory store, or a degradation of the
representations themselves [63].

The N400 response to written words is sensitive to
normal aging: N400 latency increases at ∼2 ms/year
and N400 amplitude decreases at ∼0.07 �V/year
across the adult lifespan [64, 65]. From ERP studies of
semantic memory (reviewed below), it is apparent that
the N400 is usually abnormal in AD, typically reduced
in amplitude and delayed in latency beyond that seen in
normal aging. The progressive flattening of the N400
may be a manifestation of failing N400 generators.
Quantitative measures of N400 latency may provide
an accurate metric of dementia stage and progres-
sion. Using multiple linear regression analyses, Iragui
and colleagues [66] found that neuropsychological test
scores could explain >80% of the variance (R = 0.90)
in the N400 latency (fractional area latency of the dif-
ference wave contrasting incongruous and congruous
endings to statements defining opposites).

N400: SEMANTIC CONGRUITY EFFECTS
IN AD

Investigations of the N400 congruity effect in sen-
tence processing have generally found abnormalities
in AD. For example, Ford et al. [67] found that
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the N400 expectancy/congruity effect to sentence-
terminal words in speech was significantly reduced
(though still greater than zero) in AD relative to
age-matched controls. Revonsuo et al. [26] likewise
reported a reduced N400 congruity effect in speech
in AD patients. In that study, no overt response was
required of the participants—they were simply told and
periodically reminded to attend to the sentences—so
the results are unlikely to be ‘contaminated’ by the
P300 component, known to be delayed in AD. In an
early study by Hamberger et al. [68], the N400 to visu-
ally presented sentence-ending words was modulated
by expectancy and semantic relation to virtually the
same extent in AD patients as in young controls. Older
controls showed a different pattern of N400 and RT
effects, which the authors attributed to a response strat-
egy, although N400 amplitudes in the older controls
and AD patients were not reliably different.

Studies using minimal semantic contexts to elicit
an N400 effect have generally found that the effect to
be diminished in AD. In a study by Schwartz et al.
[69], participants heard a category name, then saw a
word, and judged whether the word belonged to the
named category (e.g., “animal” – ‘cow’). The N400
effect — small negativity elicited by congruous rela-
tive to incongruous target words — was both smaller
and delayed in AD patients relative to age-matched
controls. Iragui et al. [66] observed similar results.
In that study, participants listened to short statements
that defined a category (e.g., “a type of flower”) or
an antonymic relation (e.g., “the opposite of tall”),
and then saw a word that was either congruous or
incongruous with the preceding statement; their task
was to judge the congruity of the statement and target
word. The N400 effect was significantly reduced and
delayed in AD patients relative to controls. Reduced
N400 effects in AD also have been found with picto-
rial stimuli used as primes for lexical targets [27], as
targets following lexical primes [70], and as both prime
and target [71–73].

Despite the preponderance of evidence suggesting
that the N400 response is abnormal in amplitude and/or
latency in AD, some of these studies have nonetheless
found evidence of normal semantic network struc-
ture in AD. Hamberger et al. [68], for example,
found that AD patients’ N400 response followed the
expected amplitude gradient across sentence ending
types: unrelated-nonsense > unrelated-sense > related-
sense > best completion. Schwartz et al. [69] compared
the N400 effect for target words primed by super-
ordinate and subordinate category labels and found

that, in both AD patients and controls, the effect was
larger for subordinate labels. Furthermore, two studies
found evidence that anomia in AD may be independent
of the integrity of the semantic system. Auchterlonie
et al. [70] observed that the N400 congruity effect for
pictures primed by words was similarly diminished
for pictures, whether or not they were later named
correctly. Ford et al. [27] also noted a dissociation
between naming behavior and N400 response, albeit
the opposite one: AD patients showed small but signif-
icant N400 congruity effects for word targets whether
primed by named or unnamed pictures. One possible
explanation for this apparent discrepancy is that the
semantic information contained in pictures may pro-
vide a more powerful connection to the representations
still present in the long-term memory of AD patients
than do written words.

SUMMARY: N400 SEMANTIC CONGRUITY
EFFECTS IN AD

Most ERP studies of semantic processing in AD
have shown smaller and later N400 congruity effects.
At the same time, AD patients have been found to
show a normal gradient of N400 congruity effects over
different levels of category hierarchy and expectancy,
suggesting that the functional organization of semantic
memory is relatively preserved in mild AD. Further-
more, ERP evidence has been used to argue that anomia
in AD is not simply attributable to impaired semantic
processing. Thus, there appear to be an independent
deficit in the retrieval of semantic information. The
N400 component may provide a useful biomarker for
monitoring the stages of disease progression in AD.

LATE POSITIVE COMPONENT (LPC/P600):
OVERVIEW

Many ERP studies in normal subjects have identified
a Late Positive Component (LPC), sometimes called
the P600, which appears to be important in the media-
tion of both memory encoding and retrieval processes.
Subsequently recalled or recognized words generally
have larger late positivities than non-recalled words
[74, 75] and the size of this difference (often called
“Dm” in the ERP literature) be reduced by “directed
forgetting” instructions [76]. Intracranial studies in
the human hippocampus have recapitulated the “Dm”
effect of scalp ERPs [77], with larger positivities to
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words subsequently recalled [78]. The scalp P600,
or ‘LPC’, is a late positivity with a centro-posterior
maximum, which peaks 600 ms post-stimulus onset.
Intracranial studies also identified putative P600 gener-
ators in the parahippocampal gyrus, many paralimbic
cortical areas (e.g., temporal pole, rhinal & perirhinal
cortex, posterior cingulate) and in multimodal asso-
ciation (e.g., ventrolateral prefrontal, lateral temporal
cortex) [37, 56]. Intracranial depth recordings have
shown that very large (>200mV) P600-like potentials
are generated in the human hippocampus (HC) but it
is unclear to what extent these potentials propagate to
the scalp [37].

N400/P600: QUANTITATIVE MEASURES
OF REPETITION EFFECTS
IN ALZHEIMER’S DISEASE

The neuropathology of AD affects the medial
temporal lobes early in the course of the disease, and
deficits of episodic memory are usually the earliest
presenting symptom. One might thus expect ERP
word-repetition effects in AD to resemble those of
medial-temporal amnesics. Studies of ERP word-
repetition effects in AD, however, have produced a
complex pattern of results.

Using a continuous semantic judgment task (button-
press required for ‘animal’ names) with incidental
repetition of non-targets (‘non-animal’ words were
repeated; average lag: 30 sec) in AD, Friedman et
al. [79] reported preserved late (700–1000 ms) rep-
etition effects in most (6 of 10) mild AD patients.
These authors attributed the residual repetition effects
to relatively preserved implicit memory processes in
AD. Rugg et al. [80] used a similar continuous task
with incidental repetition at somewhat shorter lags
(average: 6–21 sec) and found ERP repetition effects
(300–400 and 400–700 ms) in AD that were statisti-
cally indistinguishable from those in controls, although
a trend for a smaller repetition effect with longer
lags was noted. In contrast, Tendolkar et al. [81]
employing an explicit word-list memory task and a
longer inter-item lag (∼5 minutes), found very dif-
ferent results. In that study, controls exhibited a large
repetition positivity for correctly recognized old items
in both early (300–600 ms) and late (700–900 ms)
latency windows. This effect was further enhanced
for items for which source memory was also cor-
rectly retrieved (words had been displayed in one
of two colors) from 600–900 ms, supporting a link

between late positivity (P600) and conscious retrieval
processes. In AD patients, no late repetition effect
was present, and an effect in early latency windows
(300–500 ms) showed a distinctly frontal distribution.
The authors attributed this frontal old/new effect to
familiarity [82]. Furthermore, patients’ source mem-
ory was at chance, suggesting that their above-chance
recognition performance (62%) was due to a sense of
familiarity (or another such implicit process) and not
to recollection of the study event. Using a continu-
ous lexical decision task with incidental repetition at
long lags (>90 items or >7.5 minutes), Schnyer et al.
[83] likewise found a repetition positivity from 300
to 650 ms in controls, but no discernible effect in AD
patients.

A study in our laboratory [84] applied a word
repetition paradigm with semantically congruous and
incongruous words (details described in [85]) to
patients with mild AD. Normal elderly demonstrated
large decrement in P600 amplitude to repeated, rela-
tive to new, congruous words, and the amplitude of
this change correlated strongly with verbal memory
performance [85]. Thus, we believe this P600 word
repetition effect is a measure of the updating of work-
ing memory with the content of long-term memory.
With efficient learning of category exemplars, this
updating is not necessary for repeated target stimuli.
As we had observed in patients with chronic amnesia,
patients with mild AD had markedly reduced P600
word-repetition effects (statistically ‘absent’ when
analyzed across all scalp channels). Unlike chronic
amnesia, patients with mild AD also showed signif-
icant diminution of the N400 word-repetition effect.
Thus, both the P600 and N400 repetition effects were
‘lacking’ in the AD group [84]. The loss of the N400
repetition effect may correspond to abnormal seman-
tic/conceptual priming, as has been found in several
behavioral studies of mild AD [86]. Furthermore, when
10 th percentile (in normal elderly) cutoffs for the P600
and N400 word-repetition effects were applied, all 11
mild AD patients were correctly classified as abnormal
on one or both measures (sensitivity: 100%; specificity:
82%), suggesting that this paradigm has promise for
use in the diagnosis or early detection of AD.

FMRI STUDIES OF WORD REPETITION
IN AD

The word repetition paradigm described above
has been adapted for functional Magnetic Resonance
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Imaging (fMRI) studies, in order to identify the neural
generators underlying the P600 word repetition effect.
Normal elderly showed activation to New > Old con-
gruous words in a distributed network of putative P600
generators, including bilateral cingulate and fusiform
gyri, left medial temporal lobe (LMTL), and left infe-
rior frontal gyri (IFG) [87]. Furthermore, significant
correlations were present between the magnitude of
New–Old activation in these regions and subsequent
memory performance, implicating this neural circuit
as critical for successful verbal memory encoding. In
contrast, a group of mild AD patients showed weak
or absent response to New-Old congruous word con-
trast, with only one such significant cluster (IFG) in
the entire left hemisphere [88].

EEG OSCILLATORY ABNORMALITIES
IN AD

Event-related dysynchronization/synchronization
(ERD/ERS), the time-locked change in power of EEG
frequency band (i.e., delta, theta, alpha, beta, and
gamma) activities [89], also has been employed to
explore cognitive and non-cognitive neural processing
in AD. In a finger movement task, for example, AD
was found to show increased centromedial beta ERD
during movement and increased ipsilateral rolandic
beta ERS in the post-movement period, with abnormal
frontal preponderance of both activities [90]. Dimin-
ished ERD in 7–17 Hz frequency over temporal area
has been observed in the AD group during retrieval of
a Sternberg memory task [91]. Another study using
a two-back working memory paradigm found reduced
beta ERS at parietal sites of AD patients [92]. Event-
related oscillation analysis also has been used to
evaluate the outcome of cholinesterase inhibitor treat-
ment on AD. Both treated and untreated AD patients
exhibited lower delta activity, while theta response
was sensitive to the treatment with a reduction after
cholinesterase inhibitor therapy [93, 94].

ERPS IN MILD COGNITIVE IMPAIRMENT
(MCI)

In a 5 year follow-up study, Golob and colleagues
[95] demonstrated that both P50 amplitude and P300
latency, elicited in an auditory oddball task, increase
with mild cognitive impairment (MCI). P50 ampli-
tude predicted progression from MCI to AD, and

differentiated amnestic MCI subtype from MCI with
other cognitive impairments beyond memory deficit
[96, 97]. Several studies have found N200 and P300
abnormalities in MCI, with some results suggest-
ing that amplitude or latency of N200 may have
stronger value in discriminating MCI patients from
normal control [98–100]. However, Phillips et al.
[101], using the Sternberg working memory task,
found no difference in either the P300 or N200 in
MCI compared with controls (but their mild AD group
had reduced P300 amplitude). In a sample of amnestic
mild cognitive impairment (aMCI), ERP components
reflecting familiarity and retrieval monitoring were
preserved for picture, but not for word recognition
[102].

N400/P600: REPETITION EFFECTS
IN MILD COGNITIVE IMPAIRMENT

Another study in our laboratory used the congru-
ous/incongruous word repetition paradigm to evaluate
N400 and P600 repetition effects in MCI [103]. In
MCI, as in controls, target words that followed con-
gruous category statements elicited a positive shift in
N400 amplitude relative to incongruous pairings, but
this effect (incongruous vs. congruous word voltage
difference) was delayed in MCI. The N400 repetition
effect—initial vs. repeated incongruous pairings—was
likewise present but delayed in MCI. The P600
repetition effect—initial vs. repeated congruous pair-
ings—was not significantly different from zero in the
MCI grand average.

Longitudinal follow-up with annual ERP assess-
ments [104] demonstrated that the N400 repetition
effect is diminished and spatially restricted at base-
line (Year 1) in MCI patients who convert to dementia
within the next 3 years (“MCI converters”, see Fig. 1.,
3rd column). One year later, when most of these
patients were still in the MCI stage, the converter group
on average showed an absence of the N400 repetition
effect (right side of Fig. 1.). The P600 repetition effect
also proved very sensitive to MCI converters, with no
statistically significant repetition effects at either year
1 or year 2. It is noteworthy that abnormalities of either
the P600 or N400 repetition effect at baseline in MCI
carried a poor prognosis, with approximately 88% risk
of conversion to AD within 3 years, compared to a
11–27% risk in those MCI cases with normal ERP
repetition effects.
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Fig. 1. Spherical spline topographic maps illustrate the incongruous word repetition effect (ERPs to new minus old semantically incongruous
words) in consecutive 50 msec epochs for normal old (left) and MCI stable (left middle) groups at year 1, and MCI converters at year 1 (right
middle) and year 2 (right).
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SUMMARY: N400/P600 REPETITION
EFFECTS

Recent work dissociating N400 and P600 repeti-
tion effects has found that MTL amnesics, whose
ability to encode events into long term memory is
compromised, show intact N400 but impaired P600
effects. This pattern of findings supports an associa-
tion between implicit and explicit processes and N400
and P600, respectively. In AD, both N400 and P600
repetition effects are severely diminished. In MCI, the
presence of either reduced N400 or P600 repetition
effects appears very promising as a potentially use-
ful biomarker for those individuals at highest risk for
subsequent conversion to AD dementia.

PRECLINICAL AD

In this era of sensitive biomarkers to amyloid depo-
sition (e.g., PiB-PET and CSF A-beta amyloid levels),
many elderly persons now have AD-related changes
detected many years prior to observable cognitive
symptoms, i.e. in the ‘preclinical AD’ stage. While
brain amyloid is necessary for the diagnosis of AD, it
may not suffice to produce cognitive decline in some
elderly persons. As noted above, neuropathologic stud-
ies have implicated the synapse as the primary mediator
of dementia severity in AD, with >80% of the variance
in severity accounted for by the density of pre-synaptic
terminals in mid-frontal cortex [14]. Transgenic ani-
mals often show inhibition of LTP and/or reduced
synaptic transmission prior to the appearance of amy-
loid plaques and neurofibrillary changes [12]. This
highlights the need for more accurate biomarkers for
AD, especially biomarkers sensitive to emerging mem-
ory failure (pre-‘MCI’). Therefore, recently proposed
research criteria for Preclinical AD [105] divide this
entity into 3 stages, based on the presence of symptoms
and evidence of synaptic dysfunction (or neurodegen-
eration). Elevated CSF phospho-tau is one such marker
of synaptic dysfunction. To date, neither EEG nor ERP
markers have been incorporated into these criteria.
Non-invasive cost-effective measures of synaptic dys-
function, as can be provided by ERPs and EEG,
however, could potentially be very useful for the ear-
lier diagnosis staging of AD. In short, there is a
pressing need for improved electrophysiological mark-
ers of impaired synaptic plasticity and memory. One
important application for such a marker would be to
aid in the differentiation of Preclinical AD, perhaps

while still in the asymptomatic stage, from normal
aging.

EEG/ERP ABNORMALITIES
IN PRECLINICAL AD

A rich literature has shown that EEG and ERPs
can both be very sensitive tools for measuring brain
aging. Prichep and colleagues [106], for example,
applied quantitative EEG (QEEG) to elderly per-
sons with symptomatic memory complaints (“Reisberg
FAST stage 2”) and found that certain QEEG abnor-
malities (e.g., increased theta power, slowed mean
background frequency, changes in covariance among
centro-parietal regions) were strongly predictive of
subsequent cognitive decline over the next 7 years
(logistic regression models achieved a predictive accu-
racy of 90%). ERPs likewise have shown promise in
their sensitivity to preclinical stages of AD. Several
ERP studies have reported various sensitivities in those
at increased genetic risk for AD. Boutros and col-
leagues [107], for example, reported increased P50
and P300 amplitudes in a small group of normal sub-
jects genetically at-risk for AD (first degree relatives
of autopsy confirmed AD cases; mean age 53 yr old).
Green and colleagues [108] reported delayed N200 and
P300 latencies in a similarly-aged group of apolipopro-
tein E4 (the most common genetic risk factor for AD)
carriers with a positive family history of AD. Murphy et
al. [109] presented names of odors previously encoded
(targets) or not (foils) to carriers of ApoE4, and found
significantly longer P300 latencies in the ApoE4 car-
riers, consistent with prior reports of olfactory odor
recognition memory impairment in ApoE4 carriers
[110]. Golob et al. [111] examined familial AD (FAD)
carriers (mean age = 34) with presenilin-1 (PSEN1)
or amyloid precursor protein (APP) mutations with an
auditory oddball task and obtained delayed ERP com-
ponents including N100, P200, N200 and P300 in this
group with familial AD while most were in the asymp-
tomatic (CDR = 0) stage. Bobes and colleagues [74]
observed that asymptomatic carriers of E280A PS-1
mutation have a parietal distribution of N400 congruity
effect elicited by picture-pairs while normal elderly
show a central maximum.

Recent retrospective review of all our “normal”
elderly controls, followed longitudinally by a NIH-
funded ADRC or ADC, identified 7 cases who were
most probably in the early stages of Preclinical AD at
the time of their ERP recordings. All entered as nor-
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Fig. 2. Grand average ERPs to initial (dash line) and repeated (solid line) presentation of congruous words in “robust” normal elderly (RNE)
(top row) and Preclinical AD patients (bottom).

mal controls and continued to perform within normal
limits on an annually administrated extensive neu-
ropsychological test battery. In the years following the
ERPs, however, these cases showed cognitive decline
(to AD or MCI, n = 6) or had AD pathology verified
at autopsy (n = 4, mean Braak stage = 3.0). Compared
to 12 “robust” normal elderly (RNE) participants (top
row in Fig. 2), all of whom remained cognitively
normal (average follow-up = 9.1 years) with longitu-
dinal neuropsychological testing, the Preclinical AD
group had significantly smaller P600 repetition effects
(mean amplitude of RNE = 3.28 �V; Pre-AD = 0.10 ±
0.89 �V) [112]. The consistently abnormal (reduced or
absent) P600 effects seen in this small Preclinical AD
group shows the great promise which ERP biomarkers
such as the P600 have for the detection of the earliest
stages of synaptic dysfunction.

CONCLUSIONS

We reviewed several abnormalities in the cognitive
ERPs of AD patients. Early, sensory-evoked, oblig-
atory potentials (e.g., N100) are typically normal in
AD (though see work on P50) whereas potentials start-
ing around 200 ms and beyond are more consistently
abnormal even in the earliest stages of AD and MCI.

This pattern of ERP findings is consistent with the
neuropathology of AD. Predilection sites in early AD
include the medial temporal lobe, other limbic areas,
and multimodal association cortices with relative spar-
ing of unimodal sensory cortex. Late endogenous
components in known paradigms can be useful for
assessing specific hypotheses about the change in cog-
nitive processes in AD, MCI, and amnestic patients.
A P300 paradigm, for example, can be very useful in
detecting a disorder of attention or in quantifying the
effects of drugs which improve attention, such as the
cholinesterase inhibitors. For the early diagnosis of AD
or other memory disorders, a word repetition paradigm
(typically eliciting N400 and P600 modulations) with
an explicit recognition task or one that fosters asso-
ciative learning would be recommended. As discussed
above, the N400 has potential use in tracking AD pro-
gression. Last but not least, the sensitivities of a number
of ERP components have great promise in the detec-
tion and quantification of synaptic dysfunction in the
presymptomatic stages of Alzheimer’s disease.
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Abstract. The amplitude of the event-related potential P300 component is sensitive to aging and Alzheimer’s disease (AD).
Using a standard 20-electrode configuration, the P300 was measured during an “oddball” task in 14 young normal individuals
(YN: 21–41 years), 11 elderly normal individuals (EN: 61–80 years), and 23 probable AD patients (AD: 63–93 years; NINCDS-
ADRDA criteria). P300 latencies and amplitudes were measured at PZ. Additionally, algorithmic calculations were made from
spline plots across the 11 central electrodes for P300 peak voltage latency and total field energy. The measured versus calculated
latencies were in general agreement. Furthermore, the measured P300 voltage amplitude was closely related to the calculated
total field energy. P300 voltage latency was significantly prolonged in the elderly, but not more so in AD patients (average
latency [ms ± SD]; YN, 315 ± 21; EN, 364 ± 48 and AD, 361 ± 56). P300 amplitude showed the expected pattern of change
from young to elderly to AD (average voltage [uV ± SD]; YN, 13 ± 5.1; EN, 8.3 ± 2.8; and AD, 4.9 ± 3.3). Summing the squares
of each wave (an indication of power: P = V2 R) showed the expected change with age more strongly than the P300 amplitude
(average ± SD; YN, 44,397 ± 32,386; EN, 9,996 ± 7,018; and AD, 3,347 ± 2,971). Mini-Mental State Exam scores showed no
relationship to P300 latency and minimal relationship to amplitude. Results suggest that the P300 is not obliterated in early AD,
but is barely discernable in late AD. The approaches to calculating the P300 described here are potentially useful for measuring
specific neural systems affected by aging and AD.

Keywords: Aging, Alzheimer’s disease, dementia, event-related potentials, P300, P3a, P3b

INTRODUCTION

The P300 event-related potential (ERP) compo-
nent represents an electrophysiological response of the
brain to a stimulus which is unexpected or “surpris-
ing”. This component is characterized by a positive
voltage wave, occurring about 300 msecs after the
stimulus onset in young individuals, and somewhat
independent of stimulus modality or detail. The P300
phenomenon is widely studied due to the probabil-

∗Correspondence to: J. Wesson Ashford M.D., Ph.D., VA Palo
Alto Health Care System, 3801 Miranda Avenue, Mailcode 151Y,
Palo Alto, CA 94304-1290, USA. Tel.: +650 852 3287; Fax: +650
852 3297; E-mail: ashford@stanford.edu.

ity that it reflects an information processing cascade
in which both attentional and memory processes are
engaged [1–3]. Furthermore, the P300 has a particu-
lar relevance to Alzheimer’s disease (AD) due to the
profound memory impairments which occur early in
the course of the disease and form the most prominent
hallmark of this disorder [4].

The characteristics of the P300 are usually con-
sidered in terms of amplitude and latency. Using
these indices, numerous studies have shown that P300
latency increases with age (1.0 to 2.0 msec/year; [5, 6]).
In addition, studies suggest that the P300 latency is
further increased in dementia [7–10] and is delayed in
proportion to the severity of the dementia. P300 ampli-
tude decreases with age and often becomes so small in

mailto:ashford@stanford.edu
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elderly demented patients that it is difficult to mea-
sure [11]. However, it is recognized that task demands
and other methodological factors can blur the distinc-
tion between the P300 changes in normal aging, mild
dementia [12], and severe dementia [13, 14].

There is considerable controversy over the utility
of the P300 as a diagnostic tool for AD. Some stud-
ies advocate the use of P300 as a reliable marker
for AD [15]. A P300 abnormality is observed in
demented patients in proportion to the degree of
dementia [13, 14]. However, similar abnormalities are
also observed in age matched controls [13, 14]. Further,
P300 changes are found to be non-specific with regard
to the etiology of dementia [16] or even diverse cog-
nitive changes, as in schizophrenia [17]. For example,
in schizophrenia (dementia praecox, clearly a form of
impairment of cognitive functioning), the P300 ampli-
tude is decreased without a change in latency [17, 18].
Because of the variability and uncertainty of P300 mea-
surements in demented patients, a clear relationship
between the P300 and dementia severity is not always
apparent [13, 14]. In view of these inconsistent find-
ings, it is now generally accepted that the most robust
difference between AD and control groups is a reduc-
tion in P300 amplitude in the AD group, while latency
is a less robust measure (for review see [11]).

One potential difficulty in measuring the P300 in
AD patients is the change in waves that occur tem-
porally before the P300, which may interfere with
the P300 generation and delay its activity indepen-
dently of any pathology directly impacting the P300
[19]. When resolving this issue, topographic speci-
ficity may be a key factor to consider [20]. Topographic
specificity of the P300 can be divided into two com-
ponents: the P3a and the P3b. These components are
observed in healthy controls using various experimen-
tal designs which evoke ERPs which vary in scalp
topography. To illustrate these differences, three differ-
ent task designs can be considered; a “standard 3-item
discrimination design”, a “novelty design”, and a “no-
go design”. Using a “standard 3-item discrimination
design” (e.g., [21]) subjects press a button whenever
an infrequent target (small circle) is detected in a
series of standard stimuli (larger circle). Infrequently
presented distracter patterns (checkerboard) are also
presented. The checkerboard elicits the P3a compo-
nent which has a frontal/central maximum, whereas
the small circle elicits a P3b component with a bilat-
eral parietal maximum. Peak latency is shorter over the
frontal (P3a) and longer over the parietal electrode sites
(P3b). The so-called “novelty P300” design produces a

different pattern of results and is found when perceptu-
ally novel unexpected distracters (e.g., dog bark, color
forms, etc.) occur in a series of more expected stimuli
(e.g., tones, letters of the alphabet, etc.). Under these
conditions, a frontal/central P300 is elicited with a rel-
atively short peak latency that habituates rapidly [22,
23]. This potential is interpreted as reflecting frontal
lobe activity related to the hippocampus [24, 25]. It is
observed across modalities [26, 27] and populations
([28–31]. Consistent with the novelty interpretation,
novelty P300 decreases in amplitude with repeated
stimulus presentations suggesting that it may be more
directly related to the orienting response than the P3b
[23, 32–34]. Finally, an oddball design can be used
in which an infrequent distracter is similar to the tar-
get and makes the discrimination between distracter
and target more difficult. Under these conditions the
distracter elicits the so called “No-Go” P300. Under
these conditions, subjects do not respond to the infre-
quent distracter and only respond to the targets [35,
36]. The P300 from this type of distracter has max-
imum amplitude over central/parietal areas [37, 38].
The topographic distribution is somewhat more cen-
tral than the parietal P300 from the target stimulus.
The “no-go” P300 has been linked to response inhibi-
tion mechanisms, although this hypothesis is debated
[39–42].

The P3a, novelty P300, and no-go P300 pattern of
results reviewed here are suggested to be variants of
the same ERP (see [1] for review). The P3a is con-
sidered to be related to focused attention and working
memory and is elicited around the vertex as a reflec-
tion of some orienting response and subsequent medial
frontal inhibitory neural processes involving dopamin-
ergic modulation. In contrast, the P3b is considered
to be related to updating of the neural representa-
tion of a stimulus, memory operation, and subsequent
inhibitory processes following the target and is elicited
in parietal regions bilaterally and is mainly generated
by temporal-parietal cortex involving noradrenergic
modulation.

When selecting a task capable of discriminating
between the P300 generated by AD patients and con-
trols, discrimination will obviously depend on the
magnitude of the latency and the amplitude in each
group. Amplitude has been suggested to be modu-
lated by global level of arousal, such that the higher
the arousal level, the higher the P300 (both P3a and
P3b). When task conditions are relatively undemand-
ing (such as when using an easy discrimination as with
the standard oddball stimuli), P3b amplitude following
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target presentation is suggested to be an index of atten-
tional resources. Under these conditions, the amplitude
of P3b is relatively large, and the peak latency is rela-
tively short. In contrast, when demands for attentional
resources increase, the P3b amplitude is smaller and
the peak latency is longer due to the extra processing
of intervening non-target events which engage atten-
tion [43]. The P300 can therefore be manipulated in
terms of its latency and amplitude. At issue is whether
the P3a or P3b component of the P300 produces a better
discrimination of age-related and AD-related changes.
One suggestion which is supported by empirical data
[14] is that an oddball task with a simple discrimi-
nation shows the best discrimination between normal
elderly and AD patients. One advantage of this task is
that it is relatively easy and makes minimal demands
on attentional resources. A second advantage is that an
easy task would produce higher performance in the AD
group, which in turn would produce more EEG epochs
to be used for the averaging procedure.

The present study examined the effects of AD on
P300 with regard to age, behavioral performance, and
dementia severity as measured by the Mini-Mental
State Exam (MMSE) [44] using a standard auditory
oddball design. In order to determine the topographic
distribution of the P300 impairment, recordings were
made from 20 scalp leads. The P3b component of the
P300 relates to underlying memory performance and
has a posterior parietal distribution, which corresponds
to the well-known posterior-temporal/inferior parietal
distribution of Alzheimer pathology (particularly neu-
rofibrillary changes and decrease of blood flow and
metabolism). Therefore, a measure was developed for
assessing the amplitude of the P300 in a relevant
topographic distribution. Accordingly, this study used
potentials from 11 electrodes at posterior locations
anterior to the occipital leads for calculating “total field
energy”. The hypothesis was that global field energy
measurements would account for a larger proportion
of the age-related and dementia-related changes asso-
ciated with the P300 than the conventional latency and
amplitude measurements.

MATERIALS AND METHODS

Subjects

Older subjects were recruited from the patient popu-
lation presenting with memory problems and dementia
symptoms to the Southern Illinois University Regional
Alzheimer Disease Assistance Center in Springfield,

IL, and from a normal elderly population volunteering
through the Center for Dementia Research (between
1987 and 1990). Of 47 serial patients meeting DSM-
III-R criteria for dementia, 23 were further diagnosed
as probable AD (mean age ± SD = 74.7 ± 7.7 years;
mean symptom duration ± SD = 4 ± 3 years; mean
MMSE score ± SD = 16.6 ± 7.3) [27] on the basis of
NINCDS-ADRDA criteria [45] and included in the
study. Eight of the 47 patients were diagnosed as
unlikely AD (mean age ± SD = 71 ± 11 years; mean
symptom duration ± SD = 5 ± 6 years; mean MMSE
score ± SD = 25.6 ± 4.2) and were excluded from the
study. The remaining 16 of the 47 patients met criteria
for possible AD and were excluded from this report
due to diagnostic uncertainties. Eleven elderly nor-
mal (EN) controls (mean age ± SD = 69.3 ± 6.3 years;
mean MMSE score ± SD = 28.8 ± 1.7, note all >27
except one with MMSE = 24), spouses of dementia
patients, had medical histories free from psychiatric
and neurologic illnesses and showed no evidence of
dementia. Thirteen young normal (YN) controls were
medical staff or wives (mean age ± SD = 28.3 ± 6.2
years, range: 21 to 41 years). All subjects were
free from medications having notable effects on the
cholinergic system, including nonprescription antihis-
tamines, for at least 2 weeks prior to recording (note
that these recordings occurred prior to the availability
of cholinesterase inhibitor medications for the treat-
ment of dementia). Visual Evoked Potential (VEP)
recordings from patients and global field power (GFP)
analyses were performed blind to clinical diagnosis.
Previous studies of these patients had found a selective
flash P2 delay in the mandibular-referenced voltage
records of the probable AD group [19] and that the
GFP peak corresponding to the late P2 component of
the flash VEP is delayed in the probable AD group but
not in the demented unlikely AD group [46].

Auditory oddball recording

EEG recordings were made using 20 active scalp
electrodes of the International 10–20 System (plus Fpz
as inactive ground) referenced to linked mandibles.
(This recording reference allowed comparison to a
large normative database for clinical purposes.) Indi-
vidual low-noise tin electrodes were applied with
collodion, all electrode locations were recorded and
confirmed to be within 3 mm of their target posi-
tions, and all impedances were kept below 1.6 kOhm.
Additional electro-oculogram, electrocardiogram, and
submental electromyogram electrodes were used for
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artifact monitoring. The recording instrument was a
Bio-logic Brain Atlas III with a parallel Grass model 6
electroencephalograph (EEG) for artifact monitoring.

Auditory oddball task and ERP analysis

In a darkened room, subjects were instructed to
count rare tones in an auditory oddball task. Perfor-
mance on the auditory oddball task was recorded as the
percentage of target items identified as oddball tones.
Data were recorded between 0 and 512 msecs after
the stimulus onset. To achieve an unbiased estimate of
P300 latency and GFP, potentials were referenced to a
virtual average reference [46]. Re-referenced bins were

then subtracted (rare-frequent) and 3-point smoothed
40 times to achieve an effective low-pass filter. Topo-
graphic display with a spline program [47] indicated
that young individuals had relatively less positivity
during the P300 epoch over the frontal or anterior
temporal electrodes compared to posterior regions
(Fig. 1A). Therefore, the estimated potentials at the
11 central electrodes (F3, Fz, F4, C3, Cz, C4, P3,
Pz, P4, T3, T4; International 10–20 System) based on
the spline program (Fig. 1), were squared (preserving
sign) transforming potential (voltage) into an index of
power (assuming constant resistance at all electrodes:
P = V2 R, units related to watts). The power indices
from all 11 electrodes were added (if positive, thus

A. Young 

Normal

B.  Elderly 

Normal

C.  AD greater than 75% 

correct

D.  AD less than 75% correct 

Fig. 1. Topographic distribution of P300 total field energy made from averaging of repeated stimulus presentations in an auditory oddball task
in; (A) young normal adults (n = 14), (B) elderly normal adults (n = 11), (C) patients diagnosed with probably Alzheimer’s disease (n = 10) who
scored >75% on the oddball task, and (D) patients diagnosed with probably Alzheimer’s disease (n = 13) who scored <75% on the oddball task.
Spline plot data was measured across 11 central electrodes.
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removing negative voltages), to give an index of field
power. The maximum value in the 290 to 490 msec
range was designated as the P300 peak power latency.
The latencies at 15% of the estimated P300 peak power
amplitude, before and after the peak were found (ris-
ing and falling) and the power values from these points
were summed (essentially integrating the area under
the curve produced by the P300 wave), yielding an
index of P300 total field energy (units related to watt-
hours, but not absolute given uncertainties in tissue
factors including skull and scalp). For the oddball
paradigm, there were 20% rare tones, and the task was
run until 50 artifact-free rare-tone trials were recorded,
providing 50 rare, target tone responses and approx-
imately 200 frequent tone responses. The responses
were averaged to visualize specific ERPs.

Analysis

There was considerable variability in all aspects
of the P300 component, including latency, amplitude,
sharpness of focus, total energy, scalp location of
peak energy, and general topography. The purpose of
this study was to evaluate the relationship between
P300 peak voltage latency, amplitude, peak power
latency, and P300 total field energy with respect to age
and dementia diagnosis, including auditory-oddball
task performance and the MMSE index of dementia
severity. Statistical tests included one-way analysis of
variance (ANOVA). Significant effects were further
characterized using follow-up t-tests. Two-tailed levels
of 0.05 were used in all tests.

RESULTS

Task performance

YNs and ENs had close to perfect performance on
the auditory oddball task. Of 23 probable AD patients,
there were 10 mild to moderately demented individuals
(mean MMSE ± SD = 22.1 ± 3.6, range = 18–28) who
scored >75% correct on the task. There were 13 prob-
able AD patients (mean MMSE ± SD = 12.4 ± 6.5,
range 1–23), who scored less than 75% correct on the
task. A score of less than 75% suggests that the indi-
vidual with these scores may not have been adequately
attending to the oddball task. Consequently, subjects
were grouped according to whether they scored above
or below 75% correct on the oddball task. A t-test
for groups with unequal variances showed the MMSE
scores of the two AD groups were significantly differ-

ent (t(18) = 4.55, p < 0.0005). However, initial analyses
revealed that none of the observed mean differences
between the two AD groups on the P300 parameters
were statistically significant. For this reason the two
AD groups were combined for most subsequent anal-
yses.

P300 Measurements

Latency
Two measures of P300 latency were examined.

Peak voltage latency reflects the traditional measure
of latency used in prior studies. Means (±SD) for
the three groups on this measure were 315 ± 21 ms
in the YN group, 364 ± 48 ms in the EN group,
and 361 ± 56 ms in the AD group. A one-way
ANOVA indicated a significant main effect of group
(F(2,44) = 4.67, p < 0.05). The two elderly groups (EN
and AD) did not differ reliably from each other
but the young participants had shorter latencies than
the elderly normal participants (t(32) < 1, ns, and
t(22) = −3.33, p < 0.005, respectively) (Fig. 2A).

The calculated measure, peak power latency, was
also examined. Mean scores (±SD) on this measure
were 331 ± 38 ms in YN, 371 ± 41 ms in EN, and
378 ± 69 ms in the AD group. Thus, this measure of
latency of the peak of the field power was prolonged in
the elderly (Fig. 2B), but not further prolonged in the
AD group. An ANOVA revealed a marginally signifi-
cant main effect of group (F(2,44) = 2.99, p = 0.06).

Amplitude and energy measures
The peak voltage amplitude measure showed effects

of both age and dementia. Young participants dis-
played the greatest amplitude (13.0 + 5.1 uV) followed
by those in the EN group (8.3 + 2.8 uV), and then the
AD participants (4.9 + 3.3 uV). A significant effect of
group was revealed in the ANOVA (F(2,44) = 18.96,
p < 0.0001), and post-hoc tests showed the mean differ-
ence between the YN and EN groups to be significant
(t(22) = 2.73, p < 0.05) (Fig. 2C), as well as that
between the EN and AD groups (t(32) = 2.92, p < 0.01).
This order is the expected pattern of deterioration from
young to elderly to dementia.

Rather than examining only the amount of peak
energy, the total field energy (summing the squares of
each wave across its duration and expanse) variable
reflects the total amount of energy of the P300
waveform, again showing the expected amplitude
pattern even more strongly. As with peak ampli-
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P300 - peak amplitude vs Age (normals)P300 - measured latency vs Age (normals)

P300 - calculated latency vs Age (normals)
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Fig. 2. P300 waveform as a function of age in young normal adults (n = 14) and elderly normal adults (n = 11); (A) P300 measured latency,
(B) P300 calculated latency, (C) P300 peak amplitude, (D) Log total field energy.

tude, mean scores (±SD) on this measure were
greatest for the YN group (44,397 + 32,286) fol-
lowed by the EN group (9,996 + 7,018) and, finally,
the AD group (3,347 + 2,971) (Fig. 2D). For AD
patients with MMSE scores >20, mean total field
energy (±SD) was 3,223 ± 3,357; with MMSE
scores 10–20, 3,719 ± 3,259; and with MMS < 10,
power = 2,327 ± 1,210, indicating that the P300 is not
obliterated early in AD, but is barely discernable in
late AD (Fig. 1).

Unlike the peak amplitude measure, variances on
total field energy revealed large departures from homo-
geneity of variance across groups, and a graph of this
variable against age showed the relationship to be non-
linear. The ratio of the largest to smallest variance
was 118, a very large value. Therefore, in order to
more adequately equate the variances across groups

and transform the scores to ones more linearly related
to age, a natural logarithmic transform was applied to
the original scores, (a transformation supported by the
Gompertz Law of Aging). This transformation reduced
the ratio of largest to smallest variance to 4.0 and pro-
vided a more linear relationship to age. Mean values
(±SD) on the transformed scores were 10.4 + 0.88,
9.0 + 0.62, and 7.6 + 1.24 for the YN, EN and AD
groups, respectively.

An ANOVA of the log transformed total field energy
scores revealed a highly significant main effect of
group (F(2,44) = 31.91. p < 0.0001). A t-test contrast-
ing the YN and EN groups was highly significant
(t(22 = 4.34, p < 0.0005), as was the contrast between
the EN and AD groups (t(32) = 3.67, p < 0.001). Thus,
both age and dementia were associated with reductions
in total field energy.
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DISCUSSION

The results from this study replicate the numer-
ous studies that have shown that the latency of the
P300 phenomenon increases with age. Our results also
show a corresponding decrease in P300 amplitude with
increasing age, especially when calculated using spline
interpolations and deriving total field energy. While
the spline plots appear to show that the P300 peak
shifts forward with age, an analysis of energy ampli-
tudes across the scalp shows that this effect was in
fact due to a decline in energy in posterior regions
relative to anterior regions. Presumably the latency
reflects the time course of activity responsible for rec-
ognizing the improbability of the stimulus, while the
amplitude represents the size of the ascending volley
of neuronal activity and the capacity of neuronal sys-
tems to respond to that volley. Thus, the P300 latency
prolongation with aging indicates that P300-related
processing slows with age, while the energy decrease
associated with the P300, about 75% from the young to
the elderly in this sample, is associated with a decline in
the posterior cortex more than the frontal cortex (com-
paring spline plots and field potentials). The shift in
latency from normal elderly to dementia is not appar-
ent in our data, although the P300 in the AD group
was generated with significantly less energy relative
to the normal elderly group. The finding of no shift
in latency in the AD group relative to controls is at
variance with many other studies which have used an
auditory oddball task (for review, see [11]). This may
be due to the fact that unlike our study, participants in
most of the previous studies were required to perform
an overt motor response, thus allowing averaging of
the EEG epochs relative to correct performance. Fur-
thermore, the requirement for making an overt motor
response might better probe some attentional processes
associated with the selection of the motor response
and sensorimotor integration. The topography of the
small potentials seen in several probable AD patients
indicates severe disruption of the physiological mech-
anisms generating the P300. However, since the rare
tones still elicited more energy than the common tones
in the 300 to 500 msec range, some residual P300 activ-
ity seems to be present, even in the severely demented
AD patients.

This study further shows that the latency of the P300
peak field power increases with age, just as has been
extensively reported for voltage peak latencies in many
prior studies [4, 8–10, 25]. Furthermore, the ampli-
tude of the total field energy decreased with age, by as

much as 75%, and is consistent with prior reports of
a decrease of P300 peak voltage amplitude with age.
The P300 total field energy decreased further in the
AD group even in mildly demented individuals. Fur-
ther, in several of these demented individuals, the P300
activity is so small that measurement of the latency,
field potentials, and total field energy becomes uncer-
tain. A substantial difference between normal elderly
and the mildly demented AD patients is present even
though the patients could perform the oddball task with
substantially correct performance, so the difference in
the P300 parameters between these groups was not
specifically related to task performance. Furthermore,
without removing patients with unclear P300 events
[9], neither task performance nor severity of dementia
corresponded to a robust difference in P300 amplitude
or latency compared to normal elderly subjects.

The major decline in P300 total field energy in the
elderly seems to be located posteriorly, though there is
also evidence for a loss of frontal activity with aging
and age-associated memory impairment [6]. While
others have suggested that the P300 vector moves for-
ward with age [12], the data from the present sample
indicate that the apparent shift is actually due to a selec-
tive loss of energy over the posterior temporal-parietal
regions (Fig. 1A,B). In the more mildly demented
patients (MMSE >20 and/or >75% correct on the audi-
tory oddball task), the distribution of the P300 energy
seems to reflect a loss of energy centrally, represented
as a black hole (Fig. 1C) and essentially no P300 in the
more impaired patients (Fig. 1D). This finding is con-
sistent with the observation of large reductions of P300
amplitude in the parietal region for AD patients [48].
The topographical distribution found in the present
study is similar to that seen in patients with hippocam-
pal damage [25]. This pattern of loss is consistent with
the pathological data which indicate that AD-related
neurofibrillary changes occur in the entorhinal cortex
and hippocampus very early in the course of the dis-
ease, and soon extend to the posterior-temporal and
inferior parietal regions [49]. This pattern is reflected in
AD patients by reduced blood flow and metabolism in
the posterior temporal and parietal regions [50]. Thus,
the pattern of loss of P300 energy over the posterior
cortical regions is consistent with the distribution of
neuronal disturbance seen in the brains of AD patients.

The P300 generation likely occurs in a sequence of
at least two steps. First, a brain region or dedicated dis-
tributed system sensitive to “unexpected occurrences”
must determine that an unusual event has occurred [6].
The temporo-parietal junction appears to be impor-
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tant in such detections [27]. There is also evidence
that the prefrontal cortex plays a role [51], likely as
an attention system to guide processing in cortical
regions more involved in the processing of incoming
sensory information [52]. The initiating system must in
turn activate the neurons responsible for synchronizing
and generating the P300 component. That activation
likely involves a signal through critical ascending brain
systems, such as the cholinergic nucleus basalis of
Meynert [53], the noradrenergic system projecting ros-
trally from the locus coeruleus [54], or the serotonergic
raphe neurons [55]. All three systems project to the hip-
pocampus and diffusely to the cortex and are affected
by age and AD pathology. Which system is involved in
the generation of any given P300 event may depend on
internal sets or task demands. However, as discussed
above, these neural systems whose activity appears to
involve generating the P300 are associated with the
slowing and amplitude reduction shown in this study
to be associated with aging and AD.

An important issue is exactly which brain regions
generate the actual P300 component observed on
the scalp. Cortically projecting axons cause potential
changes in a substantial proportion of radially oriented
dendrites of cortical pyramidal neurons, leading to the
voltage changes observed on the scalp [56]. The loca-
tion of the major field generators has been suggested
to be temporal lobe structures, possibly including the
hippocampus [57, 58], or frontal and temporo-parietal
structures [51]. Alternatively, multiple brain structures
may be activated diffusely [52, 59–61]. The loss of
P300 over a particular large cortical region may sug-
gest either that the medial temporal lobe structures are
not suitably activated to generate a scalp voltage or that
cortical generators in diffuse areas are dysfunctional.

Simultaneous activation of numerous brain struc-
tures, which the P300 may be reflecting, would support
concurrent activation of diffusely spread neural net-
works [52, 62] and parallel distributed processing [63].
Synchronous activation would provide a mechanism
for permitting long-term potentiation-type memory
mechanisms, which is the specific type of memory
function that is most disrupted by AD [4]. The loss
of P300 energy across a specific scalp region would
suggest that the neuronal ensembles responsible for
generating that energy were dysfunctional and have a
reduced capacity to store new information. The basis
for that dysfunction could lie at any of the steps leading
to the generation of the P300, including both loss of
cortically projecting brainstem neurons (cholinergic,
noradrenergic, or serotonergic) or loss of the synapses

involved in generating the dendritic dipoles, in the
medial temporal lobe or neocortex [64–67]. Accord-
ingly, a large amount of P300 energy loss occurs across
the posterior scalp in normal elderly, and the dementia
associated with AD appears to develop after that loss
progresses beyond a critical threshold.

It should be noted that the current study used a mea-
sure of global field power (GFP) which was based on
squaring the output of up to 11 electrodes showing pos-
itive P300. This method is different from the standard
index in which GFP is calculated by squaring the out-
put of all electrodes, regardless of whether they are
positive or negative. In the standard calculation, both
positive and negative polarities assume positive values
according to the view that the activity of generators are
indifferently associated with positive or negative scalp
voltages. The assumption is that the underlying pat-
tern of cortical sources can generate both positive and
negative components of the voltage at scalp level as a
function of their orientation with respect to the scalp
surface. However, there is no ideal electrode montage
for computing GFP, and virtually all ERP studies use
limited electrode montages centered on Pz or Cz. The
current findings based on a subset of 11 electrodes
suggest that the modified GFP analysis may be more
sensitive to the effects of age and AD than the standard
array. However, this conclusion awaits further investi-
gation using broader samples with regard to both the
aging and dementia severity spectra.

One of the major difficulties in the AD field is the
distinction of normal aging from AD. Our data sug-
gest that most of the P300 energy loss occurs during
the course of aging, while the scalp distribution of P300
energy loss in early dementia associated with AD is dif-
ferent from normal aging. However, an important issue
in the AD field that has recently emerged is the associa-
tion of the APOE genotype with the risk of developing
AD [68]. More specifically, the association between
the APOE genotype and early reductions in CSF A�
and A� levels in fronto-corical regions is potentially
related to the P300 changes [69, 70]. Our data sug-
gest a need to study the P300 waveform in relation to
APOE genotype and to investigate the involvement of
attention mechanisms. Recent evidence indicates that
P300 voltages are significantly decreased in amplitude
and increased in latency in individuals with a family
history of AD [71] and for ApoE-�4 carriers compared
to non-carriers [72].

The P300 is an electrophysiological phenomenon
that is relevant to the study of dementia and AD. For
example, longitudinal monitoring of P300 could reveal
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pathology-specific changes. Future understanding of
AD and its progression may be gained by studying
P300 effects using higher density electrode arrays and
other brain imaging techniques across the spectrum of
normal aging and AD with regard to specific genetic
factors, particularly APOE genotype.
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Abstract. We have conducted multicenter clinical studies in which brain function was evaluated with brief, resting-state magne-
toencephalography (MEG) scans. A study cohort of 117 AD patients and 123 elderly cognitively normal volunteers was recruited
from community neurology clinics in Denver, Colorado and Minneapolis, Minnesota. Each subject was evaluated through neu-
rological examination, medical history, and a modest battery of standard neuropsychological tests. Brain function was measured
by a one-minute, resting-state, eyes-open MEG scan. Cross-sectional analysis of MEG scans revealed global changes in the
distribution of relative spectral power (centroid frequency of healthy subjects = 8.24 ± 0.2 Hz and AD patients = 6.78 ± 0.25 Hz)
indicative of generalized slowing of brain signaling. Functional connectivity patterns were measured using the synchronous
neural interactions (SNI) test, which showed a global increase in the strength of functional connectivity (cO2 value of healthy
subjects = 0.059 ± 0.0007 versus AD patients = 0.066 ± 0.001) associated with AD. The largest magnitude disease-associated
changes were localized to sensors near posterior and lateral cortical regions. Part of the cohort (31 AD and 46 cognitively normal)
was evaluated in an identical fashion approximately 10 months after the first assessments. Follow-up scans revealed multiple
MEG scan features that correlated significantly with changes in neuropsychological test scores. Linear combinations of these
MEG scan features generated an accurate multivariate model of disease progression over 10 months. Our results demonstrate
the utility of brief resting-state tests based on MEG. The non-invasive, rapid and convenient nature of these scans offers a new
tool for translational AD research and early phase development of novel treatments for AD.
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INTRODUCTION

Recent advances in detecting Alzheimer’s disease
(AD) with fluid and imaging biomarkers are changing
conceptions about the fundamental disease processes
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and definitions. New recommendations about disease
stages and associated diagnostic criteria [1–4] now
emphasize the importance of measuring a variety
of endpoints including temporal lobe atrophy, amy-
loid plaque, brain function and levels of A-� and
phosphorylated tau in CSF. These recommendations
also include new diagnostic entities representing very
early, even preclinical states of AD. These improved
biomarkers and diagnostic recommendations should
not only improve patient care, but also facilitate the
evaluation of novel treatments for the disease. Recent
work based on the Alzheimer’s Disease Neuroimag-
ing Initiative (ADNI) suggests ways in which imaging
biomarkers can improve the statistical power of AD
clinical trials, especially later stage Phase III studies
[5, 6]. Moreover, the clear definition of preclinical AD
included in the recommendations also may support
testing of disease modifying treatments much earlier in
the disease process. So far, imaging and CSF biomark-
ers have found only sporadic use in clinical trials, and in
some cases their use in this setting has generated unan-
ticipated results [7, 8]. Adoption of AD biomarkers in
clinical trials requires they track disease severity with
high fidelity and can be conveniently applied during all
phases of the drug development cycle, areas where the
current options fall short. MR-based measurements of
brain atrophy have shown reliable correlations with
cognitive decline over the course of 12 months [5,
9], but recent hypotheses suggest that brain atrophy
occurs quite late in the disease process [10]. Trials that
use atrophy as an endpoint most often require long
treatment times (one year at a minimum), and mul-
ticenter imaging studies likely need better alignment
and standardization between MR instruments. Finally,
all standard endpoints, including neuropsychological
testing, are time-consuming, expensive, invasive and
poorly tolerated by fragile, elderly patient populations.
Thus, further work is needed to identify and develop
additional AD biomarkers, especially patient-friendly
measures that track disease severity over short periods
of time.

One promising alternative is high-resolution mea-
surement of electrophysiological function using
standard electroencephalography (EEG) or magne-
toencephalography (MEG). Deficits in brain function
associated with AD have been routinely observed when
measuring potentials generated by sensory stimuli [11,
12] as well as resting-state EEG recordings, leading to
a well-established view that slowing of brain function
and loss of high frequency rhythmicity are hallmarks of
AD functional pathology (see [13, 14] for review). Sig-

nificant correlations between EEG scan features and
neuropsychological testing also have been observed
[15], and such EEG scans have shown good abil-
ity to predict conversion to AD [16]. Application of
MEG, with its theoretically finer spatial resolution has
produced very similar findings with respect to the dis-
tribution of high and low frequency brain signaling [17,
18]. However, other neurological and psychiatric dis-
orders are associated with brain function slowing [19,
20] suggesting that more refined measurements may be
needed to identify changes that are specific for partic-
ular diseases.

Assessment of functional connectivity may pro-
vide the additional information needed to improve the
specificity and utility of electrophysiological record-
ings. Non-electrophysiological measures of functional
connectivity such as fMRI [21] and diffusion tensor
imaging [22, 23] have detected pathological changes
in communication networks in AD patients. How-
ever, such measurements are either static reflections of
structure (diffusion tensor imaging) or quite slow com-
pared to the synaptic currents that underlie the signals
(fMRI). Both MEG and EEG are able to measure sig-
nals in the millisecond time range, but MEG is better
suited for evaluating functional connectivity because
signals are measured without the reference electrode
that introduces spurious connectivity measures in EEG
recordings. Importantly, recent work indicates that
resting-state MEG scans can detect changes in func-
tional connectivity in AD [24], and these changes are
consistent with a more random network architecture
that could underlie impaired cognition [25]. High-
resolution assessment of functional connectivity may
complement other functional measurements and help
implement improved tools for diagnosing and tracking
the disease.

Technologies available for measuring functional
connectivity and brain communication networks
(including fMRI) rely on quantifying correlations
between spatially separated sensors or brain regions.
Detecting correlated activity is outwardly straight-
forward and involves measuring the degree of
relatedness of signal pairs over a particular time period
under consideration. One possible confound in most
approaches is the unknown contribution of correlations
within a single time series (autocorrelations) to the
calculation of correlation across two time series (cross-
correlations). Since cross-correlations represent the
critical values for measuring functional connectivity,
attempts to limit the influence of autocorrelations could
provide novel insight into communication networks.
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Georgopoulos and colleagues [24, 26, 27] have
developed a data processing methodology for resting-
state MEG scans that implements a functional
connectivity measure in which autocorrelations are
removed with a prewhitening step prior to calculation
of cross-correlations. Application of this technology,
called the synchronous neural interactions (SNI) test,
has revealed a network of correlated activity that is
stable across a large group of healthy control sub-
jects [27]. Moreover, the properties of the network
change in unique ways in patients suffering from
a variety of neurological and psychiatric disorders,
allowing preliminary multi-group classification based
on resting-state MEG scans [24]. The SNI test has more
recently been used to accurately classify a relatively
large population of patients with post-traumatic stress
disorder compared to healthy volunteers [28]. In addi-
tion to providing robust, quantitative empirical data on
brain function in health and disease, the SNI test is
simple, quick, non-invasive and very patient-friendly.
Since there are no complex tasks it is reasonable to
assume that the SNI test measures fundamental func-
tional properties and not simply motivational state, the
ability to accurately complete the task or follow direc-
tions. It is therefore, ideally suited for use in controlled
settings such as clinical trials where patient compliance
and retention are critically important.

Despite the growing evidence that human electro-
physiology may have diagnostic utility for AD, EEG
and MEG are still not widely used in the search
for new AD treatments. Most electrophysiology stud-
ies include relatively small groups of subjects (often
between 20–30 subject per group), each using dif-
ferent data processing and analysis techniques. Most
processing methods include a manual review step that
is difficult to standardize and therefore difficult to use
in multicenter clinical studies. The research presented
here was designed to identify, implement and verify
a standardized data processing and analysis method
that could provide a robust MEG-based endpoint to
support the development of new AD treatments. To
accomplish this we have identified a single measure to
capture information about the distribution of relative
spectral power, the frequency centroid. This is comple-
mented by the SNI test, which is a novel method for
evaluating functional connectivity that requires only
one minute of input data. Another critical goal of this
work was to identify specific changes in resting-state
MEG scans that were associated with AD, and begin
to determine how these MEG scan features track with
disease severity both cross-sectionally and longitudi-

nally. We have found that our approach for combining
the frequency centroid and SNI measurements is capa-
ble of tracking disease progression longitudinally in
a manner that could be beneficially applied to clini-
cal development programs. Once fully established and
validated, such tests could eventually find wider use in
normal clinical practice.

METHODS

Subjects

Subjects were recruited during the course of two
clinical studies, which originally included a total of 279
study volunteers. The clinical studies were sponsored
by the Brain Sciences Center (BSC) at the Minneapo-
lis VA Medical Center and Orasi Medical, Inc. The
study sponsored by Orasi included clinical sites and
MEG centers in two cities: Minneapolis, MN (Noran
Neurology Clinic, Orr Consulting Psychiatric Recov-
ery, Minneapolis VA Medical Center-GRECC) and
Denver, CO (Radiant Research, University of Col-
orado – Denver). The BSC study involved a single
clinical site and MEG center at the Minneapolis VA
Medical Center. The Orasi-sponsored study was a mul-
ticenter, exploratory cohort study designed to identify
patterns of functional activity associated with AD. The
design of the BSC study has been described previously
[24]. Clinical studies were conducted in accordance
with the Declaration of Helsinki of 1975 and were
approved by the Western Institutional Review Board
as well as Institutional Review Boards at participat-
ing medical centers and clinics. All subjects were
recruited from the community through their neurology
clinic or through community advertising. Recruitment
focused on subjects with a previous diagnosis of AD
or healthy status. Twenty-four subjects were enrolled
in the AD group, but did not meet DSM-IV-TR crite-
ria for Dementia of Alzheimer’s Type (see below). It is
likely that at least some of these subjects could be clas-
sified as having Mild Cognitive Impairment [29], and
although they were scanned and evaluated in the stud-
ies, their results are not reported here. There also were
19 subjects that were excluded because their MEG
scans were not of acceptable quality. Table 1 summa-
rizes the demographics of the remaining study subjects
(n = 240) separated according to the particular study
or geographic location. On average the AD patients
were somewhat older than the healthy control group
and there were relatively more males in the AD group
compared to the healthy controls. Eighty subjects from
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Table 1
Subject demographics

Age % Female MMSE ADAS (SOB) CDR (SOB)

Minneapolis cohort∗
Healthy (n = 81) 66.2 ± 1.7 56.8 29.0 ± 0.1 N/A N/A
DAT (n = 84) 76.4 ± 0.8 40.5 19.7 ± 0.7 22.5 ± 1.4 6.8 ± 0.5

Denver cohort
Healthy (n = 16) 67.8 ± 2.4 62.5 28.2 ± 0.3 N/A N/A
DAT (n = 15) 75.9 ± 2.7 40.0 16.1 ± 2.2 27.5 ± 3.4 7.1 ± 1.0

BSC study cohort
Healthy (n = 34) 72.6 ± 1.3 23.5 N/A N/A N/A
DAT (n = 32) 76.6 ± 1.3 3.2 21.9 ± 0.7 N/A N/A

∗Table values represent the mean ± SEM values for each of the demographic and severity measures. N/A = data
not collected.

Table 2
Longitudinal cohort demographics

Age % Female MMSE ADAS (SOB) CDR (SOB)

Healthy longitudinal cohort (n = 46)∗
Scan 1 71.8 ± 1.1 52.2 28.8 ± 0.17 N/A N/A
Scan 2 72.9 ± 1.2 52.2 28.8 ± 0.18 N/A N/A

AD longitudinal cohort (n = 31)
Scan 1 74.4 ± 1.1 54.8 20.5 ± 1.3 21.0 ± 2.6 5.8 ± 0.75
Scan 2 75.2 ± 1.2 54.8 19.3 ± 1.4 27.5 ± 3.4 7.4 ± 0.84

∗Table values represent the mean ± SEM values for each of the demographic and severity measures. N/A = data
not collected.

the original Orasi Minneapolis cohort were invited to
participate in a longitudinal follow-up approximately
10 months after the first tests. A total of 31 AD patients
and 46 healthy subjects joined the longitudinal com-
ponent of the study and were evaluated identically to
that of the original assessments. The demographics of
the longitudinal cohort are summarized in Table 2.

Clinical evaluation

Study investigators at each clinical site were respon-
sible for evaluating the subjects and confirming either
their pre-existing diagnosis or healthy status. The eval-
uation of subjects included neurological examination
and review of medical history and records. All sub-
jects from the Orasi-sponsored study were evaluated
with the Mini-Mental State Examination (MMSE) to
assess cognitive functioning at the time of screening,
and the Modified Hachinski Scale [30] to evaluate
the potential for vascular dementia. Subjects who
scored higher than a 4 on the Hachinski Scale were
excluded from participation. The AD subjects in the
Orasi-sponsored study also were assessed using the
Alzheimer’s Disease Assessment Scale – Cognitive
Subscale (ADAS-Cog), and the Clinician Dementia
Rating (CDR) to further establish disease severity. The
BSC study used a slightly different strategy to evalu-

ate study participants. The MMSE was administered
only to the AD group, and they were not tested with
the CDR or ADAS-Cog. However, an extensive set of
neuropsychological and neurological tests were con-
ducted to confirm disease or healthy status. Based on
their clinical evaluations, study investigators generated
a diagnosis for each subject: either 1) healthy; or 2)
Dementia of Alzheimer’s Type (DAT). Subjects also
were classified according to the NINCDS-ADRDA cri-
teria for probable and possible AD or mild cognitive
impairment (MCI) [24] but these secondary classifica-
tions were not used to define formal group assignments.
Subjects not considered healthy, but who also did not
meet DSM-IV-TR criteria for DAT were evaluated, but
their results are not reported here. Subjects in the lon-
gitudinal component of the study were evaluated in an
identical manner approximately 10 months after first
evaluation (mean time difference = 9.8 ± 0.2 months).

MEG scan

Subjects underwent a single MEG scan session using
WH3600 Gradiometer Instruments Manufactured by
4D Neuroimaging (San Diego, CA) located either at
the University of Colorado – Denver MEG Center or
the Minneapolis VA Medical Center. Once the subject
was situated properly in the scanner MEG data col-
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lection was initiated. Subjects were instructed to close
their eyes for approximately 30 seconds to prepare for
the eyes open fixation task. Subjects then were asked
to open their eyes and gaze at a white dot projected on
a video screen located 60 cm in front of their eyes at an
angle allowing the subject to comfortably gaze straight
ahead. MEG data collection was stopped after comple-
tion of the series, which consisted of 120 seconds of
MEG data collection. During the scan both subjects and
recordings were observed for evidence of excessive
eye, head or body movement and scans contaminated
by such artifacts were rejected. The MEG scan oper-
ator was instructed to collect multiple scan series to
replace rejected series or if otherwise deemed nec-
essary according to the operator’s judgment. In most
cases 2–3 scan series were completed for each subject.
Prior to digitization by the MEG instrument at 1071 Hz
data from each of the 248 sensors was low-pass filtered
at 400 Hz to avoid aliasing.

Data processing

MEG scan data including all associated acquisition
and instrument setting information was sent to Orasi
Medical over the internet using Orasi’s secure web
browser interface. The time-series from each sensor
were evaluated for quality automatically by mea-
suring the wideband absolute variance (0.1–400 Hz),
the low frequency variance (0.1–1 Hz) and whether
prewhitened time series were stationary. In some cases,
visual inspection was conducted to verify the results
of automated quality tests. Any visual inspection was
done by individuals who were blind to the subject’s
clinical diagnosis. Data from sensors that showed
any variance greater than 5 standard deviations away
from the mean (higher or lower) or those generated
prewhitened time series that were not formally station-
ary (homogeneous mean and variance across the entire
time series) were excluded from analysis. In most cases
multiple scan series were available and if overall qual-
ity did not differ between them, the first series was used.
Otherwise the scan series with the fewest excluded sen-
sors was used. Because data from 43 frontal sensors
were most likely to fall outside of quality criteria, we
chose to exclude those sensors from the analysis in all
subjects. In addition, 19 subjects (8 healthy and 11 AD,
7% of subjects tested) were excluded from MEG analy-
sis because of overall poor scan quality (all sensors met
exclusion criteria). These quality control procedures
resulted in a relatively homogeneous data set in which
neither the wideband absolute variance nor low fre-

quency variance differed significantly between study
groups at any sensor. Subsequent analysis was con-
ducted using sixty seconds of high-quality, contiguous,
eyes-open data.

An important analytical strategy for this study was
to identify a minimal set of MEG-scan parameters
that could broadly characterize functional pathology
associated with AD, while being robust, reliable and
amenable to standardization. Therefore, the centroid
frequency was used to measure the distribution of rel-
ative spectral power and zero-lag cross-correlations
(e.g. the SNI test) quantified functional connectivity.
The fundamental increment of analyzed data, referred
to as an individual “feature”, was either a single sen-
sor for centroid frequency (205 sensors total) or a
single sensor-pair for the cross-correlation analysis
([205 × 204]/2 = 20910 measures of functional con-
nectivity). In a conservative attempt to characterize
differences between groups, global values (e.g. one
value per subject per data type, described below)
were subjected to initial statistical tests followed by
a more detailed analysis based on individual features
or distance-based subgroups (see below).

To evaluate the distribution of spectral power in the
MEG time series, power spectral density plots were
generated from the entire one-minute of eyes-open
raw data over the 0.1–50 Hz frequency range using
fast Fourier transform. To characterize the spectral
power distribution, we calculated the centroid fre-
quency, which is defined as the frequency at which
the spectral power in high and low frequencies is bal-
anced. The centroid frequency was calculated for each
sensor from the area under the power spectral density
function from 1 to 50 Hz (Fig. 1A). Relative power also
was calculated for each of 5 standard frequency bands
(delta: 0.5–3 Hz, theta: 3–8 Hz, alpha: 8–13 Hz, beta:
13–30 Hz, gamma: 30–50 Hz). Global values for each
measurement were generated by averaging the power
spectra of all sensors and using the averaged power
spectra to calculate centroid frequency or band-specific
relative spectral power.

Functional connectivity was assessed by a variant of
the SNI test developed by Georgopoulos and cowork-
ers [24, 26, 27]. Sixty-second time series were down
sampled by a factor of 10 and digitally filtered at
50 Hz. The resulting time series were prewhitened by a
single differencing step followed by fitting to an auto-
regressive moving average (ARMA) model and taking
the residuals. The parameters used for prewhitening
were optimized through iterative testing that attempted
to identify the minimal differencing and lowest order
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Fig. 1. Resting-state MEG scans reveal significant differences in the distribution of spectral power between AD and elderly, cognitively healthy
volunteers. A) Shown is a power spectral density plot (averaged across all sensors) for a single AD patient (red) and a single cognitively healthy
subject (blue). The dotted lines represent the centroid frequencies calculated for each of those subjects. Increased power in lower frequencies and
decreased power in higher frequencies result in a marked leftward shift of the centroid frequency in AD patients. B) Shown are box-and-whisker
plots of global centroid frequency for 123 cognitively healthy and 117 AD patients. The boxes represent the 25–75% confidence intervals, the
error bars represent the 95% confidence intervals and each open circle represents subjects outside of the 95% confidence interval. C) The heat
map illustrates the localization and direction of the most significant differences in centroid frequency. Standard t-tests were conducted for each
sensor in the array and the T-value for each sensor is plotted in this heat map based on the color calibration bar on the right. Blue represents
values that were lower in AD compared to healthy controls and warmer colors denotes were the values were higher in the AD group.

AR models needed to suppress autocorrelations to an
asymptotic level. For these scans first-order differenc-
ing combined with an AR order of 5 was found to
be optimal; and all data was prewhitened with these
model parameters. The level and direction of correla-
tion between every pair of sensors (n = 20910 sensor
pairs) was calculated from the AR residuals at time lags
ranging from −100 to +100 ms. Our analysis focused
on the instantaneous or zero-lag correlation (cO) value
and did not use statistical partialling of the cO val-
ues These cO values include information about both
direction (positive or negative) and magnitude of cor-
related activity. In most cases a direct comparison
of magnitude was more informative and relevant for
connectivity analysis. Therefore, all group compar-
isons and severity analyses used the square of the
cO value (cO2), which represents the percentage of

variance that is common to the two time series. A
global connectivity value was calculated for each sub-
ject by averaging the cO2 values for all sensor pairs
in the array. Distance-based functional connectivity
measures were calculated as the mean of all cO2 val-
ues of sensor groups defined by a range of physical
distances between sensors (see Fig. 2B for average
sensor distances for each group). Comparisons with
neuropsychological test scores and longitudinal mod-
els of severity change also used cO2 values.

Two general mapping methods were used to show
the spatial distribution of MEG scan features that differ
between groups or are correlated to neuropsychologi-
cal test scores. Colorized heat maps were constructed
to delineate the array location of notable features. Spe-
cific colors correspond to either the T statistic for group
differences or the Pearson R value for correlations.
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A B

Fig. 2. The magnitude and direction of cO values varies regularly with the distance between sensors. A) Shown is the distribution of all cO
values from all sensor pairs and all cognitively healthy subjects (bin width = 0.1). Each subject scan generated 20910 cO values (n = 123 subjects
in the cognitively healthy group). B) The network of cO values was divided into five groups based on the distance between the sensor pairs.
Individual cO values within each distance group were averaged for each subject followed by averaging across subjects. The markers represent
the average of these distance-group cO values plotted as a function of average distance between sensors. Y error bars represent the standard
deviation across the cognitively healthy group for each of the five distance groups and the X error bars represent the standard deviation of the
distances within each group.

These values were calculated for each sensor or sensor
pair and mapped according to the location of the sen-
sors in the MEG array. For SNI functional connectivity
measures the results for each sensor represented the
average values of the connections between that sensor
and all other sensors in the array. Lines drawn between
the relevant pair of sensors also were used to denote
features of particular interest (e.g. sensor pairs that
showed the most significant differences or strongest
correlation with test scores).

Statistical analysis

Group differences in global and distance-based fea-
tures were evaluated using a Multivariate Analysis
of Variance (MANOVA) with age and MEG study
site as covariates to control for possible age- or site-
related confounds. Bonferroni corrected p values were
reported to account for multiple comparisons. To inves-
tigate group differences at the level of single data
features, standard, two-group t-tests comparing each
feature, and in most cases the resulting T statis-
tic was used to denote magnitude and direction of
group differences.For these surveys of all sensors
or pairs (e.g. Table 3) the p values reported were
not corrected for multiple comparisons. Relationships
between MEG scan features and neuropsychological
test scores (MMSE, ADAS-Cog, CDR) were quan-
tified by calculating Pearson correlation coefficients

Table 3
Scan features that differed significantly across groups

Proportion of Minimum T score
significant features1 p value2 range3

cO2 0.38 1.4 × 10−7 –4.1–5.4
Centroid 0.62 5.3 × 10−10 –7.4– –1.2
Delta band 0.20 0.006 –2.8–2.0
Theta band 0.94 5 × 10−9 0.12–6.1
Alpha band 0.13 0.003 –2.4–3.0
Beta band 0.42 1.6 × 10−7 –5.4–1.7
Gamma band 0.16 0.001 –3.3–2.3
1Individual data features (20910 total sensor pairs for cO2 values and
205 sensors for centroid frequency) measures were subjected to a t-
test evaluating the difference between the cognitively healthy and the
AD groups. The column reports the proportion of those features that
were significantly different (p < 0.05) between study groups based
on the t-test (n = 117 AD and 123 healthy); 2The minimum p-value
(not Bonferroni corrected) for the individual feature that was most
significantly different between study groups (t-test); 3The range of
T values in the MEG scan features based on t-tests.

between sensor or sensor-pair level MEG scan fea-
tures and the individual test scores. For the MMSE
this was done for both groups combined as well as
for the AD group separately. For the ADAS-Cog and
CDR this analysis was conducted for the AD group
only. To produce and compare preliminary models of
disease severity change we employed a multivariate
linear regression approach [31]. MEG features that
were strongly correlated with changes in the ADAS-
Cog were used to construct models. A jack-knife
cross-validation approach was used to characterize the
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models. Models were built using data from 30 (n – 1)
subjects and then applied to the one subject not used
for model calculation. This process was repeated so
that each subject was left out and tested against a data
model built from the rest of subjects to generate the
results shown in Fig. 6. The sum of squared differences
between estimated and actual ADAS-Cog changes
were used to compare models based on goodness-of-fit.

RESULTS

Global spectral power

To confirm and extend previous observations
that spectral power of electrophysiology recordings
shifts to lower frequencies in AD, we analyzed the
60-second MEG scan data after transforming the time
series into power spectral density functions using fast
Fourier transform. We focused on a single value to
characterize the distribution, the frequency centroid,
which represents the frequency where spectral power
is balanced over a particular frequency range (Fig. 1A).
The global frequency centroid value was significantly
lower in the AD group compared to the cognitively
healthy group (AD = 6.78 ± 0.25 Hz; healthy = 8.
24 ± 0.20 Hz, p < 0.0001, F = 24.2, MANOVA,
Fig. 1B). Age and site were included in the MANOVA
as covariates and neither variable altered the disease
group differences. Frequency centroid values mea-
sured in the two MEG instruments did not differ
significantly (cognitive healthy group Minneapolis
average = 8.20 ± 0.20 Hz, n = 107; Denver average =
8.66 ± 0.53, n = 16, p = 0.41, t-test). To place these
observations in context with other methods for eval-
uating spectral power, we also evaluated the effect of
AD on the relative spectral power in each of five fre-
quency bands often used in standard quantitative EEG
or MEG analysis (Table 3). We observed a substantial
increase in theta band relative power (0.15 ± 0.007
for AD, n = 117, and 0.11 ± 0.005 for cognitively
healthy, n = 123, F = 24.02, p < 0.0001, MANOVA)
and a more modest reduction in beta band relative
spectral power that did not quite reach statistical
significance (0.15 ± 0.008 for AD and 0.17 ± 0.008
for healthy, F = 3.54, p = 0.06, MANOVA). The shift
to slower frequencies in the AD group was widely
distributed across the sensor array (Fig. 1 C) with
the sensors nearest posterior brain regions showing
the most marked group differences. T-tests of data
from individual sensors revealed that the frequency
centroid values measured in over half of them differed

significantly between groups with an even greater
proportion of sensors showing group differences in
theta band relative power (Table 3).

Global functional connectivity

The cO values represent the weights and signs of
the connections among a dense network formed by
the sensor array in the MEG instrument [24]. They
ranged from −0.5 to 1.1 and were distributed as
shown in Fig. 2A. The magnitude and sign of cO val-
ues varied regularly with the distance between pairs
of sensors (Fig. 2B). Neighboring sensors showed
relatively strong positive correlations whereas nega-
tive correlations were more prominent between pairs
of sensors that were distant. Although the distribu-
tion of global cO values (e.g. mean cO value of all
sensors measured for each subject) differed signifi-
cantly between groups (0.14 ± 0.004 for AD, n = 117,
and 0.12 ± 0.004 for cognitively healthy, n = 123,
F = 14.0, p = 0.0002, MANOVA), we focused on com-
paring cO2 values, which measure only the strength
of synchronous activity and not the sign of the cor-
relation. The strength of correlated brain activity
measured by global cO2 values increased significantly
in the AD group (average = 0.066 ± 0.001, n = 117)
compared to the cognitively healthy group (aver-
age = 0.059 ± 0.0007, n = 123, F = 11.4, p = 0.0009,
MANOVA, Fig. 3). Age and MEG study site were
included as covariates in the MANOVA and did not
impact the evaluation of disease group differences,
The average global cO2 value measured in the healthy
group in Minneapolis was 0.059 ± 0.0008 (n = 107)
and the average global cO2 value measured in the
healthy group in Denver was 0.060 ± 0.0002 (n = 16,
p = 0.87, t-test).

Distribution of functional changes

The results of global analysis demonstrate that
there are widespread differences between the AD and
healthy groups in spectral power and functional con-
nectivity and these are not likely due to statistical
anomalies associated with multiple comparisons or
other complex, multivariate analysis approaches. Hav-
ing established the group differences at the global
level, we examined how specific, individual features
vary with disease to provide additional insight into
the nature of functional changes wrought by AD. T-
tests conducted on sensor-level (frequency domain)
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Fig. 3. Global cO2 values were significantly higher in AD patients
compared to the cognitively healthy group. A) The box and whisker
plot illustrates the differing distribution of global average cO2 values
in the two study groups. The boxes represent the 25–75% confidence
intervals, the error bars represent the 95% confidence intervals and
each open circle represents subjects outside of the 95% confidence
interval. B) The heat map represents the spatial distribution of group
differences. T-values were calculated for each sensor pair with stan-
dard t-tests and mapped on the head plot according to magnitude
and direction (see color calibration bar). Blue represents values that
were lower in AD compared to healthy controls and warmer colors
denote where the values were higher in the AD group. The superim-
posed lines represent the 100 cO2 values that were most significantly
different between the study groups.

or sensor pair-level (functional connectivity) features
identified numerous differences between study groups
(see Table 3). Robust differences in functional connec-
tivity were observed among sensors located bilaterally
over temporal regions of the cortex reaching into
more frontal regions (Fig. 3), whereas AD-associated
changes in centroid frequency were seen in sensors
located more posterior, over occipital and parietal
regions of the cortex (Fig. 1).

An analysis of functional connectivity based on sen-
sor distance offered additional useful insights into AD
functional pathology (Fig. 4). AD patients showed
increased functional connectivity among short and
intra-regional sensor pairs over large parts of the sensor
array. By contrast, the strength of correlation between
distant sensors was significantly lower in the AD
group, especially between pairs of sensors in the left
parietal and right frontal regions.

Relationship between MEG features and
neuropsychological tests

Based on the marked differences between cogni-
tively healthy and AD groups, we anticipated that a
number of MEG features would change in concert with
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Fig. 4. AD patients show increased functional connectivity between nearby sensors and decreased connectivity between distant sensors. A)
Bars represent the mean ± SEM cO2 value (representing strength of correlated activity) for each of five sets of sensor pairs defined by the
distance between them (see Fig. 1 for average distance in each group; *p < 0.01; **p < 0.001). B) Heat maps represent the T-values calculated
from standard t-tests conducted on each sensor pair. For each map only those pairs within the corresponding distance group are mapped. Blue
represents values that were lower in AD compared to healthy controls and warmer colors denote where the values were higher in the AD
group. Superimposed on the heat maps are line maps illustrating the 100 sensor pairs within each distance set that showed the most significant
differences between study groups (p < 0.05 for all plotted lines).
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Table 4
Relationship to neuropsychological testing

ADAS-Cog R range2 CDR R range MMSE R range
Prop1 Prop Prop

Cross sectional3

cO2 0.07 –0.37– –0.33 0.08 –0.36– –0.30 0.02 –0.32– –0.33
Centroid 1.0 –0.58– –0.25 0.60 –0.44– –0.09 0.89 0.16–0.49

Longitudinal4

cO2 0.12 –0.67– –0.79 0.10 –0.62– –0.62 0.10 –0.52– –0.53
Centroid 0.13 –0.43– –0.01 0.23 –0.47– –0.18 0.16 –0.47– –0.27

1The proportion of individual MEG scan features (20910 total sensor pairs for cO2 values and 205 sensors for centroid
frequency) that showed statistically significant correlations between the indicated neuropsychological test and MEG scan
feature; 2The range of Pearson correlation coefficient values (R value) calculated for individual MEG scan features and
neuropsychological test scores; 3Cross-sectional correlation values across the AD group (n = 99 with complete neuropsy-
chological test scores); 4Correlations between change in neuropsychological test score and change in MEG scan features
measured longitudinally by two scans conducted approximately 10 months apart (n = 31 AD patients).

disease severity defined by neuropsychological test
scores. The majority of subjects in both groups com-
pleted the MMSE (n = 97 healthy and 131 AD). AD
patients also were evaluated with the ADAS-Cog and
CDR. Many individual scan features correlated signifi-
cantly with the MMSE when subjects from both groups
were analyzed together. Thus, cross-sectional analy-
sis of the entire cohort (n = 228) showed that 100% of
sensors generated centroid frequency values that were
significantly correlated with the MMSE score, with a
range of Pearson r-values of 0.21 to 0.5. For func-
tional connectivity, 22% of the sensor pairs generated
cO2 values that were significantly correlated with the
MMSE score, and the range of Pearson r-values in both
study groups was −0.29–0.21. Because of the previ-
ously described functional differences between groups,
it was not particularly surprising that such correlations
were observed.

It was more informative to identify MEG scan
features that correlated with neuropsychological test
scores within the AD cohort only. Table 4 summarizes
the extent of such correlations for both cross-sectional
(n varies by test) and longitudinal (n = 31) measure-
ments. A substantial majority of sensors generated
centroid frequency values that correlated significantly
with the MMSE, ADAS-Cog and CDR whereas a rela-
tively modest proportion of sensor pairs generated cO2

values with significant cross-sectional correlations. A
larger proportion of cO2 features showed significant
correlations between the change in test scores and
the change in MEG features measured longitudinally.
MEG features that showed strong longitudinal relation-
ships with the ADAS-Cog and the CDR were localized
to posterior temporal and parietal regions, and there
was marked spatial overlap between strongly corre-
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Fig. 5. Longitudinal changes in MEG scan features show robust cor-
relations with changes in neuropsychological measures of disease
severity. Shown are heat maps of Pearson R values for correlations
between changes in the CDR (top row) or ADAS-Cog (bottom row)
and frequency centroid values (left column) or cO2 values (right
column). Blue represents stronger negative correlations between
MEG scan features and CDR or ADAS-cog whereas red represents
stronger positive correlations. Superimposed on the heat maps for
the cO2 values are line maps of the 100 most highly correlated sensor
pairs.

lated frequency domain and SNI features (Fig. 5).
Notably, there also was substantial spatial overlap
between highly correlated MEG features and those that
differed significantly between groups.

Multivariate modeling of longitudinal severity
change

The strong relationship between MEG features and
the ADAS-Cog allowed us to develop preliminary
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Fig. 6. MEG features measured longitudinally include information that accurately tracks changes in ADAS-Cog performance. Each plot shows
the output of preliminary, linear models of disease severity change that include sets of MEG scan features. Each point represents the results from
a single AD patient tested twice over the course of approximately 10 months. The X-axis represent the measured change in the ADAS-Cog score
and the Y-axis represents the output of linear regression model including 6 MEG features for either cO2 values alone (A), frequency centroid
values alone (B) or a combination of cO2 values and frequency centroid values (C). The blue lines represent the points where the modeled
values and the actual values correspond exactly (slope = 1). The maps on the right depict the individual features that were used as input for each
modeling exercise. The large dots represent the sensor that generated the input centroid frequency values and the lines represent the sensor pairs
that contributed the cO2 values.

models of severity change based on linear combina-
tions of MEG features (Fig. 6). Models were based on
either functional connectivity features alone (Fig. 6A),
spectral power features alone (Fig. 6B) or a combina-
tion of the two (Fig. 6 C). In each case, the 6 features
that correlated most significantly to the longitudinal
change in the ADAS-Cog were used to estimate a
multivariate linear regression model [26]. The model
that optimally tracked actual ADAS-Cog change con-
sisted of 3 cO2 values and 3 centroid frequency
measures. This particular model strongly tracked the
actual change in ADAS-Cog scores observed in the 31
AD patients. The output of this model also correlated
significantly with the change in the CDR (r = 0.50)
and the change in the MMSE (r = 0.38, not shown).
None of the data features used in the AD severity
model differed between the 2 scans in the cognitively
healthy group (n = 46). Although jack-knife cross val-
idation was used to generate the model output, this
remains a relatively small population, and we antic-
ipate further model building efforts based on greater
numbers of subjects will be needed. Importantly, val-
idation of a final model will require formal, blinded

testing. Nonetheless, this analysis demonstrates that
brief, resting-state MEG scans are potentially capable
of tracking changes in disease severity using modest
numbers of features, and that combinations of SNI-
based functional connectivity measures and frequency
centroid data resulted in models with the best fit.

DISCUSSION

We report here the combined outcome of two,
exploratory case-controlled studies in which previ-
ously diagnosed AD patients and cognitively healthy
volunteers were recruited from the community and
evaluated with standard clinical assessments and
resting-state MEG scans. Most subjects were scanned
a single time, but a subset was scanned twice sepa-
rated by approximately 10 months. The major goals of
this study were: 1) to test the hypothesis that a brief,
resting state MEG scan generates sufficient informa-
tion to detect the functional pathology of AD; 2) to
implement automated data processing methods that
help standardize data analysis and support broad use of
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MEG technology for evaluating AD; and 3) to identify
data features that are altered by AD and change in
concert with disease severity measures based on neu-
ropsychological tests.. The results indicated that brief
resting-state MEG scans of AD patients and cogni-
tively healthy volunteers showed significantly different
properties. Brain rhythms appeared to slow resulting
in a significant reduction in the centroid frequency
of the power spectra. Underlying the change in cen-
troid frequency was a widespread increase in theta
band (3–8 Hz) and a decrease in beta band (13–30 Hz)
relative spectral power in sensors nearest to parietal
and temporal regions. Functional connectivity mea-
sured by the SNI test showed a significant increase
in global zero-lag cross-correlation values (global cO
and cO2) in AD patients compared to cognitively
healthy volunteers. Detailed analysis revealed that AD
was associated with increased strength of correlation
between nearby sensors and decreased strength of cor-
relation between distant pairs. The largest magnitude
AD-associated changes were found in lateral and pos-
terior sensors nearest to the parietal and temporal
regions that are generally considered to be critical areas
for AD pathology. A substantial number of MEG scan
features measured in AD patients correlated signifi-
cantly with the MMSE, ADAS-Cog, or CDR values
measured at single time points, and these also were
located largely in lateral or posterior sensors. Impor-
tantly, there were a substantial number of features
that changed in concert with the changes in neuropsy-
chological test scores during the 10-month interval
between study assessments.

It was possible to develop multivariate models of
MEG scan features that tracked changes in disease
severity measured longitudinally by the ADAS-Cog.
The results suggest that optimal models for track-
ing severity will require information from both
centroid frequency and SNI analyses. Similar multi-
variate approaches have been applied to resting-state
EEG scans [16, 32, 33] supporting the idea that
the extent of disease progression can be determined
through high-resolution measures of brain electrophys-
iology. Notably, we used very simple linear models
and attempted to track changes in the ADAS-Cog,
which also has known limitations and significant
variability. More robust MEG-based models may
arise from analyses that include specific ADAS-
Cog or CDR components, combinations of multiple
neuropsychological test scores, or incorporation of
other disease-specific information. Non-linear mod-
eling techniques or inclusion of additional MEG

scan features may also provide critical improvements.
Nonetheless, these results represent a promising start
to our ongoing work to identify, improve and validate
better tools for tracking the progression of AD.

Subject volunteers were recruited based on a previ-
ous diagnosis of AD or a self-reported healthy status.
Medical evaluations of subjects based on examination
and/or review of medical records were conducted in
sufficient detail to confirm the AD diagnosis based on
DSM-IV-TR (Dementia of Alzheimer’s Type) criteria
or generally healthy status. It is possible that a modest
proportion of subjects were misclassified by this pro-
cess, especially within the cognitively healthy group.
However, based on MMSE scores it seems likely that
the large majority of healthy volunteers were gener-
ally free of AD or were in a very early state. In fact,
there were a number of cognitively normal subjects
that showed MEG scans features more similar to the
AD group, which may indicate the presence of early
functional impairment. Further longitudinal follow-up
of these subjects maybe particularly informative. It is
worth noting that inadvertent inclusion of function-
ally impaired individuals in the cognitively healthy
group would have the effect of spuriously dampen-
ing the observed disease-based differences compared
to the actual effect of the disease. The AD group was
not evaluated with MRI or other diagnostic tools as
part of the study, but in many cases such technologies
were used in the patient’s original diagnostic work-
up to confirm the diagnosis of AD. There is also a
potential for some of the subjects to have dementia
from diseases other than AD, but the studies included
specific exclusions for all significant, non-AD neuro-
logical and psychiatric conditions. In an attempt to rule
out one very common non-AD cause of dementia, all
subjects in the Orasi-sponsored study were evaluated
with the Hachinski Modified Ischemia Scale [30] and
excluded if their Hachinski scores exceeded 4.

Although the study examined differences between
disease states, it is possible that some features of the
MEG scans were affected by prescription medications
taken by the subjects. Since most other major neu-
rological and psychiatric disorders were specifically
excluded from the study, none of the subjects were
known to be taking major neuroactive medications
at the time of the study including antipsychotics and
anticonvulsants. However, the majority of AD patients
were on stable doses of cholinesterase inhibitors and a
few also were taking memantine. Some subjects in both
study groups were taking antidepressant medications,
but those with known substance or alcohol abuse were
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specifically excluded from the study. Ad hoc analysis
of the MEG scan data suggested there were no obvi-
ous effects of medication state on the MEG scan (not
shown), but these analyses cannot substitute for formal
testing of drug effect with placebo-controlled studies.
Therefore, it is possible that some of the MEG fea-
tures identified here were confounded by the effect of
medications, particularly cholinesterase inhibitors in
the AD subjects.

Functional connectivity was evaluated by a variant
of the SNI test first developed by Georgopoulos [21,
22]. This time series based approach uses prewhiten-
ing to reduce the influence of autocorrelations in the
calculation of sensor pair cross-correlations. We have
optimized specific data processing steps (filtering, AR
order, etc) to generate robust measures of correlated
activity that could be applied reliably across the widest
number of subjects regardless of MEG instrument. We
made every attempt to reduce or eliminate the impact
of movement artifacts (e.g. eye blinks, head movement
etc.) on the results. However, undetected artifacts still
may have altered some of the results presented here.
It also is possible that the cO and cO2 values reported
here were modestly influenced common signal sources
that may or may not be derived from brain electri-
cal activity. However, common sources cannot fully
explain the differences between disease groups or the
relationships between MEG scans and neuropsycho-
logical test scores as it is unlikely that external common
sources would differ systematically between groups.
There are a wide variety of methods for measuring
brain rhythmicity and functional connectivity using
MEG or EEG data. Each has particular advantages
and it is possible that even more robust information
could be gleaned by using alternative data processing
or analysis approaches. For example, Stam [34, 35]
has proposed that the effect of common sources can be
mitigated by applying specialized techniques to assess
functional connectivity from MEG or EEG scans. Even
within the general context of the SNI test there remains
substantial information embedded in the lagged (e.g.
non time 0) correlations, which may provide richer,
more useful information.

Importantly, the results reported here were based on
data from two different MEG instruments and MEG
scans separated by a significant amount of time (scan
time range = approximately 4 years). Although it is
possible to identify minor differences between instru-
ments (based on empty room scans, for example), the
main parameters used to define AD functional pathol-
ogy did not differ between instruments, and disease

differences observed in each instrument were essen-
tially the same. Separate analysis of subject data from
each instrument revealed nearly identical differences
between groups with some variation in statistical sig-
nificance between differing group sizes. The robust
nature of the data features combined with the standard-
ized method for processing and analyzing the scans
demonstrates that use of resting-state MEG scans in
multicenter trials is clearly feasible.

The slowing of cortical rhythms observed here is
consistent with the results of multiple studies using
EEG [13, 15, 16, 33, 36–40] and MEG [17, 18, 24,
41]. Similar to the results reported here, previous
MEG studies have shown that the most marked slow-
ing is found in temporal and occipital regions [17].
Both MEG and EEG have detected a loss of sig-
nal complexity in scans of AD patients [34, 40], and
changes in functional connectivity have been widely
observed. Increased spectral power in delta and theta
frequency bands together with decreased power in beta
and gamma bands have been routinely observed in
human electrophysiology studies. Similarly, cortical
responses to sensory stimulation also are delayed in
AD patients compared to healthy controls [11, 42].
Despite the reproducibility of these findings, there
is evidence that this may not be specific to AD.
For example, patients with Parkinson’s disease also
show generalized slowing of cortical rhythms very
similar to that seen in AD patients [43]. Better speci-
ficity may come from improved spatial localization
of changes or alternative data analysis techniques.
Compared to EEG, MEG is theoretically capable of
measuring cortical sources with higher spatial reso-
lution, and therefore, may more readily differentiate
among disease states. Further work will be required
to fully determine the relative utility of MEG and
EEG in differentiating neurological disorders. Inter-
estingly, our results were obtained using an eyes-open
scan task, while many of the previous studies using
EEG have employed an eye-closed condition [13, 14].
The advantages and disadvantages of each approach
are not entirely clear, but future work directly compar-
ing the eyes-open and eyes-closed scans may provide
additional insights into the pathophysiology of AD.

Electrophysiology data provides a rich source of
functional connectivity information that may prove
critical for tracking AD and other neurological and
psychiatric disorders [29, 34]. Although changes in
connectivity have been identified using EEG [39],
MEG does not employ a common reference electrode
and is less susceptible to tissue-associated volume
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conduction of signals, both of which can cloud inter-
pretation of correlated activity [44]. In contrast to the
method used here, which measures correlated activity
across a wide range of frequencies, previous work
in this area has focused on techniques that rely on
frequency domain transformations of the MEG time
series [45]. Thus, functional connectivity measures
derived from these analyses are specific for particular
frequency bands. Stam et al. [46], using linear (coher-
ence) and nonlinear (synchronization likelihood)
measures of connectivity observed that AD subjects
showed decreased long distance connectivity in the
alpha and beta bands, with an increased connectivity
between local sensor pairs in the theta, beta and
gamma bands. Similar findings also were observed
in a separate study [45] in which connectivity was
assessed by mean square coherence methods. These
results show that electrophysiology detects the results
of disturbed communication networks in AD. In fact,
resting-state scans from either MEG [25], or EEG [39]
analyzed with graph theoretical approaches suggest
that functional networks in AD patients have a more
random structure than those in matched healthy vol-
unteers. Notably, resting-state fMRI, which measures
communication over much longer time frames, also
has detected similar disruption of communication
networks in AD [21, 47], and diffusion tensor imaging
has detected structural evidence of degradation in
white matter tracts [22]. Thus independently derived
evidence using a variety of technologies clearly
supports the idea that changes in functional commu-
nication networks represent a critical pathological
feature of AD that could be used to evaluate AD
patients in experimental and clinical settings.

It is not surprising that the substantial structural
damage caused by AD would manifest itself in dis-
ruptions of normal electrical activity, however we
do not yet understand the relationship between neu-
ronal loss and brain electrophysiology in sufficient
detail to fully explain the electrophysiology observa-
tions in terms of damage to specific structures. More
generally, it is possible that increased synchronous
activity between neighboring brain regions (e.g. cO2

values between nearby sensors) represents an attempt
by the brain to work around the loss of longer dis-
tance lines of communication. Additionally, changes to
resting state synchronous communication may result
from degradation of communication pathways that
maintain rhythmic signaling between cortex and sub
cortical structures. Llinas and colleagues have pro-
posed a pathological process called thalamocortical

dysrhythmia [48] that is hypothesized to explain the
electrophysiological consequences of a variety of brain
pathologies.

Recent improvements in diagnostic technology for
AD have provided the rationale for redefining the cri-
teria for AD and associated conditions [1–4]. The new
criteria rely heavily on PET imaging to detect plaque
[49] or CSF measures of A-beta and tau [5], especially
to support detection of “preclinical” disease processes.
Thus, dysregulation of amyloid processing and plaque
accumulation are proposed to be a very early manifes-
tation of AD according to a recent theoretical model of
disease progression [10]. Biomarkers that underpin the
progression model suggest that measurable cognitive
decline and pathological brain atrophy occur largely
in the later stages of the disease. This framework cur-
rently does not include biomarker tools capable of
tracking progression during the period between plaque
accumulation and detectable atrophy or cognitive dys-
function. The results presented here, as well as other
observations, suggest that high-resolution measures
based on resting-state MEG scans may generate addi-
tional information to help track changes in disease
severity. Resting-state electrophysiology has identified
features that are significantly correlated with neu-
ropsychological measures of cognitive function in both
cross-sectional [11, 17, 39, 41, 46], and longitudinal
settings [38]. EEG scans also have detected disturbed
function at earlier stages of the disease process in
patients diagnosed with MCI [50]. There is growing
evidence from both MEG and fMRI studies indicating
that evaluation of functional connectivity offers hope
for detecting pathology that may be otherwise diffi-
cult to characterize [51]. The default mode network
defined by fMRI studies represents a robust and con-
sistent feature [52] that has been shown to be disturbed
in AD [53] and MCI [54]. MEG studies using the SNI
approach have demonstrated that functional connec-
tivity patterns are consistent across healthy subjects
[27] and show disease-specific changes [24, 28, 55].
These observations along with the current results sup-
port the idea that brief, resting-state MEG scans contain
information that may help track changes in AD sever-
ity more accurately and perhaps earlier in the disease
process.

The results presented here represent the first step
in qualifying and validating a robust diagnostic tool
for AD. We have demonstrated that data from mul-
tiple instruments can be readily combined and that
the results can generalize across a patient popula-
tion that is substantially larger than most previous
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MEG or EEG studies. Further work is being con-
ducted to confirm and extend these findings including
additional study cohorts and MEG instruments, as
well as continued longitudinal follow-up of the cur-
rent patient population. Blinded testing of diagnostic
accuracy also is planned to rigorously prove the utility
of MEG scans and the analysis algorithms that support
the tool. The goal of this effort will be to develop a
new AD biomarker that provides information about
disease severity and progression to aid in develop-
ment and testing of novel treatments and eventually in
routine clinical practice. These promising early obser-
vations suggest that brief, resting-state MEG scans
may offer some advantages over available biomarker
tools. Unlike PET imaging and CSF-based biomarkers,
MEG is completely non-invasive, requiring no injec-
tions or needles. MEG scans also are faster, requiring
significantly less scanner time than structural MRI.
The outcome of this study demonstrates the poten-
tial utility of resting-state MEG scans in clinical trials
for experimental AD treatments. The patient-friendly
nature of the scan acquisition facilitates recruitment
and retention, and the scan clearly generates data rel-
evant to known AD pathology. Moreover, the use of
combined frequency domain and functional connectiv-
ity results can generate sufficient information to track
modest changes in severity that are currently measured
by neuropsychological tests. The objective and quanti-
tative nature of MEG may be particularly amenable to
supporting early stage proof-of-concept trials in which
short time-in-study and modest subject numbers are
critical.
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Introduction

Section 6: Diffusion Tensor Imaging

Norbert Schuff*
University of California and Veterans Affairs Medical Center, San Francisco, CA, USA

For many years, Alzheimer’s disease (AD) has been
considered primarily a disorder of the hippocampus
and cortex, i.e. gray matter. Nowadays, a broader view
prevails in which white matter also plays a critical
role in the disease process. The changing view arose
to a large part from brain studies using diffusion ten-
sor imaging (DTI), a variant of MRI, which provides
a unique contrast for the assessment of white matter.
DTI captures the microstructural architecture of tissue
by measuring the systematic directionality of water dif-
fusion. The degree of diffusion directionality is usually
expressed as fractional anisotropy (FA), which ranges
theoretically from zero for isotropic diffusion to unity
for diffusion exclusively along one direction [1]. It is
now well established that FA is sensitive to changes
in white matter integrity [2], although the biological
underpinnings of FA alterations are often not known
in detail. Information from DTI can also be used for
mapping fiber tracts and for studies of brain connec-
tivity using the concept of tractography [3]. DTI has
become the method of choice for studying alterations
in white matter in normal aging as well as in a variety of
neurological diseases. In AD research alone, roughly
100 articles have been published in the past decade
with a growing number of new reports appearing now
every year.

The articles in this section of the handbooks rep-
resent the status of current DTI research in AD
and mild cognitive impairment (MCI) and highlight
the characteristics of white matter damage associ-
ated with AD. The article by Fellgiebel focuses on
DTI studies of the hippocampus and associated limbic
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structures, which have received particular attention in
AD research because of their critical role in memory
processing and function. Several findings suggest that
DTI-based indices of microstructural integrity of lim-
bic structures might outperform conventional measures
of macrostructural volume loss as predictor of AD. The
diagnostic utility of DTI in direct comparison to that of
brain atrophy for AD is taken up directly in the article
by Friese et al. The feasibility of DTI as a biomarker for
AD in clinical research settings and pharmacological
trials is also discussed. Another perspective on using
DTI and structural MRI together is presented in the
article by Canu and colleagues, who aimed to iden-
tify the extent to which microstructural alterations and
macrostructural atrophy provide independent informa-
tion to the characterization of AD pathology in a small
group of diagnosed AD patients and healthy elderly
controls. Their findings further expand the understand-
ing of the topography of pathological changes in AD
that can be captured with various MRI methods. The
value of DTI for predicting cognitive decline from MCI
toward dementia is investigated in the article by Haller
et al, using fractional anisotropy as primary summary
measure of DTI. The value of various other summary
measures of DTI is addressed in the article by He et al.
The different DTI measures are outlined and the sensi-
tivity and interpretation of each measure is discussed
in the context of detecting AD at an early stage. The
potential translation of DTI research into clinical prac-
tice is critically examined in the article by Oshi et al. In
addition, principles of DTI are reviewed and strategies
for investigating white matter alterations are described.
In the article by Teipel et al., DTI is used to study asso-
ciations between white matter integrity and education
in the context of AD and brain reserve capacity. Finally,
in the article by Yassa, a high resolution DTI method is
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reviewed to map the intricate structure of the perforant
pathway, a connectional route linking the entorhinal
cortex to the hippocampal formation and a target of
early AD pathology. This method presents novel and
exciting opportunities but technical challenges remain.
Taken together, the articles in this section demonstrate
consistently that anisotropic diffusion of water in brain
tissue measured by DTI is a highly sensitive probe to
assess subtle disease processes in AD, not normally
seen with conventional MRI contrast mechanisms. DTI
holds great promise to become a useful clinical tool for
early AD detection.
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Diffusion Tensor Imaging of the
Hippocampus in MCI and Early Alzheimer’s
Disease

Andreas Fellgiebel* and Igor Yakushev
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Abstract. The hippocampus is among the first brain structures to be affected by Alzheimer’s disease (AD) pathology. Microstruc-
tural alterations within this region have been quantified in vivo using diffusion tensor imaging (DTI), a relatively novel MRI-based
technique for mapping diffusion properties of water. Existing evidence indicates that DTI-derived mean diffusivity (MD) of
the anterior hippocampus is more predictive than ordinary volumetric indices of the degree of episodic memory impairment in
patients with early AD. Thus, altered MD of the (anterior) hippocampus might be highly indicative of hippocampal dysfunction,
thereby potentially qualifying this measure as a candidate marker for monitoring progression of AD. Longitudinal studies are
needed to confirm this concept. DTI-based assessment of hippocampal microstructure might be also of value for early AD
diagnosis and for predicting the course of cognitive decline in subjects at risk for Alzheimer’s dementia. Mean diffusivity as
microstructural and volume as macrostructural index of hippocampal integrity seem to reflect different, albeit overlapping, aspects
of the neurodegenerative process. In contrast, fractional anisotropy is less efficient for quantifying microstructural integrity of
the diseased hippocampus in the clinical context. Development of automatic algorithms, providing MD measurements of the
hippocampus for routine use, is a task for future studies.

Keywords: DTI, mild cognitive impairment, dementia, memory, multi-modal, longitudinal axis, biomarker, atrophy, microstruc-
tural, diffusivity

There is strong empirical evidence that the hip-
pocampus plays an essential role in memory encoding
and retrieving [1]. The hippocampus is among the first
brain structures to be affected by Alzheimer’s disease
(AD) pathology [2], consistent with the observation
that deficits in episodic memory are among the first
clinical signs of AD [3]. Consequently, the hippocam-
pus and associated limbic structures have been the
focus of particular attention in AD research. The occur-
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rence of global and regional volume reduction in the
hippocampus has been a consistent finding of struc-
tural MR studies of AD patients, as well as in subjects
with mild cognitive impairment (MCI), who run a risk
for transition to AD. Less is known about concomitant
microstructural alterations of the AD hippocampus.
With the advent of diffusion tensor imaging (DTI),
a relatively novel MRI-based technique for mapping
diffusion properties of water in a constrained compart-
ment, it is now possible to measure microstructural
alterations in the living brain. DTI measures the ran-
dom motion of water molecules, which is typically
quantified as the mean diffusivity (MD) and fractional
anisotropy (FA). The MD is a measure of randomized
mean water diffusion [4]. As any neurodegenerative
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process is accompanied by a progressive loss of the
barriers restricting water molecule motion in cellu-
lar compartments (e.g. neuronal loss), DTI sensitively
reveals degeneration of brain tissue through patholog-
ically elevated MD [4]. In highly structured tissues
such as bundles of myelinated fibres, the motion of
water molecules is particularly restricted, with a rela-
tive preference for the diffusion along the axial fibre
direction (anisotropic diffusion). The degree of this
motion directionality, or anisotropy, is reported as frac-
tional anisotropy (FA), an index of primarily white
matter integrity [5], which can decline in neurodegen-
erative disease.

MICROSTRUCTURAL ALTERATIONS OF
THE HIPPOCAMPUS IN MCI

To explore early, potentially AD-related, changes
in the hippocampal microstructural integrity and their
functional relevance, we investigated subjects with
amnestic MCI. DTI-derived diffusivity as well as MRI-
based volumetric measurements of the hippocampus
[6] were obtained from 18 patients with MCI (mean age
of 67.3 ± 8.7 years) and 18 age- and gender-matched
healthy controls. Episodic memory performance was
assessed with the delayed verbal recall test (DVRT)
and the visual-constructive memory function test of the
CERAD test battery [7]. Microstructural (MD, FA) and
volumetric indices of the hippocampus were derived
using a region-of-interest (ROI) analysis. The MCI
patient group had a significantly smaller mean volume
of the left hippocampus (−11%, p = 0.025) and sig-
nificantly increased MD in the left (+11%, p = 0.002)
as well as right hippocampus (+12%, p = 0.022). The
left hippocampus volume (r = 0.35; p = 0.03) and MD
(r = -0.55; p < 0.0005) both correlated with verbal
memory function (DVRT). Multiple regression anal-
yses revealed left hippocampal MD to be the strongest
predictor of verbal episodic memory performance,
explaining 25 % of DVRT variance (p = 0.009) in the
patient group. No such a correlation was observed
in the control group. Regression analyses using FA
instead of MD values revealed similar but less pro-
nounced correlations.

Increased hippocampal MD, which we found to be
the most sensitive predictor of impaired memory func-
tion, might be explained by the occurrence of increased
intercellular spaces and elevated extracellular water
content, which might arise due to degenerative neu-
ronal loss and Wallerian degeneration. The results of

our study suggested that microstructural alterations of
the hippocampus in MCI patients are more sensitive to
early and functionally relevant degenerative changes
than are “macrostructural” findings of hippocampal
atrophy. Neither in MCI patients nor controls were
DTI measures and volumes significantly correlated
(p > 0.10 for all correlation coefficients), suggesting
that the two measures reveal different, albeit overlap-
ping, pathological changes [8, 9].

DIFFUSIVITY OF THE HIPPOCAMPUS
FOR THE PREDICTION OF DEMENTIA

In a further DTI study, we aimed to establish whether
microstructural indices of hippocampal integrity can
predict transition to Alzheimer’s dementia in subjects
with MCI. Thirteen MCI subjects were followed-up
by clinical assessment over a mean period of 1,5 years
[10]. MCI patients who converted to dementia (6 of
13) during the observation period proved to have had
significantly elevated left hippocampal MD at baseline
compared to those MCI patients who remained clini-
cally stable. Notably, this finding is in agreement with
an independent study by Kantarci and colleagues, who
also reported increased baseline hippocampal diffusiv-
ity as a predictor of conversion to dementia in MCI
patients [11].

DIFFUSIVITY OF THE ANTERIOR
HIPPOCAMPUS IN EARLY ALZHEIMER’S
DISEASE

Intracellular aggregates of the cytoskeletal tau pro-
tein are one of the hallmarks of AD. There is evidence
from autopsy and imaging studies that tau deposi-
tion in AD occurs in a temporal sequence following
the neuronal connectivity of the affected brain regions
[12–14]. Specifically, tau deposition starts from layer II
of the entorhinal cortex and spreads via the perforant
path to the lateral entorhinal cortex, CA1/subiculum
border and the distal apical dendrites of CA1 neurons
in the stratum lacunosum-moleculare [13]. The per-
forant path, one of the first structures to be affected in
AD, projects primarily to the anterior part of the hip-
pocampus, thus constituting the multimodal sensory
input from the entorhinal cortex [14, 15]. Its ventral
afferent portion is restricted to approximately 30% of
the anterior denate gyrus, which is located within the
hippocampal head [16].
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Fig. 1. Left anterior hippocampal diffusivity and verbal memory in
early Alzheimer’s disease. Left anterior hippocampal mean diffusiv-
ity (MD) correlates significantly with performance on the delayed
verbal recall task in patients with early Alzheimer’s disease (n = 20)
[22].

This anatomical distinction of the hippocampal
head, or anterior hippocampus, might underline the
functional differentiation along the longitudinal axis
of the hippocampus [16, 17]. This concept, initially
based on animal data, has later been supported from
the results of human studies of neuroanatomy [16],
electrophysiology[18], genetics, and functional neu-
roimaging. Concerning the latter approach, functional
MRI has revealed specific activation of the anterior
hippocampus in the process of associative memory
storage [19]. Subsequently, a multimodal imaging
study documented a primary involvement of the ante-
rior hippocampus in the performance of episodic
memory [20]. Recently, a specific role of the anterior
hippocampal formation in successful memory encod-
ing has been highlighted [21].

Inspired by this evidence, we examined specifically
the anterior and posterior hippocampal microstructure
and volume in 20 patients with early AD (MMSE
25.7 ± 1.7) and 18 healthy control subjects by DTI
and structural MRI [22]. Using an ROI analysis, we
obtained volumetric and diffusivity measures of the
hippocampal head and body-tail sections, as well as
of the whole hippocampus. All volumetric measures
and also diffusivity measurements of the hippocampus
head were significantly (p < 0.01) different in the AD
group as compared to the control group. In patients,
increased left hippocampus head diffusivity had a
significant negative correlation with performance on
DVRT (r = –0.74, p = 0.0002) (Fig. 1) and with the

CERAD global score. In contrast, no correlation was
noted for the body-tail section. Stepwise regression
analyses revealed that increased left hippocampus head
diffusivity was the only predictor for performance on
DVRT (R2 = 52%, p < 0.0005). These findings suggest
that anterior hippocampal diffusivity is more closely
predictive of impaired verbal episodic memory func-
tion in AD than are other regional or global structural
measures. Our data support in general the hypothe-
sis of functional differentiation along the main axis
of the hippocampus, and more specifically indicate a
particular role of the anterior hippocampus in episodic
memory deficits of AD. Thus, we propose that regional
diffusivity measurements are a highly sensitive indica-
tor of functionally relevant degenerative alterations of
the hippocampus.

HIPPOCAMPAL MICROSTRUCTURE,
GLUCOSE METABOLISM, AND FUNCTION
IN EARLY AD

Consistent with the imaging-based findings of
abnormal microstructural integrity, reduced synap-
tic activity/density of the hippocampus is commonly
observed in studies of early AD. The relationship
between these two classes of pathophysiological phe-
nomena remains elusive. Furthermore, it has been
unclear which measure is more related to the AD
symptom of episodic memory impairment. In a multi-
modal imaging study, we obtained positron emission
tomography with [(18)F]fluorodeoxyglucose (FDG-
PET) and also DTI measurements in the same study
group of patients with early AD. By this means
we sought to investigate associations between dif-
fusivity and metabolic indices of the hippocampal
subdivisions, also in relation to the individual extent
of episodic memory impairment [23]. In an inter-
modality correlation analysis, glucose metabolism as
assessed by FDG-PET was strongly associated with
diffusivity only in left anterior hippocampal division
(r = −0.81, p < 0.05 Bonferroni-corrected for multiple
tests) (Fig. 2). Performance on DVRT significantly cor-
related with left anterior (r = −0.80, p < 0.05) and total
(r = −0.72, p < 0.05) hippocampal diffusivity, while
the correlation with anterior hippocampal FDG uptake
did not reach our predefined level of statistical sig-
nificance (r = 0.52, n.s.). We concluded that diffusivity
measurements specifically of the anterior hippocampus
might be a sensitive marker of early hippocampal dys-
function as reflected in impaired energy metabolism,
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Fig. 2. Anterior hippocampal diffusivity and glucose metabolism.
Left anterior hippocampal mean diffusivity (MD) correlates signifi-
cantly with relative FDG uptake in the left anterior hippocampus in
patients with early Alzheimer’s disease (n = 20). Z scores are stan-
dardized residuals after effects of age, gender, education, and, for
FDG uptake, volume had been regressed out.

and also cognitive symptoms. As mentioned above, this
neurobiological distinction of the anterior hippocam-
pus might be related to the disruption of the perforant
path, which is known to occur early in the course of
AD [24].

The great clinical relevance of degenerative alter-
ations within the hippocampus in AD, and especially
the alterations of the perforant path, is also supported
by further neuroimaging studies, which showed a sig-

nificant correlation between volume of the perforant
pathway zone and memory performance in patients
with MCI and AD [25, 26]. Moreover, our findings con-
cerning the anterior hippocampus are corroborated by
a recent study comparing DTI in hippocampal subdi-
visions of AD patients, patients with idiopathic normal
pressure hydrocephalus, and normal controls. The
authors found maximum diffusivity increases within
the hippocampal head in AD patients compared to the
other two subject groups [27].

ASSOCIATION OF HIPPOCAMPAL
DIFFUSIVITY AND CEREBRAL GLUCOSE
METABOLISM

In contrast to structural imaging studies, func-
tional imaging with FDG-PET and single photon
emission tomography (SPECT) blood flow studies
have revealed the posterior cingulate cortex (PCC) to
be the most common site of the earliest metabolic
and perfusion deficits in AD. The most preva-
lent hypothesis to explain this discrepancy is that
hypometabolism/hypoperfusion of the PCC arises as
a remote ‘downstream’ effect of AD-specific neu-
ronal damage to the hippocampal formation, in the
manner of a functional denervation. To investigate
effects of hippocampal damage (as assessed by DTI)
on regional glucose metabolism (as measured by
FDG-PET), we performed a voxel-based multimodal
imaging study in a well-characterized previously stud-
ied group of patients with early AD [28]. The major

Fig. 3. Association between anterior hippocampal diffusivity and cerebral FDG uptake in early Alzheimer’s disease. SPM results of the partial
(corrected for age, sex, and education) negative correlation of left anterior hippocampal diffusivity with whole-brain relative FDG uptake in a
sample of 20 patients with early Alzheimer’s disease. Correlated regions are indicated as dark clusters projected onto glass brain (for viewing all
significant findings) (A) and as color-coded clusters projected onto sections of a standard MRI template (B, C). Cross-bars indicate the location
of significant voxel clusters in the hippocampus (B) and posterior cingulate (C). Applied thresholds are p < 0.005 uncorrected for multiple
comparisons and k > 30 voxels. R – right, L – left.
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finding of that study was that anterior hippocampal
diffusivity correlated negatively with relative FDG
uptake in the hippocampus, parahippocampal gyrus,
and the PCC, i.e. the major components of hippocam-
pal output pathways (Fig. 3). These structures also
constitute critical nodes of the Papez circuit, which
has an established role in the formation and retrieval
of episodic memory. The functional relevance of this
microstructural-metabolic association was supported
by the findings of a significant negative correlation
between relative FDG uptake in precisely the above-
mentioned regions and individual performance on
the DVRT. We concluded that our data support the
diaschisis hypothesis described above, implicating a
dysfunction of structures along the hippocampal out-
put pathways as a significant contributor to the genesis
of episodic memory impairment in AD.

SUMMARY AND PERSPECTIVES

There is increasing evidence that the differential
assessment of hippocampal structure and function is
particularly sensitive for making an early AD diagno-
sis and for predicting the course of cognitive decline
in normal aging and in subjects at risk for devel-
oping AD. In summary, our findings suggest that
altered diffusivity (MD) of the (anterior) hippocam-
pus is highly indicative of hippocampal dysfunction,
thereby potentially qualifying this measure as a can-
didate marker for monitoring progression of AD. The
neurobiological distinction of the anterior division of
the hippocampus might be relevant to the disruption
of the perforant path that is known to occur early in
the course of AD. In contrast, FA seems to be less effi-
cient for quantifying microstructural integrity of the
diseased hippocampus. Furthermore, our data indicate
that the DTI-based index of diffusivity as a marker
of microstructural integrity outperforms conventional
volumetric, or macrostructural, measurements of the
hippocampus as a predictor of AD. In view of the
rather modest sample sizes in our studies [6, 22] these
conclusions should be viewed with some caution.

In order to serve as a reliable marker of (early) AD,
diffusivity measurements of the hippocampus should
be performed in an automated and reproducible fash-
ion. Thus, implementation of such methods for routine
use is a task for future studies, based on our promising
early results. Furthermore, longitudinal DTI studies of
the hippocampus have not yet been conducted. They
would be necessary to determine if the progressive

anterior hippocampal degeneration is related to declin-
ing episodic memory performance as occurs in patients
with early AD and in subjects at risk for AD. Finally,
assessment of the network of hippocampal/anterior
hippocampal connections, e.g., by fiber tractography,
should be used to test the prevailing assumptions about
structural connectivity in the failing brain.
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Abstract. Novel MRI based acquisition and analysis techniques are increasingly used as biomarkers to discriminate between
Alzheimer’s disease and normal aging. Evaluating the diagnostic utility of the various approaches in use is difficult though
because of significant methodological differences between studies. In this research we directly compare the diagnostic utility of
deformation-based morphometry (DBM) and diffusion tensor imaging (DTI) with data derived from the same group of patients
with probable AD and healthy control participants. DBM was used to assess regional relative volume reductions in patients
compared to controls. Distributed cortical atrophy effects were found in frontal, parietal, and temporal regions. As DTI measures,
mean diffusivity and fractional anisotropy were employed to index white matter integrity. The results also point to widespread
decline of white matter integrity in frontal, parieto-occipital, and temporal regions in AD. Concerning diagnostic utility, we
found that the discrimination performance was best for maps of mean diffusivity and DBM. In a logistic regression model a
combination of modalities reached a classification accuracy of AUC = 0.86 after leave-one-out cross-validation. We discuss the
results with regard to the feasibility of current MRI based biomarkers for future applications in clinical research settings.

Keywords: Alzheimer´s disease, biomarker, MRI

INTRODUCTION

In recent years, considerable progress has been made
to establish biomarkers for AD based on magnetic res-

∗Correspondence to: Uwe Friese, University of Osnabrueck,
Institute of Psychology, Seminarstrasse 20, D-49074 Osnabrueck,
Germany. Tel.: +49(0)541/969 6213; Fax: +49(0)541/969 4470;
E-mail: uwe.friese@uni-osnabrueck.de.

onance imaging (MRI). On the one hand, processing
methods and statistical procedures have been devel-
oped which can be applied to entire brain scans at once
without requiring major manual user input. Early MR-
based techniques to quantify structural brain changes
in AD were mostly based on time-consuming and
error-prone manual volumetry of key brain structures
which show volume decline during the progression
of AD. The hippocampus or the enthorinal cortex
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have been typical target structures in these studies
[1–3]. In contrast, more recent approaches aim at
minimizing manual user input and try to establish
semi-automated analyses on the whole brain volumes
(see [4] for a comprehensive overview). This makes
it possible to quantify and describe widespread pat-
terns of macroscopic changes across the whole brain
instead of changes in a restricted number of preselected
regions. Further advances are related to the modal-
ity of MR measurement, i.e., to the question what
is actually measured. While traditional T1-weighted
MRI images can be used to estimate volume changes,
novel techniques like diffusion tensor imaging (DTI)
also allow inferences about more subtle structural
changes. In this research, we directly compare two rela-
tively new and potentially complementing approaches
with respect to their capability to distinguish between
patients with AD and healthy control subjects. We
characterize macroscopic morphological changes with
deformation-based morphometry (DBM) based on T1-
weighted MRI, and we employ DTI to find indications
for deterioration of white brain matter integrity. Our
analyses are based on standard multivariate statistics
applied to the whole brain volumes.

The basic idea of DBM is to map individual brain
scans to a “standard” brain and to use the param-
eters of the necessary deformations as information
about relative volume differences. In other words, if
a certain region of the original brain scan needs to be
enlarged to map the respective region of the standard,
this might be viewed as evidence for atrophy in the
corresponding areas of the original brain. In DBM,
the warping of individual brain scans into a standard
space provides information about relative reduction
of brain volume with high spatial resolution, and the
algorithm preserves the intensities of voxels during
the transformation [5]. Hence, the normalized brain
images are almost identical, and the information of
interest (regional volume change relative to the stan-
dard) must be derived from the so called deformation
fields. These contain information about the positional
difference between every voxel of the source brain
and the reference brain. The deformation fields can be
transformed into images which then constitue the input
for statistical analyses. Whereas DBM is usually based
on T1-weighted MR scans, DTI is an advancement of
diffusion weighted imaging. Diffusion weighted imag-
ing allows to estimate the rate of water diffusion within
each voxel. With DTI, diffusion weighted images are
acquired in multiple spatial orientations to character-
ize the diffusion in three dimensional space (diffusion

tensor ellipsoid). Depending on properties of the sur-
rounding, diffusion is more or less restricted, i.e., this
space can be shaped more like a sphere (isotropic dif-
fusion) or rather like a cigar (anisotropic diffusion).
There is evidence that the diffusion of water molecules
in white brain matter is biased in the direction of
the fibers and is thus anisotropic [6]. The impairment
of fibers then, as it supposedly occurs in AD [7, 8],
leads to more unconstrained, isotropic diffusion as
a consequence of progressive neurodegeneration [9].
Therefore, DTI measures can be assumed to reveal
fibre tract integrity. DTI scans and deformation fields
derived with DBM can be analyzed with various sta-
tistical procedures to detect patterns of degenerative
changes in the whole brain without hypothesis-driven
manual selection of regions of interest [10–12].

From the clinical perspective, it is important to know
how these different approaches compare with respect
to their ability to differentiate between the brains of
healthy controls and brains of AD patients. Usually,
studies focus on one specific MRI modality or tech-
nique which compromises the evaluation of the various
approaches. Often, studies differ with respect to several
factors which can seriously affect the comparability of
results. For instance, the diagnostic criteria to define
subject samples, scanner equipment, image process-
ing, and statistical analyses are usually not uniform
across studies. For a reliable comparison it would be
necessary to study the different modalities (DBM vs.
DTI) within the same group of patients and controls.
The objectives of the current study were to establish
which method discriminates with the highest accuracy
between the two groups (AD vs. control), and to evalu-
ate if a combination of modalities may further increase
diagnostic utility. To these aims we applied DBM and
DTI to the brain scans of the same sample of patients
with AD and healthy control participants. We followed
a multivariate statistical analysis approach which has
been demonstrated to successfully reveal brain atrophy
and decrease of white matter integrity in AD patients
as compared to healthy control patients [11, 12] and
which has also been applied to the analysis of PET
data [13, 14].

METHODS

Participants

MRI and DTI data were obtained from 21 patients
with clinically probable AD and 20 healthy control
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Table 1
Sample characteristics

AD patients Healthy controls

Mean age in years (SE) 76 (1.61) 67 (1.64)
Sex (female/male) 12/9 9/11
Mean MMSE score (SE) 22.9 (0.64) 29 (0.15)

participants. Neuropsychological testing included the
Mini Mental State Examination (MMSE) [15] and
the CERAD battery [16]. AD patients fulfilled the
criteria of the National Institute of Neurological Com-
municative Disorders and Stroke and the Alzheimer
Disease and Related Disorders Association (NINCDS-
ADRDA) criteria for clinically probable AD [17].
Healthy control participants reported no cognitive
deficits and performed within one standard devia-
tion from the age- and education-adjusted means of
the neuropsychological tests applied. Table 1 depicts
sample characteristics and average MMSE scores
of the participant groups. There was no significant
difference between groups with respect to sex distribu-
tion (Pearson �2 = 0.61, df = 1, p = 0.54). AD patients
were significantly older than controls (t39 = 3.98,
p < 0.01) and obtained lower MMSE scores (t39 = 9.04,
p < 0.01).

All participants volunteered and gave written
informed consent. The study was approved by the insti-
tutional review board.

MRI acquisition

MRI acquisitions of the brain were conducted with
a 3.0 Tesla scanner with parallel imaging capabili-
ties (Magnetom TRIO, Siemens, Erlangen, Germany),
maximum gradient strength: 45 mT/m, maximum slew
rate: 200 T/m/s, 12 element head coil. Participants
were scanned in a single session without changing
their position in the scanner. The following sequences
were used: for anatomical reference, a sagittal high-
resolution 3-dimensional gradient-echo sequence was
performed (magnetization prepared rapid gradient
echo MPRAGE, field-of-view 256 mm × 240 mm,
spatial resolution 0.8 × 0.8 × 1.2 mm3, repetition time
14 ms, echo time 7.61 ms, flip angle 20◦, number
of slices 160). To identify white matter lesions a 2-
dimensional T2-weighted sequence was performed
(fluid attenuation inversion recovery FLAIR, field-
of-view 230 mm, repetition time 9000 ms, echo time
117 ms, voxel size 0.9 × 0.9 × 5.0 mm, TA 3.20 min-
utes, flip angle 180◦, number of slices 28, acceleration

factor 2). These images were only used to ensure that
subjects had no more than three subcortical white
matter hyperintensities exceeding 10 mm diameter.
Diffusion-weighted imaging was performed with an
echo-planar-imaging sequence (field-of-view 256 mm,
repetition time 9300 ms, echo time 102 ms, voxel size
2 × 2 × 2 mm3, 4 repeated acquisitions, b-value1 = 0,
b-value2 = 1000, 12 directions, slice thickness 2 mm,
64 slices, no overlap).

MRI data processing

The processing of MRI data to derive DBM-based
brain maps was implemented with SPM2 (Well-
come Department of Imaging Neuroscience, London,
UK, http://www.fil.ion.ucl.ac.uk/spm/) in Matlab 7
(Mathworks, Natwick). Processing of DTI data was
performed with FSL and the FMRIB’s Diffusion
Toolbox FDT (http://fmrib.ox.ac.uk/fsl/). The detailed
procedure has been described elsewhere [11, 12], and
only the major processing steps are summarized in the
following. First, a group specific template was cre-
ated by averaging the individual anatomical images
after low-dimensional normalization to the standard
MNI-152 template. One good quality MRI scan of a
healthy control subject then was normalized to this
anatomical average image using high-dimensional nor-
malization with symmetric priors [18] resulting in a
pre-template image. The MRI scan in native space
of the same subject was then normalized to this pre-
template image using high-dimensional normalization
to produce the final group specific template. The
individual anatomical scans in standard space (after
low-dimensional normalization) were normalized to
the anatomical template using high-dimensional image
warping [18]. These normalized images were resliced
to a final isotropic voxel size of 1.0 mm3. Next, for the
DBM analysis we derived Jacobian determinant maps
from the voxel-based transformation tensors. These
Jacobian maps contain information about regional
volumetric atrophy or hypertrophy effects, i.e., each
voxel value denotes a shrinkage or expansion of the
source voxel with respect to the reference brain. The
Jacobian determinant maps were masked for gray
and white brain matter excluding CSF spaces (sub-
sequently called BRAIN maps), and we additionally
created corresponding maps for CSF spaces (CSF
maps). The masks were obtained by segmenting the
template image into gray and white matter and CSF
spaces using SPM2. We took the logarithm of the

http://www.fil.ion.ucl.ac.uk/spm/
http://fmrib.ox.ac.uk/fsl/
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masked maps of the Jacobian determinants [19] and
then applied a 10 mm full width at half maximum
isotropic Gaussian kernel. For the DTI analysis we
employed fractional anisotropy (FA) and mean diffu-
sivity (MD) as measures of white matter integrity [20].
FA values indicate the directionality of the diffusion
movement, ranging from 0 (isotropy) to 1 (anisotropy).
The MD values inform about the overall diffusivity of a
tissue. After applying corrections for eddy currents and
head-motion to the images of the diffusion-weighted
sequence, diffusion tensors were calculated, and maps
of FA- and MD-values were produced. FA- and MD
maps were restricted to white matter only by using
a white matter mask derived from the segmentation
of the template image. Thus, the output of the data
processing step were:

• BRAIN-maps: DBM images indicating atrophy
or hypertrophy in gray and white brain matter.

• CSF-maps: DBM images indicating enlargement
or reduction of CSF spaces.

• FA-maps: DTI images indicating white matter
integrity with respect to the directionality of dif-
fusion (isotropy vs. anisotropy).

• MD-maps: DTI images indicating integrity with
respect to the overall diffusivity within white
matter.

Statistical analysis

For the statistical analysis we followed an approach
which is based on standard multivariate statistical pro-
cedures (PCA, MANCOVA, CVA; [13, 14]). A key
advantage of this multivariate approach, in contrast to
mass univariate analyses, is that the former considers
all voxels from the entire brain volume at once. This is a
particularly useful feature considering the propagation
of AD pathology in distributed brain systems or net-
works. It also allows to characterize, summarize, and
compare distributed patterns in the volumes, instead
of making voxel-by-voxel comparisons. This analysis
has been demonstrated to reveal effects of atrophy and
decrease of fibre tract integrity in AD patients [11, 12].
The analysis sequence includes:

1. Principal component analysis (PCA) to reduce
the dimensionality of FA-, MD-, BRAIN-, and
CSF-maps (separately for each modality).

2. Multiple multivariate analyses of covariance
(MANCOVA) for each modality using the prin-
ciple components from step 1 as dependent
variables to reveal general differences between

the data of AD patients and control participants
(effect of diagnosis).

3. Canonical variate analyses (CVA), again with
principle components as input, to illustrate the
spatial distribution of atrophy effects and effects
of decreased fibre tract integrity.

4. Receiver operating characteristic curves (ROC)
and to assess the diagnostic utility of the differ-
ent modalities (based on the principal component
scores of the components which showed the high-
est correlations with diagnosis).

5. Logistic regression analysis to evaluate the diag-
nostic utility of combinations of modalities.

In the context of statistical analyses of neuroimaging
data a major problem is that the number of depen-
dent variables (usually the number of voxels in the
order of tens or hundreds of thousands) greatly exceeds
the number of observations (i.e., scans). One way to
deal with this problem is to find a limited number
of patterns within the original data—which, if com-
bined, closely approximate the original data—and to
perform the statistics on these patterns. PCA is fre-
quently applied to simplify complex and correlated
data as it exists in neuroimaging. The procedure can
be viewed as projecting the original images into a new
space in which the so called principal components rep-
resent the axes of an orthogonal coordinate system with
fewer dimensions than the original data. The principal
components can also be interpreted as images with the
first image explaining the largest amount of variance
in the original data. Subsequent images then represent
orthogonal components of the residual variance of the
original data. Here, we determined the eigenvectors,
also called eigenimages, and the associated eigenval-
ues of the covariance matrices of each modality (FA-,
MD-, BRAIN-, and CSF-maps) by means of singular
value decomposition. The resulting eigenvectors are
the principal components, and the eigenvalues corre-
spond to the amount of variance in the data explained
by these components. In our analysis we only used
eigenimages associated with an eigenvalue greater than
unity. The expression of a principal component in each
scan is called the principal component score and rep-
resents the projection of the scan in the new space.
After reducing the dimensionality of the original data
we used MANOVAs to test on a global level if there
were differences between AD patients and controls.
The significance of the overall effect diagnosis (AD
vs. controls) was tested through the ratio between the
covariance matrix of the effect to the error covariance
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matrix under the null hypothesis, known as Wilk’s
lambda. Under the null hypothesis, the values of Wilk´s
lambda can be transformed and tested for significance
using the CHI2-distribution with the degrees of free-
dom equal to the product of the number of eigenimages
with a corresponding eigenvalue greater than unity
and the rank of the design matrix [13]. To illustrate
the nature of significant effects with respect to spa-
tial topography, CVA was performed. CVA finds the
eigenvectors that are maximally correlated with the
explanatory variables. In our case, CVA identifies the
principal component that best discriminates between
AD patients and controls. To this end, we identified
canonical images such that the variance ratio between
the effect of interest and the total error sum of squares
was maximized. Each canonical image has an asso-
ciated canonical value that corresponds to a variance
ratio and can be compared to an F distribution with
nominator degrees of freedom equal to the rank of
the design matrix and denominator degrees of free-
dom equal to the degrees of freedom of the error term.
The canonical images with canonical values exceeding
the critical F-value threshold for p < 0.05 characterize
the differences in the respective parameter maps of AD
patients versus controls. We verified whether positive
or negative loadings in the canonical images represent
decreased white matter integrity and atrophy by con-
ducting directed t-tests with the respective maps of AD
patients and healthy controls (data not shown).

Note that in this multivariate approach the statis-
tical inference is about the whole image volume. An
advantage this approach is that it allows to characterize
rather complex pattern across the entire brain volume
by single scalar values. These, in turn, can be subjected
to further statistical analyses to assess the diagnostic
utility of the input modalities.

To determine the diagnostic utility of individual FA-,
MD-, BRAIN-, and CSF-maps we identified the prin-
cipal component that was significantly associated with
diagnosis (AD vs. controls) by correlating the prin-
cipal component scores of each scan with diagnosis.
The scores from the principal component that was sig-
nificantly correlated with diagnosis were entered in
ROC-analyses as result variable. Diagnosis served as
the state variable, and the estimated area under the
curve (AUC) was chosen as a measure of discrim-
ination accuracy. A logistic regression analysis with
diagnosis (HC vs. AD) as dichotomous outcome mea-
sure was conducted. The principal component scores
of DBM-Brain, DTI-MD, and DTI-FA maps, as well as
patient age were used as predictor variables to estimate

the classification performance of the combination of
modalities. The validity of the results was evaluated
with leave-one-out cross validation. This was done by
conducting 41 logistic regression analyses, specified
as described above, leaving out data from one subject
per iteration. The predicted values of the left-out sub-
jects were later on used as result variable in another
ROC-analyses to estimate cross-validated discrimina-
tion accuracy.

To summarize the output of the analysis steps: (Note
that all but the last step are done modality by modality.)

• Principal components represent the original scans
(as linear combinations).

• Principal component scores indicate to what
extent a principal component is expressed in a
given scan.

• MANOVA tests for global differences between
data from AD patients and controls.

• CVA identifies the principal component that best
discriminates between AD patients and controls
(canonical image).

• Area under the curve (AUC) indices describe the
discrimination accuracy of FA-, MD-, BRAIN-,
and CSF-maps.

• Logistic regression establishes which combi-
nations of modalities enhance discrimination
performance (with leave-one-out cross valida-
tion).

RESULTS

Multivariate analysis

See Table 2 for details on the main statistical results.
Applying principal component analysis reduced the
dimensionality of the data of FA-, MD-, CSF-, and
BRAIN-maps to between 8 (CSF) and 12 (FA, MD)
eigenimages with eigenvalues greater than one. Sep-
arate MANOVAs revealed that the overall effect of
diagnosis (AD vs. control) was significant for all
dependent variables (FA, MD, CSF, BRAIN) with p <
0.01. Moreover, canonical variate analyses allowed
us to identify the components which accounted for
the effects of diagnosis. For each modality there
was exactly one canonical image significantly asso-
ciated with diagnosis (p < 0.01 for FA, MD, CSF, and
BRAIN).

Figure 1 shows effects of atrophy or decrease of
fibre tract integrity in AD patients in comparison to
healthy controls as they were revealed by the different
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Table 2
Results of the statistical analyses

DTI DBM

FA MD CSF BRAIN

MANCOVA
Number of eigenvectors 12 12 8 11
Wilk´s� 39.04 50.54 36.52 34.85
ap < 0.01 < 0.01 < 0.01 < 0.01

Canonical variate analysis
Canonical value −88.23 −141.37 −71.71 −71.37
bp < 0.01 < 0.01 < 0.01 < 0.01

cCorrelation with diagnosis
r 0.37 0.60 0.54 0.61
p 0.02 < 0.01 < 0.01 < 0.01

ROC-analysis
Area under curve, AUC 0.75 0.88 0.82 0.85
Standard errors 0.08 0.06 0.07 0.01
dSensitivity/Specificity 0.86/0.65 0.86/0.95 0.81/0.80 0.90/0.70

Abbreviations: FA = fractional anisotropy, MD = mean diffusivity, CSF = deformations fields
masked to show effects within CSF = spaces, BRAIN = deformations fields masked to show
effects within white and gray matter (excluding CSF spaces); aCHI2-test with df = number
of eigenvectors; bF-test with numerator df = 39 and denominator df = 2; cCorrelation of
principal component scores of each scan with diagnosis; dMaximum of the average
sensitivity/specificity coordinate pairs of the respective ROC-curve.

modalities. We projected the loadings of the canonical
image which characterized atrophy effects or decrease
of fibre tract integrity into voxel space. In detail, FA-
maps show regions in which the fractional anisotropy
was lower for AD patients than for controls, MD
maps show areas in which mean diffusivity was higher
for AD patients than for controls. CSF deformation
maps depict areas with a widening of CSF-spaces in
AD patients in comparison to controls. In BRAIN-
deformations maps regions are shown which were
atrophic in AD patients compared to controls. For
purposes of clarity we only depict voxels with val-
ues above the 80th percentile. In addition, anatomical
labels associated with peak values, are presented in
Table 3 for DTI-data (FA and MD) and in Table 4
for DBM-data (CSF and BRAIN). Peak values were
defined as local maxima exceeding the 99th percentile
with a distance of at least 10 mm to other local maxima.

Figure 1, Tables 3 and 4 reveal that for FA, MD,
and BRAIN differential spatial patterns of atrophy or
decrease of fibre tract integrity were found. Regional
effects were widespread over cortical and subcortical
areas. Summarizing the regional patterns, it is notice-
able that the corpus callosum and the anterior cingulate
cortex were the regions in which atrophic effects or
decrease of fibre tract integrity were found consis-
tently with FA, MD, and BRAIN maps (see Fig. 2 for
an overlay of effects). FA maps furthermore revealed

decreased white matter integrity in parieto-occipital
regions (precuneus, cuneus), in the prefrontal lobe,
and in the basal ganglia (lentiform nucleus). MD maps
also indicate effects in parieto-occipital areas, in the
frontal lobe (e.g., middle frontal gyrus and precen-
tral gyrus) and in the basal ganglia, as well as in the
medial temporal lobe (parahippocampal gyrus). The
DBM-analysis in gray and white matter resulted in
broad atrophy effects in frontal, parietal, and tempo-
ral regions. Subcortical structures (lentiform nucleus
and thalamus) were also found to be affected. In con-
trast to the DTI measures, no effects were found in
occipital regions. The CSF-maps illustrate wider CSF-
spaces in AD patients along the third ventricle, the
inter-hemispheric fissure, and the left sylvian fissure.

For each modality there was one principal compo-
nent which was significantly correlated with diagnosis.
The correlation coefficients ranged from r = 0.37 (FA)
to r = 0.61 (BRAIN). To assess the diagnostic utility of
the different modalities we performed ROC-analyses
on the scores of the principal components which were
correlated with diagnosis. We estimated the area under
the curve (AUC) for each modality as measures of
discrimination accuracy, and conducted pairwise com-
parisons between modalities (Table 3). Statistical tests
were based on a procedure which builds on the corre-
spondence of the AUC and the Wilcoxon statistic, and
which accounts for the correlated nature of different
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FA MD DBM-BRAIN DBM-CSF

Fig. 1. Spatial distribution of atrophy effects revealed by diffusion tensor imaging (FA, MD) and deformation-based morphometry (BRAIN,
CSF). Components of canonical images which reflect atrophy effects were projected into voxel space. Only voxel-values above the 80th percentile
on the respective canonical image were overlaid on coronal slices of a normalized anatomical image according to neurological convention (left
is left).
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Table 3
FA and MD peak loadings on the canonical images

Region Side x,y,z

Fractional anisotropy FA
Precentral gyrus L −42, −1, 25
Superior frontal gyrus R 20, 19, 41
Precuneus R 16, −53, 35
Precuneus R 16, −52, 44
Cuneus L −25, −73, 8
Anterior cingulate gyrus R 13, −2, 49
Lentiform nucleus R 23, 3, −9

Mean diffusivity MD
Middle frontal gyrus L −55, 4, 41
Middle frontal gyrus L −45, 38, 23
Middle frontal gyrus L −43, 13, 33
Precentral gyrus L −30, −9, 48
Middle frontal gyrus L −28, −2, 50
Medial frontal gyrus L −12, 59, 10
Middle frontal gyrus R 23, 53, 19
Inferior frontal gyrus R 33, 32, −12
Middle frontal gyrus R 37, 46, 15
Middle frontal gyrus R 44, 42, 11
Inferior frontal gyrus R 45, 17, 4
Postcentral gyrus L −62, −27, 39
Postcentral gyrus L −40, −27, 47
Lingual gyrus L −28, −71, 0
Middle occipital gyrus L −27, −97, 14
Cuneus L −5, −86, 29
Cuneus R 3, 86, 28
Anterior cingulate gyrus L −3, 37, 0
Posterior cingulate gyrus L −12, −43, 42
Posterior cingulate gyrus L −7, −29, 40
Parahippocampal R 28, −56, 2
Caudate L −21, 17, 8
Putame0n L −18, 18, −3
Caudate R 19, 20, 7

Note: Effects reflecting decrease of fractional anisotropy (negative
component of canonical image) and increase of diffusivity (positive
component of canonical image) in white matter of AD patients as
compared to healthy control participants. Shown are characteristics
of voxels with peak loadings on the canonical image above the 99 th
percentile. Anatomical labels refer to nearest gray matter as reported
by the talairach daemon client [44].

AUCs which are derived from the same subjects [21].
Numerically, AUC was found to be lowest for FA
(0.75) and highest for MD (0.88). The aforementioned
statistical test revealed that the comparison between
FA and MD showed a tendency towards significance
(p = 0.09). No other pair of AUC-values was associ-
ated with p < 0.10. XY-plots in Fig. 3 a–c illustrate
pairwise comparisons of the discrimination abilities
of the pc-scores from different modalities (DBM-CSF
pc-scores were not included because of high correla-
tion with DBM-Brain scores; r = 0.85). As AD patients
were significantly older than participants of the con-
trol group we additionally analyzed the data with age
as covariate. This did not have an impact on any of

Table 4
DBM peak loadings on the canonical images

Region Side x,y,z

BRAIN-mask
Inferior frontal gyrus L −53, 29, 15
Precentral gyrus L −39, 16, 40
Superior frontal gyrus L −15, 37, 41
Superior frontal gyrus L −14, 13, 53
Precentral gyrus R 35, 10, 37
Middle temporal gyrus L −55, 7, −16
Supramarginal gyrus L −58, −48, 36
Posterior cingulate gyrus L −20, −10, 36
Anterior cingulate gyrus L −17, 24, 29
Anterior cingulate gyrus L −17, 44, 11
Anterior cingulate gyrus L −12, 26, 16
Claustrum L −30, 14, −2
Lentiform nucleus L −27, 7, 2
Thalamus L −25, −34, 4
Sub-lobar L −11, 10, −11
Lentiform nucleus R 25, 15, −1

CSF-mask
Superior temporal gyrus L −50, 11, −12
Superior temporal gyrus L −47, 0, −14

Note: Effects reflecting atrophy in AD patients as compared to
healthy control participants. Two different masks were used: The
BRAIN mask images included white and gray matter and the CSF-
mask images included only CSF-spaces. Shown are characteristics
of voxels with peak loadings on the canonical image above the 99 th
percentile.

the statistical inferences mentioned above. In particu-
lar, the analysis of discrimination accuracy resulted in
identical ROC-values, and the patterns of atrophy or
decrease of fibre tract integrity in the different modali-
ties were not altered substantially. Therefore, we do not
present the results of these analyses as they do not lead
to different conclusions regarding the main objective
of this study.

Supplementing the results of the ROC-analyses we
conducted a logistic regression analysis with diag-
nosis as dependent variable. The pc-scores based on
DBM-Brain, DTI-MD, and DTI-FA maps as well as
age served as predictor variables. The overall fit of
this logistic regression model was significant (p <
0.01, �2 = 35.2, Nagelkerke’s R2 = 0.77; Hoshmer-
Lemeshow test p = 0.26). The contributions of both
DTI predictors were significant (MD: p = 0.04; FA:
p = 0.03) whereas age and DBM-Brain scores were
not significant contributors (p > 0.1). Performing
an ROC-analysis with the predicted probabilities of
this model resulted in AUC = 0.95, sensitivity = 1,
specificity = 0.95. After leave-one-out cross-validation
these values dropped to AUC = 0.86, sensitivity = 0.85,
specificity = 0.85 (Fig. 3 d).
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Fig. 2. Overlay of FA-maps (yellow), MD-maps (red), and DBM BRAIN-maps (blue). Notice the overlap of decreased white matter integrity
and atrophy in the corpus callosum (coronal slice). MD-maps in the sagittal and horizontal sections illustrate widespread decrease of fibre tracts
integrity reaching from the occipital cortex into the temporal lobe.

(a) (b)

(d)
(c)

Fig. 3. XY plots of pc-scores from different modalities for AD patients (solid circles) and healthy controls (open circles): (a) DBM-Brain versus
DTI-MD, (b) DBM-Brain versus DTI-FA, (c) DTI-FA versus DTI-MD. Panel (d) illustrates group separation based on the predicted probability
values of the logistic regression model after leave-one out cross validation. Dashed lines indicate cut-off values determined by maximizing the
average of sensitivity and specificity values of the respective ROC-curve.
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DISCUSSION

In this study we investigated the diagnostic utility
of DBM- and DTI-based measures for the discrimina-
tion between patients with AD and healthy controls.
We used a multivariate analysis approach to determine
significant patterns of atrophy or decrease of white
matter integrity throughout the whole brain as reflected
by DBM-maps (in gray and white brain matter and in
CSF spaces) as well as FA-maps and MD-maps. For
individual modalities, highest accuracy was found with
MD maps (AUC = 0.88) and DBM-maps in gray and
white matter (AUC = 0.85). The ability of FA to reveal
directionality did not result in better diagnostic util-
ity (AUC = 0.75). Combining modalities by means of
a logistic regression, we found that only FA-maps and
MD-maps were significant contributors to group sep-
aration. Cross validated discrimination accuracy was
associated with AUC = 0.86.

It is important to note that the discrimination accura-
cies for DBM- and DTI-measures presented here were
derived from the same group of AD patients and con-
trols and can be readily compared to each other. On the
first glance, the finding that overall DTI did not per-
form better than DBM in discriminating AD patients
and controls seems to suggest that the measurement
of decreased white matter integrity by DTI adds no
further useful information for the separation of the
groups than the assessment of atrophy effects by DBM.
In particular, the discrimination accuracy of FA-maps
(AUC = 0.75) was even slightly lower to that of DBM-
based maps and MD-maps. On the other hand, direct
comparisons of the discrimination performance of FA,
MD, and DBM (Fig. 3 a–c) suggest that combining
modalities should lead to better sensitivity/specificity.
Correspondingly, the logistic regression analysis indi-
cated that FA and MD both contributed significantly
to the classification when modalities were combined
in one model. Hence, FA maps and MD maps can
complement one another for achieving better group
separation. The question in how far changes of FA and
MD in white matter represent different neurodegener-
ative processes has been addressed lately in a study on
normal aging [22]. It was proposed that concordant
changes of FA and MD might indicate demyelina-
tion and axonal loss, and that discordant changes (FA
decrease without MD changes) might indicate Wal-
lerian degeneration. Hence, for increasing diagnostic
utility it may be advantageous to combine FA and MD
for capturing different aspects of white matter damages
in Alzheimer‘s disease.

Our finding of relatively high discrimination accu-
racy of individual MD-maps is a consistent replication
of the results of a former study [12] where similar
discrimination accuracy with DBM-maps in gray and
white brain matter was found in an independent sam-
ple of AD patients and healthy controls (AUC = 0.87
in that study vs. AUC = 0.88 reported here). The find-
ing that DBM was not a significant contributor in
the logistic regression model should not be overrated
because the classification performance of the model
was very high, and the algorithm sequentially picks out
the predictor which explains most of the (remaining)
variance. As we calculated the predictors separately in
each modality, multicollinearity could have impacted
the estimated contributions of predictors. In the few
studies combining DTI and morphometry measures to
increase diagnostic utility an inconclusive picture is
drawn. DTI was found to be more sensitive than hip-
pocampal volumetry for separating between patients
suffering from mild cognitive impairment (MCI) and
healthy controls [23]. A logistic regression model with
left hippocampal MD and left hippocampus volume
reached a classification accuracy of 86%. Moreover,
hippocampal diffusivity was a better predictor than hip-
pocampal volumetry for the conversion from MCI to
AD [24]. Comparable classification accuracies were
reported for DTI indices (FA and apparent diffusion
coefficients, ADC) and cortical thickness in various
regions of interest [25]. While individual AUCs were in
the range of 0.78 (superior temporal cortex thickness)
to 0.86 (left temporal ADC), the combination of DTI
and morphometry led to a maximal AUC = 0.98 for FA
plus cortical thickness in the left temporal region.

All of the aforementioned studies used region of
interest approaches. In addition, the reported diag-
nostic accuracies are likely to overestimate the true
capability of the respective method to distinguish
between the diagnostic groups because no cross val-
idation procedures were implemented. In contrast, our
multivariate analysis approach takes changes across
the entire brain volume into account which, on the one
hand, might increase sensitivity and, on the other hand,
avoids the need for manual, hypothesis-driven selec-
tion of regions of interest. Furthermore, we applied
leave-one-out validation to obtain less biased estimates
of discrimination accuracy. Additional indirect evi-
dence for the validity of our procedure comes from
a study in which the same multivariate analysis was
applied to morphometry data from AD patients, MCI
patients, and healthy controls [12]. There, the princi-
pal component solution used to discriminate between
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AD and controls was applied to the data from MCI
patients (an independent sample) to predict conversion
to AD. It was found that the method allowed to dis-
criminate between converters and non-converters with
an accuracy of 80%.

The patterns of structural changes which were found
in white brain matter of AD patients were considerably
different for FA, MD, and BRAIN maps, reflecting the
differential aspects of the structural changes reflected
by these modalities. Overlap of effects across FA, MD,
and BRAIN maps occurred, for example, in the body
of the corpus callosum and in the anterior cingulum.
This is consistent with the abundant evidence that these
structures are affected in AD [9, 26–30]. The pattern
of brain tissue loss revealed by DBM in the present
study largely corresponds to known sites of atrophy
in AD in the frontal, parietal and temporal regions
as well as in basal ganglia and also in the thalamus
[12, 31, 32]. Many of the regions with decreased white
matter integrity we found with FA- and MD-maps con-
stitute intracortical projections from and to atrophic
regions. For instance, the increase of diffusivity in the
parahippocampal white matter might indicate damage
to fibers connecting the hippocampus formation and
enthorinal cortex with the posterior cingulate. These
regions are typically affected relatively early in AD
and have been demonstrated to be functionally con-
nected [33]. Although occipital regions such as the
cuneus are typically not among the most affected in
AD, decreased white matter integrity and also atrophy
in this area have been demonstrated [11, 12, 34]. This
is compatible with our DTI results showing decreased
FA and increased MD spreading over occipital, pari-
etal, and temporal regions (see Fig. 2). With respect to
the proposal that entire networks of areas are affected
in AD [35, 36], these findings are not surprising since
long association fibre tracts (superior longitudinal fas-
ciculus, inferior fronto-occipital fasciculus) connect
occipital visual processing areas and parietal, frontal,
and temporal lobes [37, 38].

Several limitations of this study should be men-
tioned: Firstly, due to the rather small sample size,
independent replications of the results are demanded
to further validate the methods used. Additionally,
although we did not observe significant direct influ-
ences of subject age as a covariate in our analyses, a
closer match between patient and control group with
respect to age would further increase validity. Based
on our data it is not possible to rule out completely
potential differential age effects on DTI and DBM
measures. Concerning sample size and corresponding

power to reveal robust effects our study cannot compete
with approaches such as the multi-center Alzheimer‘s
Disease Neuroimaging Initiative (ADNI; [39]) which
provides the opportunity to study MRI data from much
larger samples (e.g., [40, 41]). However, no multimodal
MRI data are available for ADNI or other multi-center
initiatives so far. Therefore, the development of new
methods has to proceed with single center data first
where the findings then guide the selection of inno-
vative acquisitions for future multicenter studies. One
reason being the still relatively high amount of data
processing—a second limitation of the present study
concerning immediate practical implications.

Clearly, an application of most likely all recently
proposed MRI-based biomarkers in daily clinical use
is not reasonable to date. This technical problem could
be reduced to considerable degree, e.g., by extending
existing analysis software as our approach builds on
popular standard statistical procedures. We believe that
a future application in a research context, for instance
as a surrogate endpoint in clinical trials, would be con-
ceivable. Basically, clinical application would be build
on the principle component (PC) solution acquired
from a larger reference population. Technically, one
would estimate the PC-scores of the individual patient
using the reference data. This can be seen as project-
ing the individual patient’s data (e.g., FA-values) into a
coordinate system in which the principle components
of the reference data constitute the axes. The estimated
PC-score on the axis which had been shown to dis-
tinguish best between the diagnostic groups could be
compared to the respective cut-off value. In this regard,
the PC-score would be used as a diagnostic marker.

Of course, as we have already pointed out, additional
data is needed for validation. Foremost this includes the
evaluation in other patient groups—particularly with
MCI. As a next step it must to be shown if a mul-
tivariate analysis of DTI and DBM measures might
improve early diagnosis of AD in predementia stages
when atrophy effects are less distinctive than in the
current study. As DTI has been shown to reveal dam-
age to cortical projection fibers which are particularly
affected in early stages of the disease [38, 42, 43], our
method might be suited particularly well to differenti-
ate between converters and non-converters.

In summary, we have demonstrated that multivariate
analyses of mean diffusivity maps in white matter and
deformation-based morphometry maps in brain matter
(excluding CSF spaces) are equally accurate in dis-
tinguishing between patients with Alzheimer’s disease
and healthy controls. FA-maps were less effective for
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group separation. The combination of modalities in a
logistic regression model resulted in a classification
accuracy of AUC = 0.86 after leave-one-out cross-
validation. Future studies should reveal if multivariate
analyses of DTI and DBM measures can improve early
diagnosis of AD in predementia stages when atrophic
changes are less distinct than in manifest AD.
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Abstract. The macrostructural atrophy of Alzheimer’s disease (AD) has been fully described. Current literature reports that
also microstructural alterations occur in AD since the early stages. However, whether the microstructural changes offer unique
information independent from macrostructural atrophy is unclear. Aim of this study is to define the independent contribution
of macrostructural atrophy and microstructural alterations on AD pathology. The study involved 17 moderate to severe AD
patients and 13 healthy controls. All participants underwent conventional and non conventional MRI (respectively, T1-weighted
and diffusion-weighted MR scanning). We processed the images in order to obtain gray and white matter volumes to assess
macrostructural atrophy, and fractional anisotropy and mean diffusivity to assess the microstructural damage. Analyses of covari-
ance between patients and controls were performed to investigate microstructural tissue damage independent of macrostructural
tissue loss, and viceversa, voxel by voxel. We observed microstructural differences, independent of macrostructural atrophy,
between patients and controls in temporal and retrosplenial regions, as well as in thalamus, corticopontine tracts, striatum and
precentral gyrus. Volumetric differences, independent of microstructural alterations, were observed mainly in the entorhinal
cortex, posterior cingulum, and splenium. Measures of microstructural damage provide unique information not obtainable with
volumetric mapping in regions known to be pivotal in AD as well as in others thought to be spared. This work expands the
understanding of the topography of pathological changes in AD that can be captured with imaging techniques.
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INTRODUCTION

Although Alzheimer’s disease (AD) has been often
described as a disease of the gray matter (GM), white
matter (WM) alterations are also commonly observed
[1–4] at the early stages of the disease as well as
in preclinical conditions. Whether these alterations
are explained by a primary WM damage, or as a
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degeneration secondary to GM loss (or both) is cur-
rently unknown and requires further research [5].
Microstructural investigations with diffusion tensor
imaging (DTI) offer a promising approach to improve
our understanding of WM, but also GM, changes
in disease detection and progression [6, 7]. At the
microscopic level, brain parenchymal structures have
distinct boundaries, including axons membranes and
myelin sheaths, which constrain the diffusion of water
molecules along boundaries rather than across them
[8]. Fractional anisotropy (FA) and mean diffusiv-
ity (MD) are two quantitative indices of diffusion
reflecting the integrity of the brain tissue [9, 10].
Alterations in the microstructure environment, as hap-
pens in neurodegenerative processes, such as small
vessel alterations, demyelination of axonal structures,
degradation of microtubules, loss of axonal structure
and possibly gliosis reduce directional diffusion and
thus reduce FA [11–13]. Increased MD results from
decreased tissue density reflecting cell loss of both
neurons and glia [11, 14].

In AD, a number of studies using diffusivity indices
have been carried out using specific region-of-interest
(ROI) analyses [15–21] or whole brain voxel-wise
methods [22–24]. However, the meaning of changes
in FA or MD must be interpreted cautiously because
diffusivity changes may be influenced by GM and WM
atrophy [25]. For instance, although these indices are
considered to be measures of tissue microstructure, it
is currently unknown how they are related to WM vol-
ume [25]. Moreover, the relationship between FA and
volume may not be consistent across the lifespan [26,
27], due to changes in cell and tissue complexity at dif-
ferent stages of development and aging [28], and this
relationship may be altered further by neurodegenera-
tive disease. Thus, the situation is more complicated in
presence of tissue atrophy. A study by Hugenschmidt
and colleagues [29] used a recently published method
[30] to detect FA changes over WM and GM volume
loss in 66 healthy adults across a broad age span. They
observed that regions exhibiting decrease in FA in mid-
dle age were the same areas that exhibit volume loss in
older age, suggesting that microstructural FA changes
may precede and predict volume loss. They also found
age-related decreases in FA in atrophy-spared regions,
suggesting FA provides unique information.

Isolating the contribution of microstructural dam-
age in AD will likely improve models of disease
progression, be important for early diagnosis and for
monitoring the efficacy of treatments. The purpose
of the present study is to determine whether AD

patients show microstructural changes that are not
explained by GM and WM volume loss in areas spe-
cific to AD. In the light of previous data on healthy
people [29], we hypothesized that AD patients com-
pared to healthy controls would exhibit separable
microstructural (FA and MD indices) and macrostruc-
tural changes (GM and WM volume loss) that each
provides unique information about the disease.

METHODS

Participants

Seventeen patients with moderate to severe prob-
able AD, diagnosed according to NINCDS-ADRDA
criteria [31] at the IRCCS Centro S. Giovanni di Dio
Fatebenefratelli (Brescia, Italy) and 13 healthy vol-
unteers participated in the study. The participant or
primary caregiver provided written informed consent.
All patients with a Clinical Dementia Rating of 2 or
greater [32], were included in this study. Additionally,
disease severity was assessed with the Mini Mental
State Examination (MMSE) [33]. Healthy volunteers
were mostly patients’ non-consanguineous relatives
of similar age. Exclusion criteria included history of
transient ischemic attack (TIA) or stroke, WM hyperin-
tensities and lesions, head trauma, alcohol or substance
abuse, corticosteroid therapy, recent weight loss, or
a modified Hachinski ischemic scale score greater
than 4 [34]. Standardized history taking, behavioral
and functional assessments, physical and neurological
examinations, and a comprehensive neuropsycholog-
ical battery were carried out for all the participants.
There was no difference in age between groups, how-
ever they differed in gender, years of education and
MMSE score (Table 1). The study was approved by the
Ethics Committee of the Centre in accordance with the
Declaration of Helsinki.

MRI acquisition

Images were acquired on a Siemens (Erlangen,
Germany) 3 Tesla Allegra scanner at the Neuroradi-
ology Unit of the Ospedale Maggiore Borgo Trento,
Verona, Italy, with a standard head coil. High reso-
lution T1-weighted scans were acquired with a 3D
sagittal magnetization prepared rapid gradient echo
and diffusion-weighted images were acquired in 30
directions. These MRI sequences were acquired totally
in about 12 minutes.
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Table 1
Demographic characteristics of Alzheimer’s disease (AD) patients and healthy controls.

AD (n = 17) Controls (n = 13) P-value

Age, years [range] 76.7 ± 6.4 [66–87] 72.6 ± 6.6 [65–82] 0.097
Gender, female 14 (82%) 6 (46%) 0.038
Education, years [range] 5.5 ± 2.2 [3–13] 9.2 ± 3.2 [5–13] 0.001
Mini Mental State Exam [range] 14.1 ± 3.7 [8–21] 28.9 ± 0.9 [27–30] <0.0005

Numbers denote means ± SD [range] or n (%).

Imaging post-processing

T1-weighted MR and DTI images were processed
in order to be perfectly aligned each other. This was
necessary for running the statistical analyses where
macrostructural and microstructural tissues were ana-
lyzed together voxel by voxel. Thus, in each voxel we
could be able to assess macrostructural tissue differ-
ences independent from microstructural tissue differ-
ences (and viceversa) between patients and controls.

In the following session, we briefly described the
procedure from the imaging processing to the imaging
analysis.

Voxel-based morphometry (VBM)

T1-weighted MR scans were processed with Sta-
tistical Parametric Mapping software http://www.
fil.ion.ucl.ac.uk/spm (SPM5, University College Lon-
don, London, UK) using the following supervised
protocol (see also Graph 1, beginning at the top
left): (i) T1-weighted images were segmented using
the VBM5 toolbox [a modified version of uni-
fied VBM, http://dbm.neuro.uni-jena.de/vbm/vbm5-
for-spm5/;35] to produce gray matter (GM), white
matter (WM) and cerebrospinal fluid (CSF) tissues
in a common space (MNI space); (ii) tissue seg-
mentations were averaged across participants and
smoothed with an 8 mm FWHM Gaussian filter to
create prior probability maps representative of the
sample; (iii) a customized T1-weighted template was
created by applying the transformations produced in
step (i) to the native space T1-weighted images, aver-
aged across participants, and smoothed with an 8 mm
FWHM Gaussian filter; (iv) Original T1-weighted
images were segmented a second time using the
custom priors to obtain new segmentation and param-
eters of the common space normalization. Segmenting
the images one more time with the customized T1-
weighted template created at the step (iii) is critical
when atrophy is present in at least one group (in
this case in AD). This further step improves the seg-
mentation since, compared to the default template

of SPM5 used at the first segmentation (i), the cus-
tomized T1-weighted template is more representative
of the sample. The remaining process stream uses
the fast diffeomorphic image registration algorithm
developed by Ashburner and colleagues as imple-
mented in the Diffeomorphic Anatomical Registration
using Exponentiated Lie Algebra (DARTEL) toolbox
[36]. The parameters created in DARTEL provided a
more accurate spatial normalization: they improved
the alignment within subjects and benefit the align-
ment between modalities once the DTI images are
included in the procedure. Briefly using DARTEL,
(v) T1-weighted images were rigidly aligned (using the
rigid –body component of the normalization param-
eters from step (iv)) and segmented one more time
into GM and WM (using the segmentation parameters
from step (iv)) and resampled to 1.5 mm isotropic vox-
els. vi) GM and WM segments were simultaneously
coregistered using the fast diffeomorphic image reg-
istration algorithm [35]; and (vii) the flow fields were
then applied to the rigidly-aligned segments to warp
them to the common DARTEL space and then mod-
ulated using the Jacobian determinants. Modulation
scales the final GM and WM images by the amount of
contraction required to warp the images to the template.
The final result is GM and WM volume maps for each
participant, where the total amount of GM and WM
remains the same as in the original images. Note that
the parameters created in DARTEL provided a more
accurate spatial normalization: they improve the align-
ment within subjects and benefit the alignment between
modalities once the DTI images are included in the
procedure. (viii) Prior to the statistical computations,
the images were brought back to the MNI common
space according to a well defined procedure [37] and
smoothed with an 8 mm FWHM Gaussian filter.

Fractional anisotropy and mean diffusivity

FA and MD measures were calculated with the
following procedures in FSL [http://www.fmrib.ox.
ac.uk/fsl/fdt/index.html, 38]: (1) image distortions in
the DTI data caused by eddy currents were cor-

http://www. fil.ion.ucl.ac.uk/spm
http://www. fil.ion.ucl.ac.uk/spm
http://www.fmrib.ox. ac.uk/fsl/fdt/index.html
http://www.fmrib.ox. ac.uk/fsl/fdt/index.html
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Fig. 1. Coronal slices from Y = −5 to Y = −42 showing regions with gray matter (GM, ‘warm’ colors) and white matter loss (WM, ‘cold’
colors) in Alzheimer’s disease (AD) patients compared to controls. The image shows Biolgical Pattern Matching (BPM) analyses of covariance
(ANCOVAs) using fractional anisotropy and mean diffusivity (MD) images as covariates and ANCOVAs without imaging covariates. Contrasts
are shown at p < 0.001 uncorrected in at least 50 edge connected voxels. Color bars denote t-values.

rected; (2) estimation of diffusion tensors was achieved
using DTIFIT; (3) three-dimensional maps of FA and
MD images were computed from the tensors from
step (2).

In order to employ GM and WM volume as
covariates in the analyses of the DTI measure-
ments, it was necessary to align the FA and MD
maps with the T1-weighted images normalized
using DARTEL. To do this we used the following
procedure (see also Graph 1, beginning at the top
right): (a) the non-diffusion-weighted images were
normalized to the MNI T2 template in SPM5; (b)
a custom FA template was created by normalizing
the FA images using the normalization parameters
from step (a), averaging them and smoothing them
with an 8 mm FWHM Gaussian filter; (c) the cus-

tom FA template was normalized to the custom
T1-weighted template (VBM step (iii)) in FLIRT
[http://www.fmrib.ox.ac.uk/fsl/flirt/index.html, 39];
(d) native space FA and MD images were normalized
to the custom FA template (from step (c)); (e) the
normalization parameters from step (d) were multi-
plied by the inverse transformation parameters for the
second T1-weighted segmentation (VBM step (iv))
and applied to both the FA and MD images; (f) FA and
MD images were rigidly aligned and resampled to the
same voxel size as T1 weighted images using the rigid-
body component of the transformations produced in
VBM step (iv); (g) warped using flow fields from
DARTEL (VBM step (vi)), but not modulated. (h) As
with the VBM, the FA and MD images were brought
back to the common MNI space and smoothed with
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Graph 1. A diagrammatic representation of the image processing streams. The text provides a full description of the image processing stream
with Roman Numerals detailing T1-weighted processing and letters detailing Diffusion Tensor Imaging processing. Abbreviations: T1 w, T1-
weighted; T2 w, T2-weighted; DTI, Diffusion Tensor Imaging; S0, DTI with no diffusion weighting; MNI, Montreal Neurological Institute;
DARTEL, Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra; FA, Fractional Anisotropy; MD, Mean Diffusivity;
VBM5, Voxel-Based Morphometry Toolbox 5.

an 8 mm FWHM Gaussian filter similar to the strategy
employed by Hugenschmidt and colleagues [29].

Masking to exclude the CSF

To exclude the CSF contamination from the results, a
mask was created based on previously published CSF
levels for MD [9]. For each participant’s normalized
and unsmoothed MD image, a mask of voxels with val-
ues less than 0.00283 mm2/sec (2 standard deviations
below the CSF mean) was created. A group mask was
computed as the intersection of all participant masks.

This mask has been applied after the smoothing and
used through all statistical analyses.

Statistical analysis

Voxel-wise analyses were performed in order to
test for group differences on GM, WM, FA, and MD
regardless of the effect of the other imaging modali-
ties. Next, voxel-wise analyses were performed using
microstructural variables as voxel-wise covariates for
macrostructural (GM and WM volume) group dif-
ferences. Similarly, macrostructural variables (GM
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and WM volume) were used as voxel-wise covariates
for microstructural (FA and MD) group differences.
The Biological Parametric Mapping (BPM) toolbox
implemented in SPM5 [30] was used. In all analyses,
statistical maps were threshold at p < 0.001 uncor-
rected in at least 50 edge connected voxels and total
intracranial volume (TIV) and age were included in the
models as non imaging covariates. For all analyses CSF
voxels were excluded by using the aforementioned
mask.

Macrostructural analyses (GM and WM)

VBM analyses without imaging covariates
Two analyses of covariance (ANCOVAs) were

computed in SPM5 to assess GM and WM differ-
ences between AD patients and controls. GM and
WM images were added in two separated models as
dependent variables with the group (AD and HC) as
independent factor. This approach tests for locations
where volume loss may be also affected from FA and
MD microstructure alterations.

VBM analyses with imaging covariates (using
Biological Parametric Mapping-BPM)

Two ANCOVAs, one for GM and the other for
WM, were computed using the BPM toolbox to assess
macrostructural differences between AD patients and
controls. GM and WM images were entered as depen-
dent variables in two separate models with the group
(AD and HC) as independent factor. FA and MD maps
were included in both models as imaging covariates.
This approach tests for locations where the group (AD
or control) is explaining unique variance in the volume
that is not accounted for by FA or MD microstructure
measures.

Microstructural analyses (FA and MD)

DTI analyses without imaging covariates
We performed two ANCOVAs to assess the dif-

ferences in FA and MD between AD patients and
controls without using the imaging covariates. FA and
MD images were added in two separated models as
dependent variables with the group (AD and HC) as
independent factor.

DTI analyses with imaging covariates
(using BPM)

Two ANCOVAs, one for MD and the other for
FA, were computed using the BPM toolbox to assess

MD and FA differences between AD patients and
controls. FA and MD images were entered as depen-
dent variables in two separate models with the group
(AD and HC) as independent factor. GM and WM seg-
mented maps were included in both models as imaging
covariates. This approach tests for locations where the
group (AD or control) is explaining unique variance
in DTI measures that is not accounted for by volume
loss.

VBM/DTI combination

To assess the overlap in VBM and DTI group dif-
ferences, we identified the total volume loss (derived
from the combination of the T-maps of both GM
and WM analysis without imaging covariates) and
microstructural damage (derived from the combination
of the T-maps of both FA and MD analysis without
imaging covariates). Thus, we created the combina-
tion map included areas with either volume loss or
microstructural damage. From this map, we observed
regions that had volume loss only, microstructural
damage only, and volume loss with microstructural
damage.

Sociodemographic analyses

ANOVA and chi-squared tests were performed to
analyze the sociodemographic and clinical features
(Table1).

RESULTS

Macrostructural analyses (GM and WM)

VBM analyses without imaging covariates
The AD group showed less GM than controls in

the medial temporal lobe including the hippocampi,
prefrontal cortex, frontal lobe, posterior cingulate cor-
tex and cerebellum bilaterally, and in the right parietal
lobe and insula (Fig. 1, ‘warm’ colors). Additionally,
the AD group showed less WM than controls in the
body, genu and splenium of the corpus callosum, in
the left retrosplenial region and right superior parietal
lobe, posterior cingulate and prefrontal region, in the
cingulum, frontal lobe, occipital and temporal lobe,
and cerebellar hemispheres (Fig. 1, ‘cold’ colors). No
regions showed less GM or WM in the controls com-
pared to AD patients.



E. Canu et al. / Understanding the Structural Brain Changes in AD 493

VBM analyses with imaging covariates
(using BPM)

After controlling for microstructural changes with
BPM we found GM atrophy in AD compared to con-
trols in the inferior temporal lobe bilaterally and in left
posterior cingulate (Fig. 1, ‘warm’ colors); in WM in
the splenium of corpus callosum, in the right inferior
temporal lobe, in the entorhinal region and cerebel-
lum bilaterally (Fig. 1, ‘cold’ colors). These were
regions where AD group is explaining unique variance
in the volume that is not accounted for by FA or MD
microstructure measures.

Microstructural analysis (MD and FA)

DTI analyses without images covariates
Using an ANCOVA without GM and WM as imag-

ing covariates, we found that AD brains had significant
higher MD compared to controls in the hippocampal
and parahippocampal regions, in temporal, superior
parietal and medial frontal lobe bilaterally, in the
right insula, internal capsule, thalamus, posterior cin-
gulate cortex, occipital lobe, prefrontal and frontal
lobe, inferior frontal gyrus and precentral gyrus, in
the left caudate nucleus and anterior internal capsule,

Fig. 2. Coronal slices from Y = −5 to Y = −42 showing regions with higher mean diffusivity (MD) values (‘warm’ colors) and lower fractional
anisotropy (FA) values (‘cold’ colors) in Alzheimer’s disease (AD) patients compared to controls. The image shows Biolgical Pattern Matching
(BPM) analyses of covariance (ANCOVAs) using gray matter (GM) and white matter (WM) images as covariates and ANCOVAs without
imaging covariates. Darkened green indicates areas with both FA and MD changes. Contrasts are shown at p < 0.001 uncorrected in at least 50
edge connected voxels. Color bars denote t-values.
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in the cingulum and corpus callosum (Fig. 2, ‘warm’
colors).

A significant reduction in FA in AD brains was
found in the anterior cingulate, caudate and pari-
etal lobe bilaterally, in right hippocampus, cerebral
peduncle, thalamus and occipital lobe, in the left
putamen and medial temporal lobe (Fig. 2, ‘cold’
colors).

DTI analyses with images covariates (using BPM)
Using an ANCOVA with GM and WM volume

as imaging covariates, we found that AD brains had
significantly higher MD, indicating damage, in the
parahippocampal regions, parietal lobe and precen-
tral gyrus, internal capsule and caudate bilaterally, in
the right thalamus, occipital lobe, in the body of cin-
gulum and in the left medial frontal lobe including
white matter tracts such as fornix, corona radiata, thala-
mic, corticopontine and corticospinal radiation (Fig. 2,
‘warm’ colors).

Reduced FA values, indicating damage, were found
in the right cerebral peduncle and posterior limb of
the internal capsule, in the thalamus and parietal
lobe bilaterally, and in the left medial temporal lobe
and striatum. The following tracts pass through those
regions: the anterior commissure, superior corona

radiata, thalamic, cortico-pontine and corticospinal
radiation (Fig. 2, ‘cold’ colors). These were regions
where AD group is explaining unique variance in
DTI measures that is not accounted for by volume
loss.

No regions showed a significant decrease in MD or
increase in FA in AD patients compared to controls.

VBM/DTI combination

The combination of the VBM and the DTI results
reveals regions that show both atrophy and microstruc-
trual damage (Fig. 3, green color); however, there are
regions that show microstructural damage but not sig-
nificant atrophy (Fig. 3, blue color); and, finally, there
are regions with atrophy but not significant microstruc-
tural changes (Fig. 3, red color).

DISCUSSION

In the present work we differentiated microstruc-
tural damage from GM and WM volume loss in
patients with moderate to severe AD. We observed
atrophy-independent group differences in both MD and
FA, indicative of microstructural damage beyond that
explained by gross GM and WM volume loss in AD.

Fig. 3. Coronal slices from Y = −5 to Y = −42 showing areas with macrostructural volume loss only (gray matter-GM or white matter-WM,
red); microstructural damage only (mean diffusivity-MD and fractional anisotropy-FA, blue); and the combination of macrostructural and
microstructural changes (green).
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Regions affected included the medial temporal and ret-
rosplenial regions as well as the anterior commissure,
corona radiata, internal capsule, thalamus and thalamo-
cortical projections, corticopontine tracts, cerebral
peduncle, striatum and precentral gyrus. Finally, vol-
umetric differences independent of microstructural
changes were observed in the entorhinal cortex, infe-
rior temporal lobe, posterior cingulate, splenium and
cerebellum.

Microstructural changes in late stage AD

In the present work, without controlling for GM and
WM volume loss, we observed that our results would
confirm previous findings on altered diffusion changes
in AD. The comparison of FA and MD between
patients and controls without GM and WM maps
as imaging covariates, produced results that closely
resembled other DTI studies in AD. Specifically, we
observed higher MD in AD group in the hippocampi
and parahippocampal regions [6, 18, 21, 23], internal
capsule [23, 24], cingulum and posterior cingulate cor-
tex [6, 23, 40], medial temporal lobe and temporal pole
[16, 18, 21, 23], parietal [6, 16, 21, 23] and frontal lobe
[16, 23], including the inferior and medial frontal gyrus
[23]. Confirming previous studies we observed lower
anisotropy in AD compared to controls in parahip-
pocampal regions [41, 42], putamen [43], thalamus
[23, 41], cerebral peduncle [24], cingulum [22, 40, 44,
45], temporal [16, 18, 21, 24, 41, 45], frontal lobe [16,
22, 23, 41, 45] and occipital lobe [41, 45].

Using the same BPM method in a normal sample
with a broad age range, a previous study [29] showed
that regions with decreased FA in the middle age were
the same regions that exhibit volume loss in old age.
In the light of those findings, regions in our sam-
ple showing microstructural alterations in AD may be
predictive of future atrophy with further disease pro-
gression. While this hypothesis can only be evaluated
with longitudinal follow-up, several recent studies pro-
vide supporting evidence. First, some of the regions
where we found microstructural alterations indepen-
dent of macrostructural volume loss, such as internal
capsule, middle cerebellar peduncle, striatum, thala-
mus, motor cortex (precentral region), corticopontine
and talamo-cortical projections, are involved in move-
ment control. This is consistent with the notion that
advanced AD patients are more likely to show motor
deficits in disease stages more severe than that of the
patients in the present study [24, 46]. Second, the pres-
ence of amyloid depositions and neurofibrillar tangles
has been found in the striatum of moderate AD [47],

in the primary motor cortex of severe AD [48] and in
early onset AD [49, 50] which may cause white matter
changes in input and output projection fibers. Third,
higher iron levels, known to be associated to neurode-
generation [51, 52], have been found in the striatum
of moderate AD compared to controls [53]. Moreover,
pathological changes in the motor system regions have
been reported in AD mainly related to the severity of
the disease [54]. In the light of the mentioned litera-
ture, this study shows that changes in AD, in terms of
low FA and high MD values, may suggest where the
atrophy could occur during the late stages of the dis-
ease. If this is true, since it has been not proven by this
study, knowledge of regions at-risk for atrophy could
provide valuable insight into the optimal treatment of
patients when appropriate drugs are available and for
monitoring the efficacy of the treatment itself.

Regions with volume loss but not microstructural
changes: why?

Without controlling for FA and MD changes, as we
expected based on several previous VBM studies (for
a detailed review see [55]), we found GM volume loss
in regions known to be pivotal in AD such as the hip-
pocampus, medial temporal lobe, posterior cingulate
cortex and parietal lobe. Recently, using VBM, WM
volume loss has been observed in AD in regions rele-
vant for the anatomical connection through the brain as
the corpus callosum [56], the parahipppocampal areas
[57] and the cingulum bundle [58], which are the same
regions we observed in the present study.

Moreover, we found some regions of atrophy with-
out significant microstrucural differences, a finding
that has several possible explanations. First, the rela-
tion between gross volume and DTI indices may not
be linear [59, 60]. The relationship between FA and
WM differs over the life-span [26, 27]. FA is related
to the microstructure of WM and only some properties
may affect volume such as the degree of myelination
and axonal degeneration [61]. Moreover, FA reflects
a complex and dense cytoskeleton of axons com-
posed of microtubules containing cellular organelles
(mitochondria and vesicles); in general the cellular
microstructure of tissue influences the overall mobility
of diffusing molecules by providing different barriers
(intracellular and extracellular) [8], which are in turn
affected by age and AD [28]. Second, the image modal-
ities used in this study differed in voxel resolution
and this may have affected sensitivity to group differ-
ences in favor of the higher resolution T1 w modality.
Third, morphometry findings included regions where



496 E. Canu et al. / Understanding the Structural Brain Changes in AD

DTI acquistion was poor such as in the inferior tempo-
ral lobe and cerebellum where inhomogeneity artifact
can result in a significant signal dropout with an echo-
planar acquisition such as that used to collect the
diffusion-weighted images. Future studies will benefit
from the use of less suceptibility-prone sequences and
higher resolution DTI acquisition protocols. The latter
will also assist in detecting microstructural alterations
in regions where the number of crossing fiber tracts is
high, such as the centrum semiovale.

Potential issues occurring when combining
different modalities

Recently, the use of the multi-modality imaging has
been largely adopted in order to better understand the
neurobiology of several diseases in vivo. However,
several limitations need to be considered carefully in
order to avoid misleading interpretation of the find-
ings. First, some imaging modalities, such as DTI,
are more prone to distortions and artifacts than oth-
ers. Second, different imaging modalities may have
different spatial resolutions (as usually occurs with
DTI or functional MRI compared to T1 images). As a
consequence, co-registering and normalizing different
imaging modalities is one of the most common source
of confound.

The pathophysiology of alterations of
diffusion in AD

In AD, a number of studies suggest that diffusion
changes in the WM could reflect Wallerian degen-
eration and be secondary to cortical pathology [62].
According to this hypothesis, the amyloid � (A�)
deposits around the neuronal cells and/or the neu-
rofibrillary tangles in the body of the cells lead to the
degeneration of axons and myelin (secondary degen-
eration). However, a primary damage of WM tissue
can not be excluded. In fact, A� deposits have been
found near the vessels in the WM in AD [63] and
recently it has been demonstrated that A� peptides
are cytotoxic to oligodendrocytes in vitro [64]. A neu-
ropathologic study [65] established the phases of A�
deposition in AD cases. They also observed that the
A� deposition correlated with the presence and the
phases of the neurofibrillar tangles. Thus, tau may also
provide a mechanism pathogenesis of white matter
in AD. The role of tau has recently gained credibil-
ity for the apparently successful phase II trial of an
anti-tau drug (Claude M. Wischik. “Tau aggregation

inhibitor (TAI) therapy with remberTM arrests disease
progression in mild and moderate Alzheimer’s disease
over 50 weeks”, ICAD, Chicago 2008). Tau protein
binds to the microtubules for the integrity and stabiliza-
tion of the cytoskeleton and for axonal transport [66].
With the disease, the axonal cytoskeleton can be per-
turbated [67] and axonal transport becomes disrupted
[67]. Thus, the functional failure of tau due to hyper-
phosphorylation may be result in changes in FA. This
hypothesis is supported by data from the present study,
indicating that the largest areas of alteration of diffu-
sion map to regions known to be affected by tangle
pathology [68].

Limitations

Some limitations of the present study need to be
discussed. The main limitation is that the significance
threshold was uncorrected for multiple comparisons
and this might have led to false positive results. The
sample size was small and a replication of the method
in a larger sample is needed for avoiding power-
related issues. Second, the two imaging modalities
we used differ in resolution. Although, the images
are rigid aligned each other, the original resolution
could still affect the results in order of false nega-
tive/positive findings. Future studies should taking into
account this possible issue. Third, groups of MCI and
mild AD could add information on the progression of
these microstructural alterations. Finally, the impact of
these alterations requires longitudinal follow-up. The
longitudinal component is critical in evaluating the
hypothesis that future volume loss occurs in regions
with altered diffusion which was generated by the
present study.
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Abstract. The aim of this study was to predict further cognitive decline in mild cognitive impairment (MCI) using an individual
level support vector machine (SVM) classification analysis of white matter derived from diffusion tensor imaging (DTI).

Thirty-five healthy controls (HC) and 67 MCI subjects had DTI at baseline. MCI subjects were neuropsychologically followed
for after one year and categorized into 40 stable (sMCI; 9 single domain amnestic, 7 single domain frontal, 24 multiple domain)
and 27 progressive (pMCI; 7 single domain amnestic, 4 single domain frontal, 16 multiple domain). Fractional anisotropy (FA),
longitudinal (LD), radial (RD) and mean (MD) diffusivity were assessed using Tract-Based Spatial Statistics (TBSS). Statistical
analyses included both group comparisons and individual classification using SVM using 10 fold cross validation.

FA was significantly higher in HC compared to MCI in a distributed network including the ventral part of the corpus callosum,
right temporal and frontal pathways. There were no significant group-level differences between sMCI versus pMCI or between
MCI subtypes after correction for multiple comparisons. SVM analysis allowed for an individual classification with accuracies
up to 91.4% (HC versus MCI) and 98.4% (sMCI versus pMCI). When considering the MCI subgroups separately, the minimum
SVM classification accuracy for stable versus progressive cognitive decline was 97.5% in the multiple domain MCI group.

SVM analysis of DTI data provided highly accurate individual prediction of cognitive decline in MCI regardless of MCI
subtype, indicating that this method may become an easily applicable tool for early individual detection of MCI subjects
evolving to dementia.
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ABBREVIATIONS

DTI diffusion tensor imaging
FA fractional anisotropy
GM grey matter
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HC healthy control
LD longitudinal diffusivity
MCI mild cognitive impairment
MD mean diffusivity
MRI magnetic resonance imaging
MVPA multi vector pattern analysis
pMCI progressive MCI
RBF radial basis function
RD radial diffusivity
ROI region of interest
sMCI stable MCI
SMO sequential minimal optimization
SVM support vector machine
TBSS tract-based spatial statistics
WM white matter

INTRODUCTION

Mild cognitive impairment (MCI) was originally
conceived as a functionally non-disabling amnestic
disorder that has been later on expanded to include
essentially any form of cognitive complaint [1]. The
effect of an intervention on the conversion rate from
MCI to AD has become a paradigm for assessing pos-
sible neurobiological modifiers early in the course of
the disease. Although there are currently no proven
disease-modifying treatments for Alzheimer disease
(AD), several promising candidates are to date eval-
uated (for review see [2, 3]). However, recent studies
pointed to the limited performance of some of these
curative strategies in patients with clinically overt
dementia [4, 5]. Not all MCI evolve to AD or decline
at identical rates and a significant proportion of cases
remain stable for several years or even improve (for
review see [6]). Based on this observation, several
research groups attempted to identify structural neu-
roimaging markers that could predict at baseline the
subsequent cognitive decline within this diagnostic
category. The most common approach that has been
taken up in previous investigations consisted on group
comparisons of grey matter (GM) volumes based on
magnetic resonance imaging (MRI) in restricted corti-
cal areas such as the hippocampus or entorhinal cortex
(for review see [7]). As a complement to region of
interest (ROI)-based volumetry, several studies imple-
mented either semi-manual volume segmentation (for
example [8, 9]), or automatic voxel-based morphom-

etry (VBM) [10] providing an analysis of the GM
concentration across the entire brain (for example
[11–16]). A series of voxel-based morphometric stud-
ies revealed volume differences between MCI and
controls mainly distributed within the precuneus and
cingulate gyrus (for review see [17]). More recently,
multivariate models such as principal component anal-
ysis, structural equation modeling and support vector
machine (SVM) [18] were used to provide individual
risk scores for MCI conversion to AD on the basis of
GM VBM data [17, 19–22].

Despite the fact that cortico-cortical disconnection
is thought to be a main determinant of clinically overt
dementia (for review see [23]), only a few studies
explored the structural changes occurring in white mat-
ter (WM) in MCI. Diffusion tensor imaging (DTI) is
a MRI technique that allows for the interrogation of
the microstructural integrity of white matter. Fractional
anisotropy (FA) is estimated from diffusion tensor
imaging (DTI) [24] and correlates with the integrity of
white matter fiber bundles [25]. Earlier studies on DTI
FA in MCI can be separated into three main categories:
ROI-based [26–37], voxel-based [38–41] and recently
introduced Tract-Based Spatial Statistics (TBSS), an
improved voxel-based technique [42–44]. These con-
tributions documented the presence of reduced FA
primarily in white matter tracts with homogeneously
oriented fibers (i.e. genu or splenium of the corpus
callosum, superior longitudinal fasciculus, cingulus)
and more rarely in frontal, parietal and temporal white
matter. However, other studies led to negative data
challenging this point of view (for review see [45]).

To date and unlike the recent GM-focusing reports,
there are no longitudinal studies addressing the util-
ity of the DTI as an assessment tool for individual
prediction of MCI rapid cognitive decline. We report
here the results of a DTI-TBSS analysis in 35 HC and
67 MCI individuals who were neuropsychologically
followed-up after one year (2 drop-outs at follow-up).
The present data reveal that the assessment of white
matter tract changes at baseline provides a highly
accurate discrimination between cases that remain
cognitively stable (sMCI) and those which displayed
progressive cognitive deficits at follow-up (pMCI).
Despite the known morphometric differences between
MCI subtypes (amnestic, frontal and multiple domain),
we deliberately included all MCI subtypes because a
potentially clinically useful individual classifier should
correctly discriminate sMCI versus pMCI regardless of
MCI subtype.



S. Haller et al. / SVM Analysis of DTI in Stable/Progressive MCI 501

METHODS AND MATERIALS

Subjects

After formal approval of the local Ethics Com-
mittee, informed written consent was obtained from
all participants prior to inclusion in this study. Both
MCI and healthy controls (HC), with a high school
degree or equivalent, were recruited in Geneva and
Lausanne counties through advertisements in local
newspapers. All participants had normal or corrected-
to-normal visual acuity, and none reported a history of
sustained head injury, or neurological or psychiatric
disorders. All participants with regular use of psy-
chotropics, stimulants and �-blockers as well as those
with severe physical illness that precludes the partici-
pation in either phase of the project were excluded.

All individuals were first screened with the Mini
Mental State Examination (MMSE) [46]. The neu-
ropsychological assessment included the MMSE
orientation items, memory Digit Span Forward [47],
Corsi Block-Tapping Test [48], Buschke double mem-
ory test [49], Shapes test [50], Verbal Fluency test [51]
Trail Making test part B [52], Wisconsin Card Sort test
(WCST, [53]), Boston Naming test [54], tests of ideo-
motor [55], reflexive [56] and constructional praxis
[57], and Ghent Overlapping Figure test [58]. Atten-
tion was assessed with the WAIS-R, Code [59] and
Trail Making Test part A [52]. Global cognitive func-
tion was assessed with the Clinical Dementia Rating
scale (CDR, [60]). Cases with CDR 0 and test scores
compatible with the age appropriate mean in all tests
were classified as HC (n = 35, 26 women, mean age
63.7 ± 5.1 years).

Subjects with MMSE scores between 25 and 28
were considered as possible MCI cases. Subsequently,
these cases underwent an additional clinical evaluation,
which included the Hospital Anxiety and Depres-
sion Scale (HAD, [61]) and Lawton’s Instrumental
Activities of Daily Living (IADL, [62]). Depressive
co-morbidity was excluded on the basis of a Hospi-
tal Anxiety and Depression Scale score consistently
equal or more than 8. All individuals having a test
score more than 1.5 SD below the age and education
level adjusted mean in any of the above tests and a
CDR score of 0.5 but no dementia, were diagnosed
as possible MCI [63]. Among these cases, 16 had
single domain amnestic MCI. All of them displayed
decreased performances in the Buschke Double Mem-
ory Test and at least in one among the Shapes test,

Digit Span Forward test, and Corsi Block Tapping test.
Eleven cases had single domain frontal MCI. All of
them displayed decreased performances in the Trail
Making test B and/or in WCST test. The remaining
40 cases had multiple domain MCI characterized by
impaired performances in the Verbal Fluency test, Trail
Making test, and WCST test as well as in one among
the Shapes test, Corsi Block Tapping test, and Digit
Span Forward test [64]. Two highly experienced clin-
icians blinded to each other’s findings reviewed these
cases independently. Subjects were only included in
the MCI group if both clinicians concurred on this
diagnosis.

The final sample included 67 MCI cases (38
women, mean age: 65.0 ± 5.1 years), which underwent
a detailed neuropsychological follow-up evaluation
1 year after inclusion using the same neuropsycholog-
ical battery. Upon follow-up, subjects were considered
to have progressed and were included in the pMCI
group if: (1) they exhibited a significant deterioration
(defined as ≥1.0 SD compared to inclusion values) in
one memory test and at least one among the other neu-
ropsychological tests, and (2) they showed clinically
deterioration based on the review of all the neuropsy-
chological tests by an independent physician highly
experienced in cognitive disorders who was blinded to
the scope of the study. Subjects were considered stable
and included in the sMCI group if (1) they exhibited
no or marginal changes in their neuropsychological
performances upon follow-up (test result improved or
decreased <1.0 SD compared to inclusion values), and
(2) they were considered to be clinically stable by the
independent physician who reviewed the neuropsycho-
logical data.

MR imaging

MR imaging was performed at baseline on a 3.0 T
clinical routine whole body scanner (Magnetom Trio,
Siemens, Erlangen, Germany). We used a standard
DTI sequence: 12 diffusion directions isotropically dis-
tributed on a sphere, 1 B0 image with no diffusion
weighting, 128 × 128 × 64 matrix, 1.8 × 1.8 × 2.0 mm
voxel size, echo time TE 76 ms, repetition time
TR 7800 ms, 1 average. Additional sequences (T1 w,
T2 w, FLAIR) were acquired and analyzed to exclude
brain pathology such as ischemic stroke, subdural
hematomas or space-occupying lesions. In particular,
white matter lesions were analyzed according to the
Fazekas score [65].
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Statistical analysis

Demographic and clinical data
Demographic and clinical characteristics, neuropsy-

chological values as well as the Fazekas score at
baseline were compared between groups HC, pMCI
and sMCI using non-parametric Kruskal-Wallis group
test and pair-wise post test if overall p < 0.05 using
Dunn’s Multiple Comparison test. Cognitive changes
over time within the pMCI and sMCI groups were
assessed using the Wilcoxon matched-pairs signed-
ranks test.

DTI TBSS FA analysis
Pre-processing of the FA data was carried out

using standard procedure of TBSS (Tract-Based Spa-
tial Statistics) including Eddy current and distortion
correction, as described in detail before [66, 67] in
the FSL software package [68]. In principle, TBSS
projects all subjects’ FA data onto a mean FA tract
skeleton using non-linear registration. The tract skele-
ton is the basis for voxel-wise cross-subject statistics
and reduces potential misregistrations as the source
for false-positive or -negative analysis results. The
other DTI derived parameters longitudinal (LD), radial
(RD) and mean (MD) diffusivity were analyzed in
the same way using spatial transformation parame-
ters that were estimated in the initial FA analysis.
For MCI versus HC comparisons, we performed a
voxel-wise statistical analysis with correction for mul-
tiple comparisons implementing threshold-free cluster
enhancement (TFCE) considering fully corrected p-
values <0.05 as significant [69]. Age and gender were
used as covariates in the analyses. We used the JHU
ICBM white matter tractography atlas, which is dis-
tributed in the FSL package, for anatomic labeling of
the supra-threshold voxels. For sMCI versus pMCI
comparisons, there were no supra-threshold voxels
after TCFE correction at p corrected <0.05.

SVM individual classification analysis
The individual classification was analyzed in the

WEKA software package (http://www.cs.waikato.ac.
nz/ml/weka, Version 3.6.1). This freely available tool
is highly flexible and versatile, and includes for exam-
ple numerous classifiers not only from the SVM type
but also for example J48 as an example for a tree clas-
sifier [70]. After conversion of the pre-processed DTI
FA data in a WEKA compatible data format, separate
analyses were performed for the differences between
HC and MCI as well as within the MCI group (sMCI

versus pMCI). We additionally performed the analy-
sis between stable versus progressive cognitive decline
separately in each MCI subgroup. All TBSS prepro-
cessed 149 259 voxels were taken into account. The
analysis included two steps. In a first step, we per-
formed a feature selection. The rationale behind this
step is that not all voxels discriminate between groups.
On the one hand, inclusion of non-discriminative vox-
els results in overlapping features (or voxels), which
reduces the accuracy of the classification. On the
other hand, exclusion of discriminative features also
reduces the accuracy of the classification. To identify
the optimum number of voxels, we used the feature
selection algorithm “Relieff” [71]. In principle, this
method chooses features (or voxel) that most dis-
tinguish between classes. These are known as the
relevant features. At each step of an iterative process,
an instance x is chosen at random from the dataset
and the weight for each feature is updated according to
the distance of x to its Nearmiss and NearHit. For each
comparison, we selected the top 100, 250, 500, 750 and
1000 features implementing 10 fold cross validation.
The second step consisted of the “actual” classification
analyses for each comparison using the SVM algo-
rithm “sequential minimal optimization” SMO [72]
(distributed in the WEKA package) with a radial basis
function (RBF) kernel [73]. We chose the commonly
used RBF kernel, which nonlinearly maps samples
into a higher dimensional space. Unlike linear kernels,
RBF can handle the case when the relation between
class labels and attributes is nonlinear. There are two
parameters while using RBF kernels: C and GAMMA.
GAMMA represents the width of the radial basis func-
tion, and C represents the error/trade-off parameter
that adjusts the importance of the separation error
in the creation of the separation surface. It is not
known beforehand which parameters are best for a
given analysis. Consequently, we determined the opti-
mal values of these two constants using a grid search
with C between 0.01 and 1.00 and GAMMA iteratively
explored from the value of 0.01 to 0.09. We used a ten
fold cross validation technique, which divided the data
into 10 parts. Nine parts were used for training, and one
part for testing. This was done 10 times, such that each
part was once used for testing. We repeated this whole
procedure 10 times to further reduce variation related
to data selection. We present the average accuracy of
10 repetitions of 10 fold cross validations for the best
parameter settings. For technical reasons, the reported
sensitivity and specificity values are only based only
on single repetitions using 10 fold cross validation.
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RESULTS

Clinical data

Demographic and clinical characteristics did not
differ at inclusion between groups (Table 1). Two MCI
cases were lost upon follow-up, which took place
one year after baseline assessment (range 1.03 ± 0.17
years). The progressive MCI (pMCI) group consisted
of twenty-seven (40.3%) cases showing significant
deterioration in MMSE (p < 0.001), executive func-
tions (Verbal Fluency test, p < 0.05), working memory
(Digit Span Forward test, p < 0.05) and episodic
memory (Shapes test p < 0.05). This group included
7 single domain amnestic, 4 single domain frontal,
and 16 multiple domain MCI cases. In seven among
the pMCI cases, the clinical diagnosis of dementia
was made according to the DSM-IV criteria. The
remaining 40 cases (59.7%) showed no significant
changes in cognitive functions (stable MCI, sMCI;
9 single domain amnestic, 7 single domain frontal,
24 multiple domain). The sMCI showed a significant
improvement from inclusion to follow-up in executive
functions (Verbal Fluency test and Trail Making
test B, p < 0.05), attention (Trail Making test A,
p < 0.05), episodic memory (Buschke double memory
test, CR imm p < 0.05 and CR tot p < 0.005), probably
related to re-test learning (Table 2). Compared to
baseline assessment, this group displayed decreased
performances only in one test of executive functions
(Verbal Fluency test, p < 0.05).

Table 1
Demographic and clinical characteristics of EC, sMCI, pMCI and

AD cases at inclusion

Variable HC sMCI pMCI Group
(n = 35) (n = 40) (n = 27) differences

Age (years) 63.7 ± 5.1 65.4 ± 5.4 64.4 ± 4.6 0.1979
Gender (f/m) 26/9 23/17 15/12 0.2196
Education∗ 2.1 ± 0.8 1.9 ± 0.8 2 ± 0.7 0.8182
MMSE¶ 28.9 ± 1.0 28.1 ± 1.2 28.1 ± 2.2 0.0517
IADL† 8.4 ± 0.7 8.3 ± 1.1 8.4 ± 0.7 0.9956
HAD‡ (anxiety) 5 ± 2.3 5.2 ± 3.2 6.2 ± 3.2 0.4335
HAD‡ (depression) 1.9 ± 1.8 2 ± 2.2 2.2 ± 1.8 0.6307

Data are presented as mean ± SD. * Education levels from 1 to 3;
¶ MMSE, Mini-mental state examination; † Lawton’s instrumental
activities of daily living score; ‡ Hospital anxiety and depression
scales (cut off of 8 for both anxiety and depression). There were
no significant differences in demographic and clinical variables
between HC, sMCI and pMCI cases.

TBSS group differences

There were significantly lower FA values in MCI
cases compared to HC in a large distributed net-
work, most pronounced in the ventral part of the
corpus callosum and the right temporal and frontal
WM pathways including the inferior longitudinal and
uncinate fasciculi, and the parahippocampal white mat-
ter. Additional structures involved were the internal
and external capsule, predominantly on the right, the
superior and middle cerebellar peduncle, predomi-
nantly on the left, and the cerebellar white matter
bilaterally. There was no supra-threshold difference
in LD, RD or MD between HC and MCI cases. The
inverse comparison of MCI versus HC also yielded
no supra-threshold voxels (see Fig. 1, Table 3). The
FA differences between HC and MCI cases persisted
when adjusting for age and gender. No additional struc-
tures with significant group differences were identified
in these multivariate models. The comparison between
sMCI versus pMCI yielded no supra-threshold differ-
ences (FA, LD, RD and MD) after TFCE correction
for multiple comparisons. There were no significant
differences in Fazekas scores between groups (HC
0.97 ± 0.82, sMCI 0.95 ± 0.78, pMCI 1.18 ± 0.88). In
particular, this was the case in all areas where signifi-
cant FA group differences were identified in our TBSS
analysis.

SVM individual classification analysis

The best individual classification accuracies based
on DTI FA were 91.4% for the distinction between
MCI and HC and 98.4% for that between sMCI and
pMCI (see Table 4). Considering one SVM classifier
for all MCI subgroups, the classification accuracy per
subgroup were >97% in multiple domain MCI, >99%
in single domain frontal and >99% in single domain
amnestic MCI. These results were replicated when
using three separate SVMs for the three MCI subtypes.
The spatial distribution of the most discriminative vox-
els of the SVM analysis is illustrated in Fig. 2.

DISCUSSION

White matter track changes are widely present in
the brain of MCI individuals and affect both homoge-
neously distributed fibers within the corpus callosum
and longitudinal fasciculus as well as axons in the
parahippocampal white matter known to be particu-
larly vulnerable in the course of the neurodegenerative
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Table 2
Neuropsychological data for sMCI and pMCI cases at inclusion and follow-up

Variables sMCI (n = 40) pMCI (n = 27)

Inclusion Follow-up p Inclusion Follow-up p

Global assessment
MMSE 28.1 ± 1.2 28.1 ± 1.3 0.8747 28.1 ± 2.2 26.7 ± 2.1 0.0004

Executive functions
Verbal Fluency 22.1 ± 6.7 20.6 ± 7.6 0.0209 22.2 ± 6.0 19.3 ± 6.3 0.0219
Trail Making Test B (sec) 78.4 ± 32.9 66.6 ± 23.6 0.0120 81.8 ± 41.0 77.4 ± 28.3 0.5213
WCST 4.5 ± 2.0 5.2 ± 1.5 0.0618 4.5 ± 1.9 4.4±.21 0.3828

Language abilities
Boston Naming Test 19.1 ± 0.8 19.2 ± 1.2 0.8655 19.4 ± 0.9 19.0 ± 1.4 0.1531

Standardized praxis
Ideomotor praxis transitive 9.2 ± 1.1 9.2 ± 1.1 0.4168 9.6 ± 0.6 9.1 ± 1.1 0.0637
Ideomotor praxis intransitive 19.0 ± 1.9 19.2 ± 1.3 0.8403 19.0 ± 1.2 18.8 ± 1.3 0.2017
Reflexive praxis 7.2 ± 1.0 7.1 ± 1.0 0.7100 7.1 ± 0.9 7.0 ± 1.1 0.4605
Constructive praxis 10.7 ± 0.8 10.8 ± 0.5 0.3008 10.8 ± 0.6 10.6 ± 0.7 0.1250

Gnosis
Ghent Overlapping Figures Test 5.0 ± 0.0 5.0 + 0.0 NA 5.0 ± 0.0 5.0 + 0.0 NA

Attention
Code 55.5 ± 12.7 55.5 ± 13.1 0.9303 55.3 ± 14.0 55.6 ± 14.7 0.4040
Trail Making Test A (sec) 44.5 ± 17.0 38.9 ± 11.4 0.0350 46.9 ± 13.4 42.7 ± 15.1 0.0665

Working Memory
Digit Span Forward 6.7 ± 2.0 6.8 ± 1.7 0.7018 6.4 ± 1.8 5.8 ± 1.5 0.0245
Corsi Blocks 4.9 ± 1.4 4.9 ± 1.3 0.8798 4.9 ± 1.9 4.7 ± 1.5 0.2596

Episodic Memory
Buschke double memory test (48 items)
Recognition 47.9 ± 0.4 48.0 ± 0.2 0.5000 48.0 ± 0.0 47.9 ± 0.4 NA
CR immediate 38.1 ± 5.5 39.9 ± 4.4 0.0169 38.4 ± 6.6 39.8 ± 4.9 0.1180
CR total 22.6 ± 5.5 24.6 ± 5.1 0.0050 22.6 ± 5.3 23.3 ± 6.4 0.4547
Intrusions 3.7 ± 3.1 3.7 ± 3.1 0.9210 4.1 ± 4.0 4.9 ± 4.2 0.1203
Shapes Test 11.3 ± 1.3 11.4 ± 1.6 0.1361 11.4 ± 1.1 10.7 ± 1.8 0.0302

Data are presented as mean ± SD. MMSE, Mini-mental state examination; Verbal Fluency; Trail Making Test B; WSCT, Wisconsin Card Sort
Test; Boston Naming Test; Ideomotor praxis transitive; Ideomotor praxis intransitive; Constructive praxis, CERAD, Consortium to Establish a
Registry for Alzheimer’s disease; Ghent Overlapping Figures Test; Code, WAIS-R, Wechsler adult intelligence scale, revised; Trail Making Test
A; Digit Span Forward; Corsi Blocks, Corsi Block Tapping Test; Buschke double memory test (48 items): Rec, Recognition; CR imm, Cued
Recall immediate; CR tot, Cued Recall total; Intr, Intrusions; Shapes Test: LTR shapes, long term recall shapes. Italic characters were used for
significant improvement of performances; bold characters indicate significant neuropsychological decline.

process. Most importantly, they reveal that the auto-
matic assessment of white matter integrity using
DTI-TBSS provide a highly accurate tool for the pre-
diction of rapid cognitive deterioration in MCI. We
were able to discriminate sMCI from pMCI with an
accuracy of up to 98%.

Group analysis

As a first step, a group level analysis was per-
formed to identify the spatial distribution of differences
in white matter between MCI versus controls, and
between sMCI and pMCI. Overall, the regional distri-
bution of observed decrease in FA in MCI compared to
controls confirms the vulnerability of interhemispheric
and intrahemispheric corticocortical connections in
MCI as already described by Lee and collaborators

[41]. As in most recent ROI and voxel-based DTI stud-
ies, white matter tracts with homogeneously oriented
fibers in the ventral part of corpus callosum display
a significant decrease of FA in MCI compared to HC
cases [33, 34, 36, 37, 74, 75]. This area concentrates the
main interhemispheric long association fibers that orig-
inate primarily from large pyramidal neurons known
to be prone to NFT formation (for review see [23]).
Interestingly, our data show that among fibers with
intermediate anisotropy, temporal and frontal white
matter pathways, i.e. the right uncinate and inferior lon-
gitudinal fasciculi involved in memory performances
[76] display the more pronounced loss of FA in MCI
cases [77]. To date, only three TBSS studies attempted
to explore DTI patterns in limited series of MCI cases
[42–44]. The study by Damoiseaux et al. [43] focused
on AD cases and included only 8 MCI cases with-
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Fig. 1. Tract-Based Spatial Statistics (TBSS) analysis between healthy controls (HC) and mild cognitive impairment (MCI). HC subjects had
significantly higher FA in a distributed network, most pronounced in the ventral part of the corpus callosum and the right temporal and frontal
WM pathways in the parahippocampal white matterincluding the inferior longitudinal and uncinate fasciculi (red-yellow indicates level of
significance). The inverse comparison of MCI versus HC yielded no supra-threshold differences. Axial, mid-saggital and coronal slices at the
indicated position in MNI (Montreal Neurological Institute) standard space coordinates (radiological convention with right hemisphere on left
hand side). Grey: mean FA value, green: average skeleton, red: HC > MCI Threshold-Free Cluster Enhancement (TFCE) corrected for multiple
comparisons at p < 0.05. Supra-threshold voxels were enlarged using TBSS fill (part of FSL) for illustrative purposes.

out definite conclusions. Liu and collaborators [42]
analyzed 27 MCI cases and detected significant FA
decreases in the same corticocortical circuits. As some
previous ROI and voxel-based studies, these authors
reported additional FA decreases in the parahippocam-
pal white matter and cingulum [27, 31, 32, 38, 75].
An FA decrease in these areas was also found for
suprathreshold voxels in our larger MCI series, yet it
was less pronounced than that of the ventral part of the
corpus callosum and front-temporal WM pathways.

In agreement with the recent study of Bosch and
colleagues [44], our data indicate that FA is a more
sensitive DTI parameter than longitudinal (LD), radial
(RD) or mean (MD) diffusivity for the distinction
between MCI and HC cases. Another recent TBSS
study assessing the same diffusion parameters in clin-
ically overt AD cases compared to HC led to opposite
results [78]. The few available recent investigations
on the different diffusion parameters in normal aging,
MCI and AD [44, 78–81] demonstrated regional dif-
ferences in the distribution of significant changes in
the different diffusion parameters FA, LD, RD and
MD. These available studies are partially controver-
sial. For example in a study of MCI and AD subjects

FA was closer related to the cognitive profile than
LD or RD. In contrast, another study in AD showed
stronger differences in LD, RD and MD as compared
to FA, suggesting that FA is the least sensitive diffu-
sion parameter [78]. This discordance implies that the
sensitivity of the different diffusion parameters may
vary substantially as a function of the disease severity.
Research using these different diffusion indices is still
at an early stage, as is our understanding of the rele-
vance of LD and RD changes in terms of myelin or
axonal damage. For example, wallerian degeneration
suggested by increased mean diffusivity without sig-
nificant changes in FA may take place only in advanced
stages of the degenerative process. Future work is
needed to determine the evolution of changes of these
different diffusion parameters in aging, MCI and AD,
and to improve our understanding how axonal and
myelin changes are related to possibly specific patterns
of these different diffusion parameters.

SVM individual classification analysis

As a second step, an individual level classification
analysis was performed in order to obtain individual
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Table 3
List of supra-threshold clusters (TFCE corrected at p < 0.05) for the comparison of MCI versus HC in univariate models. DTI FA: Controls

versus MCI. Controls > MCI

No Voxels Max p-value MAX X MAX Y MAX Z COG X COG Y COG Z Side Anatomic structure

1 2917 0.97 38 –4 –23 32 –12 –4 Right Uncinate fasciculus
Right Inferior longitudinal fasciculus
Right Corticospinal tract
Right Inferior fronto-occipital fasciculus
Right Anterior thalamic radiation
Right Superior longitudinal fasciculus

2 1772 0.97 –9 28 11 –1 16 20 Bilateral Corpus callosum
Bilateral Forceps minor
Bilateral Cingulum

3 1525 0.95 –11 –42 –36 –12 –23 –13 Left Uncinate fasciculus
Left Anterior thalamic radiation
Left Corticospinal tract

Bilateral Cerebellum
4 753 0.96 –14 36 –15 –24 40 –2 Left Inferior Fronto-occipital fasciculus

Left Uncinate fasciculus
Left Anterior thalamic radiation
Left Forceps minor

5 363 0.95 49 –30 –15 50 –32 –13 Right Inferior longitudinal fasciculus
Right Superior longitudinal fasciculus

6 316 0.95 21 43 13 20 46 13 Right Forceps minor
7 167 0.96 7 23 –19 8 24 –16 Right Uncinate fasciculus
8 165 0.95 9 41 –19 16 34 –11 Right Uncinate fasciculus

Right Inferior fronto-occipital fasciculus
9 75 0.95 –31 31 22 –34 27 27 Left Anterior thalamic radiation

Left Frontal
10 60 0.95 16 44 –12 18 45 –9 Right Uncinate fasciculus

Right Inferior fronto-occipital fasciculus
11 58 0.95 –12 0 –10 –14 1 –7 Left Corticospinal tract

Left Anterior thalamic radiation
12 53 0.95 –31 31 13 –31 35 18 Left Anterior thalamic radiation

Left Frontal
13 45 0.95 7 16 –10 7 18 –8 Right Forceps minor

Right Cingulum
14 42 0.95 –31 –18 7 –31 –16 12 Left Superior longitudinal fasciculus

Left Corticospinal tract
15 22 0.95 –34 –9 –7 –34 –8 –3 Left Inferior fronto-occipital fasciculus
16 13 0.95 –20 48 7 –19 48 9 Left Forceps minor
17 12 0.95 –32 4 4 –31 6 6 Left Uncinate fasciculus
18 9 0.95 –32 –13 –6 –33 –13 –5 Left Inferior fronto-occipital fasciculus
19 5 0.95 –32 –21 0 –32 –21 0 Left Inferior fronto-occipital fasciculus
20 4 0.95 59 –25 –11 59 –25 –11 Right Superior longitudinal fasciculus
21 1 0.95 11 27 –13 11 27 –13 Right Uncinate fasciculus

Right Forceps minor
22 1 0.95 5 8 –15 5 8 –15 Right Frontobasal

Cluster index, number of supra-threshold voxels in cluster, maximum p-value, location of maximum p-value per cluster in MNI standard space
(X, Y, Z) and centre of gravity of the cluster in NMI standard space (X, Y, Z).

discrimination between HC and MCI and most impor-
tantly between sMCI and pMCI. This classification
analysis represents a fundamental change in paradigm
compared to the established group level analyses, aim-
ing to identify patterns of DTI changes, which may
eventually contribute to the diagnosis of an individual
patient in a clinical context. We adopted a complex
methodology including a processing chain of TBSS

pre-processing of DTI FA data, feature selection of
the most discriminative voxels, and subsequent SVM
classification [17]. The classification accuracy of over
98% for stable versus progressive MCI in our series
implies that on average across the 10 repetitions of the
10 fold cross validation, only one subject was incor-
rectly classified regardless of MCI subgroup. In the
present study, the performance of the SVM classifi-
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Table 4
Individual SVM classification based on DTI FA TBSS

Features HC vs MCI sMCI vs pMCI

(voxels) Accuracy (%) Sensitivity (%) Specificity (%) Accuracy (%) Sensitivity (%) Specificity (%)

100 87.82 89.65 88.00 92.48 90.47 95.12
250 90.05 93.10 89.33 95.24 97.50 96.30
500 91.36 90.32 90.41 96.76 97.50 96.30
750 90.34 92.86 88.15 98.38 97.56 100.00
1000 84.22 95.00 80.95 95.9 93.02 100.00

Accuracy, sensitivity and specificity values for individual classifications using a SVM classifier. Note that the accuracy is calculated
as average accuracy of 10 repetitions using 10 fold cross validation. For technical reasons, the sensitivity and specificity values
are calculated on the basis of single repetitions using 10 fold cross validation. The different rows represent the number of features
that were selected using a “Relieff” feature selection procedure (also using 10 fold cross validation). The optimum number of
features is highlighted with bold characters. The highest accuracy for HC versus MCI was 91.36% using 500 features (voxels).
The highest accuracy for sMCI versus pMCI was 98.38% using 750 features (voxels).

Fig. 2. Spatial distribution of the group level TBSS and the individual level SVM analyses for stable versus progressive MCI. There were no
TFCE corrected supra-threshold voxels for the TBSS group analysis. The TBSS group level comparison of sMCI > pMCI (red) and pMCI > sMCI
(blue) is displayed for illustrative purposes at an uncorrected threshold of p < 0.001. Additionally, the most discriminative voxels for the individual
level SVM analysis identified using a feature selection are superimposed in pink. Despite the fundamentally different methods and considering
the higher number of voxels for the SVM analysis (hence not all SVM voxels may have a corresponding TBSS voxel), there is a good overlap
between the voxels for the group level TBSS and the individual level SVM analyses. Grey: mean FA value, green: average skeleton, radiological
convention. Supra-threshold voxels were again enlarged using TBSS fill (part of FSL) for illustrative purposes.

cation for the different MCI subgroups was assessed
using two different methods. The first possibility is
to train only one SVM classifier with all MCI sub-
groups, and assess the performance of this classifier for
each MCI subgroup separately. In our data, only one
sMCI subject (multiple domain) was falsely classified
as pMCI. This led to classification accuracy of over
97% for multiple domain MCI and a nearly perfect
classification for single domain amnestic and single

domain frontal MCI. The second possibility is to use
three separate SVM classifiers for the three different
MCI subgroups. These results confirmed the extremely
high accuracy values in multiple domain MCI sub-
ject (97.5%) and nearly perfect classification of single
amnestic and single frontal cases. These separate SVM
analyses for the MCI subgroups should however be
considered with caution given the small sample sizes
in particular for single domain amnestic and frontal
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MCI subgroups. With respect to future clinical appli-
cations, our data suggest that one SVM classifier may
be sufficient to discriminate stable versus progressive
cases even if the neuropsychological profile of MCI
subgroups is unknown at the time of SVM analysis.

Two previous studies successfully applied a SVM
classifier to discriminate AD versus HC, with accu-
racies of 89% [19] and 94.5% [22]. More relevant in
the context of the present investigation are three recent
contributions that classified stable versus progressive
MCI with accuracies of 75% [17], 81.5% [21] and 85%
[20]. Unlike the present investigation that assessed
WM tract changes, all of these studies were based
on voxel-based morphometry (VBM) [10] analyses of
grey matter (GM) concentration derived from T1 w
images. In comparison to these data, our WM-based
classification accuracies tend to be slightly higher
based on the DTI FA data. This suggests that the disrup-
tion of axonal integrity might be a key determinant of
subsequent cognitive decline in MCI. Supporting this
possibility, two recent investigations in spinocerebellar
ataxia and Friedreich ataxia [82, 83] showed a higher
sensitivity of DTI TBSS compared to GM VBM in
the early stages of the degenerative process. Similarly,
a recent study assessing GM VBM and WM TBSS in
early primary progressive multiple sclerosis pointed to
the need of longitudinal studies to determine whether
the GM atrophy precedes or follows the WM damage
[84]. The presented SVM analysis of DTI TBSS data is
not intended to replace, but to complement the previous
classification studies, including SVM studies on GM
VBM data. Future work is needed to develop methods
to combine GM VBM and WM DTI analyses to obtain
higher accuracy rates and more robust classification
results.

At first glance, it might appear counterintuitive that
the SVM individual classification was very success-
ful in discriminating stable versus progressive MCI
despite the absence of TFCE corrected supra-threshold
differences for the corresponding TBSS group com-
parison. This can however be readily explained by
the major conceptual differences of these techniques.
For the group comparison, a t-value is computed for
each voxel that is subsequently corrected to take into
account the multiple comparisons of over 150000
voxels. Increasing the number of considered voxels
augments the effect of multiple comparison correction.
In the individual SVM analysis, the most discrimi-
native voxels are selected using a feature selection
algorithm. The number of additional, not selected vox-
els is thus irrelevant in this context. Moreover, the SVM

analysis results in a single parameter per subject tak-
ing into account all included voxels without multiple
comparison biases. Finally, the higher classification
accuracy for the comparison of sMCI versus pMCI
in relation to comparison of HC versus MCI can be
explained by the more homogeneous group composi-
tion for the first comparison (considering only sMCI
or pMCI). Combining all MCI subjects for the second
comparison of HC versus MCI results in a more het-
erogeneous MCI group. The more homogeneous the
group composition, the better the SVM classifier can
differentiate between groups.

In other words, classification analyses combine
specific patterns of differences to classify individual
subjects. A specific pattern of multiple voxels might
very well discriminate between groups, even though
each individual voxel considered separately does not
yield a significant difference at the group level. The
spatial distribution of the discriminative voxels (Fig. 2)
is thus of limited importance for the classification
analyses. In fact, the spatial distribution of the most dis-
criminative voxels is methodologically fundamentally
different from the much more established spatial dis-
tribution of group-level analyses. This might be more
evident in the example of face recognition. Due to vari-
ability between subjects, no feature of the face might
show a significant difference in the group analysis. In
contrast, the combination of e.g. lateral eyebrow, tip of
the nose and chin may identify an individual face. Once
again, this does not necessarily imply that these fea-
tures are also significantly different at the group level
analysis.

Limitations

Three limitations should be taken into account when
interpreting the present data. First, in order to preserve
statistical power, we did not perform separate analyses
of our TBSS DTI data according to MCI subtypes. We
cannot thus exclude that the patterns of TBSS compar-
isons between HC and MCI may be different in single
domain amnestic, single domain frontal and multiple
domain MCI [32, 75]. Second, the best classification
data were obtained with nonlinear (RBF-kernel) SVM
that does not provide an easy to interpret weight vector
to identify the most discriminative brain areas. Third,
the very high accuracy rates of individual classification
exceeded our expectations. These values were obtained
by a well established ten-fold cross validation where
nine parts are used for training and the remaining part
is used for testing the classifier [17]. Even though this
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cross validation approach is a standard method in the
field of machine learning/multi voxel pattern analysis
and appropriate for the number of subjects of our study,
the present results seem to be too optimistic, probably
related to some degree of over-fitting of the data. Addi-
tional validation in larger independent datasets, which
should be ideally acquired on different MR scanners,
is warranted to confirm the present findings.

Conclusions

In the light of our observations, the DTI FA may
become an applicable and clinically useful tool for
the individual classification of stable versus progres-
sive MCI. The high proportion of subject who already
undergo brain MRI for dementia suspicion in routine
clinical settings in combination with the short mea-
surement time of DTI and potentially almost automatic
post-processing of the data imply a potential benefit
and clinical practicability of this objective and individ-
ual classifier which is universally applicable to single
domain amnestic, single domain frontal and multiple
domain MCI cases.
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Abstract. Alzheimer’s disease (AD) is a progressive neurodegenerative disease involving the decline of memory and other
cognitive functions. Mild cognitive impairment (MCI) represents a transition phase between normal aging and early AD. The
degeneration patterns of the white matter across the brain in AD and MCI remain largely unclear. Here we used diffusion
tensor imaging and tract-based spatial statistics (TBSS) to investigate white matter changes in multiple diffusion indices (e.g.,
fractional anisotropy, axial, radial and mean diffusivities) in both AD and MCI patients. Compared with the normal controls,
the AD patients had reduced fractional anisotropy and increased axial, radial and mean diffusivities in widespread white matter
structures, including the corpus callosum and the white matter of lateral temporal cortex, the posterior cingulate cortex/precuneus
and the fronto-parietal regions. Similar white matter regions with reduced anisotropy were also found in MCI patients but with
a much less extent than in AD. Between the AD and MCI groups, there were significant differences in the axial and mean
diffusivities of the white matter tracts adjacent to the posterior cingulate cortex/precuneus without anisotropy changes. Taken
together, our findings based upon multiple diffusion indices (FA, axial, radial and mean diffusivities) suggest distinct degeneration
behaviors of the white matter in AD and MCI.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common
degenerative dementia in the elderly and is charac-
terized as a progressive neurodegenerative disease
involving the decline of memory and other cogni-
tive functions [1]. Mild cognitive impairment (MCI)
is defined as memory impairment in the setting of nor-
mal general cognitive function without dementia [2]. In
particular, the amnestic subtype of MCI is considered
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as a transition phase between normal aging and AD [2].
In the past decade, advanced magnetic resonance imag-
ing (MRI) approaches have been extensively used for
the assessment of brain structural and functional alter-
ations in patients with AD and MCI [3–7], which are
important for our understanding the neuropathological
mechanisms of the diseases.

Diffusion tensor imaging is an advanced MRI tech-
nique for evaluating the white matter integrity and
anatomical connectivity in vivo [8, 9], and has been
increasingly employed to investigate the diffusion
changes of the white matter in AD and MCI (for
reviews, see [10, 11]). Fractional anisotropy (FA) and
mean diffusivity (MD) are two important diffusion
metrics for the analysis of DTI data: the former reflects
the degree of directionality of cellular structures (i.e.,
structural integrity) within the fiber tracts by mea-
suring anisotropic water diffusion [12, 13], while the
latter measures diffusion in the noncolinear direction
or free diffusion [13]. To date, these two diffusion
metrics have been widely used to assess white matter
changes in brain diseases [14–16]; however, it should
be noted that they are not sufficient to reflect patholog-
ical changes in white matter at a microstructural level
[17, 18]. Recently, two other metrics of water move-
ment, parallel (axial diffusivity, λ1) and perpendicular
(radial diffusivity, λ23) to the primary diffusion direc-
tion have been proposed to capture the neural bases of
diffusion changes in white matter tracts [5, 17, 19–
21]. Studies including histological verification have
put forth the notion that alterations in axial and radial
diffusivities may reflect specific changes in the axon
and myelin, respectively [22, 23].

The vast majority of previous DTI studies in AD
and MCI patients have concentrated on FA and/or
MD changes without consideration of the component
eigenvalues [10]. Notably, there is a lack of empir-
ical biological evidence that FA changes necessarily
capture the full extent of white matter changes in
AD and MCI patients. By using multiple diffusion
indices (FA, MD, λ1 and λ23), Huang et al. investi-
gated MCI- and AD-related changes exclusively in the
white matter of the temporal lobe [24]. More recently,
Acosta-Cabronero et al. utilized these diffusion indices
to examine white matter degeneration in the whole
brain in early AD patients and found that the use of
diffusivity metrics (i.e., λ1, λ23, and MD) generated
more sensitive results than FA [5].

To give a comprehensive view of the degeneration
patterns of the white matter in AD and MCI patients,
we used the newly developed tract-based spatial statis-

tics (TBSS) method and multiple diffusion indices (FA,
MD, λ1 and λ23) to systematically study AD- and MCI-
associated changes in white matter tracts across the
whole brain. The TBSS method is a fully automated
whole-brain analysis technique that uses voxel-wise
statistics on diffusion indices but simultaneously min-
imizes the effects of misalignment using a conventional
voxel-based analysis method [25]. For voxel-based
DTI analysis in degenerative diseases such as AD and
MCI, atrophy will lead to systematic misalignment to
the template for the patients. To circumvent this prob-
lem, the TBSS method extracts each subject’s white
matter skeleton (i.e., the center of all major tracts “com-
mon” to all subjects) from the normalized FA images,
minimizing the effect of atrophy-induced misregistra-
tion. In recent years, TBSS has been widely used to
study FA changes in cerebral white matter in AD and
MCI patients [5, 20, 26–31]. Although a few studies
have investigated alterations of other diffusion metrics
(i.e., axial, radial and mean diffusivities) across the
brain in AD and MCI, the results were under debate
(we will return this issue in Discussion section) [5,
20, 30, 31]. Therefore, a comprehensive analysis of
multiple diffusion indices for describing the white mat-
ter degeneration patterns in AD and MCI patients was
necessary.

MATERIAL AND METHODS

Participants

This study included 52 right-handed subjects (16
AD patients, 17 MCI patients and 19 healthy elderly
controls) who gave written informed consent. The AD
and MCI patients were recruited from those who had
consulted a memory clinic for memory complaints at
Xuanwu Hospital, Beijing, China. The healthy elderly
controls (HC) were recruited from the local commu-
nity by advertisements. This study was approved by
the Medical Research Ethics Committee of Xuanwu
Hospital.

The diagnosis of AD fulfilled the Diagnostic and
Statistical Manual of Mental Disorders 4th Edition
criteria for dementia [32] and the National Insti-
tute of Neurological and Communicative Disorders
and Stroke/Alzheimer Disease and Related Disorders
Association (NINCDS-ADRDA) criteria for possible
or probable AD [1]. The subjects were also assessed
using the Clinical Dementia Rating (CDR) score
[33] (6 patients with CDR = 1 and 10 patients with
CDR = 0.5).
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Participants with MCI had memory impairment but
did not meet the criteria for dementia. The criteria
used for the identification and classification of sub-
jects with MCI [34] were the following: (1) impaired
memory performance on a normalized objective ver-
bal memory delayed-recall test; (2) a recent history
of symptomatic worsening in memory; (3) normal or
near-normal performance on global cognitive tests,
including a Mini-Mental State Examination (MMSE)
score >24, and on activities described in a daily liv-
ing scale; (4) a global rating of 0.5 on the CDR Scale,
with a score of at least 0.5 on the memory domain;
and (5) the absence of dementia. All MCI subjects
are amnestic MCI (aMCI). The inclusion criteria for
the healthy elderly controls were as follows: (1) no
neurological or psychiatric disorders such as stroke,
depression, or epilepsy; (2) no neurological deficien-
cies such as visual or hearing loss; (3) no abnormal
findings such as infarction or focal lesions on con-
ventional brain magnetic resonance imaging; (4) no
cognitive complaints; (5) an MMSE score of 28 or
higher; and (6) a CDR score of 0. Notably, the AD
and MCI patients exhibited extensive periventricular or
deep white matter hyperintensities (WMHs). Here, the
presences of WMHs were not considered as exclusive
criteria for the MCI and AD patients.

Clinical and demographic data for the participants
are shown in Table 1 . There were no significant dif-
ferences among the three groups in terms of gender,
age, or years of education, but the MMSE scores were
significantly different (P < 0.01) among the groups.

Image acquisition

DTI was performed using a 3.0 T Siemens
Trio MR system with a standard head coil. Head
motion was minimized with restraining foam pads
provided by the manufacturer. Diffusion-weighted

Table 1
Characteristics of the AD and MCI patients and healthy controls

Characteristics AD MCI Controls P values

N (M/F) 16 (9/7) 17 (8/9) 19 (7/12) 0.52a

Age (years) 72.6 ± 6.3 71.5 ± 6.7 69.9 ± 6.2 0.45*

Education (years) 10.1 ± 3.4 9.9 ± 3.5 10.2 ± 4.0 0.98*

MMSE 18.7 ± 3.1 26.5 ± 1.0 28.6 ± 0.7 <0.01*

MMSE: Mini-Mental Status Examination; Plus-minus values are
mean ± S.D.

aThe P value for gender distribution in the three groups was
obtained using a Chi-square test.

*The P values were obtained by one-way analysis of variance tests.

images were acquired using a single-shot echo planar
imaging (EPI) sequence. An Integral Parallel Acqui-
sition Technique (iPAT) was used with an accelerate
factor of 2 as acquisition time and image distor-
tion from susceptibility artifacts can be reduced by
the iPAT method. The diffusion sensitizing gradi-
ents were applied along 12 non-linear directions
(b = 1000 s/mm2), together with an acquisition with-
out diffusion weighting (b = 0 s/mm2) (average = 4).
The imaging parameters were 30 continuous axial
slices with a slice thickness of 5 mm and no gap,
FOV = 256 mm × 256 mm, TR/TE = 6000/85 ms, and
acquisition matrix = 128 × 128. The reconstruction
matrix was 256 × 256, resulting in an in-plane reso-
lution of 1 mm × 1 mm.

Data preprocessing

Three steps were undertaken during preprocessing.
First, eddy current distortions and motion artifacts in
the DTI dataset were corrected by applying affine
alignment of each diffusion-weighted image to the
b = 0 image using FMRIB’s Diffusion Toolbox (FDT)
(FSL 4.1.4; www.fmrib.ox.ac.uk/fsl). The first volume
of the diffusion data without a gradient applied (i.e.,
the b = 0 image) was then used to generate a binary
brain mask using the Brain Extraction Tool. DTIfit was
used to independently fit the diffusion tensor to each
voxel. The output of DTIfit yielded voxel-wise maps
of FA, MD, axial diffusivity (λ1) and radial diffusivity
(λ23) for each subject. Finally, the FA, MD and λ23 of
each voxel were calculated according to the following
formulas:

FA =
√

(λ1 − λ2)2 + (λ1 − λ3)2 + (λ2 − λ3)2
√

2(λ2
1 + λ2

2 + λ2
3)

MD = λ1 + λ2 + λ3

3

λ23 = λ2 + λ3

2

Tract-based spatial statistics (TBSS)

Tract-based spatial statistics of FA, MD, λ1 and λ23
images were carried out using TBSS in the FMRIB
software library (FSL 4.1.4; www.fmrib.ox.ac.uk/fsl;
for a detailed description of the methods, see [25]).
The steps of the TBSS analyses in our study were as
follows:

1. The FA image of each subject was aligned to
a pre-identified target FA image (FMRIB58 FA)
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by non-linear registrations.
2. All of the aligned FA images were trans-

formed into the MNI152 template (1 mm ×
1 mm × 1 mm) by affine registrations.

3. The mean FA image and its skeleton (mean FA
skeleton) were created from all subjects.

4. Individual subjects’ FA images were projected
onto the skeleton.

5. Voxel-wise statistics across subjects were calcu-
lated for each point on the common skeleton.

Data for MD, λ1 and λ23 were also generated by
applying the above FA transformations to the addi-
tional diffusivity maps and projecting them onto the
skeleton using identical projection vectors to those
inferred from the original FA data.

Statistical analyses

We first calculated the mean diffusion indices (FA,
MD, λ1 and λ23) in the whole-brain white matter skele-
ton for each subject. We then performed two-sample
t-tests to compare the mean diffusion indices between
any two groups: MCI versus HC, early AD versus HC,
and early AD versus MCI.

Voxel-wise statistics in TBSS were carried out using
a permutation-based inference tool for nonparamet-
ric statistical thresholding (“randomize,” part of FSL,
see [25]). In this study, voxel-wise group comparisons
were performed using non-parametric, two-sample t-
tests in: MCI versus HC, early AD versus HC, and early
AD versus MCI. The mean FA skeleton was used as a
mask (thresholded at a mean FA value of 0.2), and the
number of permutations was set to 5,000. The signifi-
cance threshold for between-group differences was set
at P < 0.05 (FWE corrected for multiple comparisons)
using the threshold-free cluster enhancement (TFCE)
option in the “randomize” permutation-testing tool in
FSL [35].

RESULTS

Mean diffusion indices of white matter skeletons

Two-sample t-tests showed that the AD patients
had significantly lower fractional anisotropy (FA,
P = 0.02), higher mean diffusivity (MD, P = 0.002),
higher axial diffusivity (λ1, P = 0.02) and higher
radial diffusivity, (λ23, P = 0.002) in their white matter
skeletons than the healthy controls. In MCI no sig-
nificant differences were observed for any diffusion
indices with neither AD nor healthy controls (P < 0.05)
(Table 2).

TBSS analyses between groups

Early AD versus HC
The TBSS analyses revealed that the AD patients

had significantly reduced FA in widespread brain
regions compared with the controls, including the
white matter of the lateral temporo-parietal regions,
the posterior cingulate cortex/precuneus (PCC/PCu),
the fronto-parietal regions and the whole corpus cal-
losum (Fig. 1). The results for increased diffusivities
(MD, λ1 and λ23) were broadly concordant with those
for reduced FA. The radial (λ23) and mean diffusivity
(MD) changes were slightly more extensive than those
for axial diffusivity (λ1). There were no white matter
tracts that showed increased FA or decreased diffusiv-
ities (MD, λ1 and λ23) in the AD patients compared to
the controls.

MCI versus HC
The MCI subjects had significantly reduced FA in

the white matter of the PCC/PCu and inferior frontal
cortex in the left hemisphere compared to the controls
(Fig. 2). There were no white matter tracts that showed
increased FA in the MCI patients. There were also
no significant differences in the absolute diffusivities
(MD, λ1 and λ23) between MCI and HC groups.

Table 2
Mean diffusion indices of white matter skeletons for each group

AD MCI HC P values

AD vs. HC MCI vs. HC AD vs. MCI

FA 0.39 ± 0.02 0.40 ± 0.02 0.41 ± 0.02 0.023* 0.11 0.48
MD (×10−3 mm2/s) 0.81 ± 0.04 0.79 ± 0.03 0.78 ± 0.04 0.002* 0.13 0.053
λ1 (×10−3 mm2/s) 1.17 ± 0.04 1.15 ± 0.03 1.14 ± 0.04 0.011* 0.37 0.067
λ23 (×10−3 mm2/s) 0.63 ± 0.04 0.60 ± 0.03 0.58 ± 0.04 0.002* 0.094 0.072

*Significant group differences at P < 0.05.
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Fig. 1. TBSS results of the diffusion indices between the AD and HC groups. Green represents the mean white matter skeleton of all subjects;
red represents the regions with reduced FA (1st row), increased MD (2nd row), increased λ1 (3rd row) and increased λ23 (4th row) in the early AD
patients. The TBSS results for increased FA or decreased diffusivities (MD, λ1 and λ23) in the early AD patients did not show any statistically
significant differences at P < 0.05 (FWE corrected for multiple comparisons).

Early AD versus MCI
There were no significant differences found in FA

between the AD and MCI patients; however, we

observed that the AD patients had increased MD in
bilateral temporo-parietal regions, bilateral PCC/PCu,
and the genu and splenium of the corpus callosum com-
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Fig. 2. TBSS results of the diffusion indices between the MCI and HC groups. Green represents the mean white matter skeleton of all subjects;
red represents the regions with reduced FA in the MCI subjects. The TBSS results for increased FA or increased/decreased diffusivities (MD,
λ1 and λ23) in the MCI subjects did not show any statistically significant differences at P < 0.05 (FWE corrected for multiple comparisons).

Fig. 3. TBSS results of the diffusion indices between the AD and MCI groups. Green represents the mean white matter skeleton of all subjects; red
represents the regions with increased MD and increased λ1 in the early AD patients. The TBSS results for increased/decreased FA or decreased
diffusivities (MD, λ1 and λ23) in the early AD patients did not show any statistically significant differences at P < 0.05 (FWE corrected for
multiple comparisons).

pared to the MCI patients (Fig. 3). Only one cluster
located in the white matter adjacent to the PCC/PCu
showed increased axial diffusivity (λ1) in the AD
patients. There were no significant differences in the
radial diffusivities (λ23) between AD and MCI groups.

DISCUSSION

In this study, we determined global maps of the
white matter changes in AD and MCI patients by

measuring fractional anisotropy (FA), mean diffusiv-
ity (MD), axial diffusivity (λ1) and radial diffusivity
(λ23) across the brain, offering a comprehensive view
of the landscape of white matter degeneration in AD
and MCI. Compared with the healthy elderly controls,
the AD patients exhibited significantly reduced FA
and increased axial, radial and mean diffusivities in
widespread white matter regions. Some regions with
reduced FA were observed in the MCI patients as com-
pared to the controls. Moreover, between the AD and
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MCI groups, there were significant differences in the
diffusivity metrics (i.e., MD and λ1) in several white
matter regions without FA changes. Taken together,
these data provide empirical evidence for degenera-
tive changes in widespread white matter structures in
AD and MCI patients. The findings suggest distinct
degeneration behaviors of the white matter in AD and
MCI.

Distributed white matter regions with diffusion
changes in AD and MCI

AD versus HC
We identified AD-related abnormalities in wide-

spread white matter regions, including lateral temporo-
parietal regions, PCC/PCu and the fronto-parietal
cortex. And reduced FA involved most of the white
matter pathways, including bilateral superior lon-
gitudinal fasciculus, inferior longitudinal fasciculus,
uncinate fasciculus, cingulum bundles, corticospinal
tracts and corpus callosum. Most of these affected
tracts have been reported in previous DTI studies in AD
using regions of interest (ROI)-based or conventional
voxel-based methods [16, 24, 36–39] and were found to
be related to the cognitive dysfunctions in patients with
AD [27, 30, 40, 41]. Furthermore, our finding are also
parallel to the findings from recent TBSS studies in AD
[5, 20, 26–30]. Specifically, one TBSS study reported
diffusion abnormalities in the “default-mode” network
(DMN)-related white matter structures, particularly in
posterior components including the PCC/PCu, lateral
temporo-parietal regions and the splenium of corpus
callosum [5]. Another TBSS study found decreased FA
only in the left temporal lobe [28]. Several other studies
revealed FA reduction in many white matter tracts, such
as uncinate fasciculus, superior longitudinal fascicu-
lus, inferior longitudinal fasciculus, cingulum bundles
and corpus callosum [20, 26, 27, 30]. The differences
between the results of these TBSS studies could be
due to different samples of AD or imaging parame-
ters employed. However, it is worthy to note that they
have consistently demonstrated widespread abnormal-
ities of many white matter regions in AD patients,
especially in the posterior areas.

MCI versus HC
In the MCI patients, we found that the regions with

reduced FA were mainly located in the white matter
of the PCC/PCu and inferior frontal cortex in the left
hemisphere, to a less extent than in AD patients. For
MCI subjects, the structural and functional abnormal-

ities in the posteromedial cortical circuit (e.g., the
medial temporal lobe and PCC/PCu), which represents
the prodromal changes of AD, have been consistently
reported [3, 42–44]. Several DTI studies also demon-
strated that the posterior cingulum, especially on the
left, were affected in MCI when compared to controls
[16, 39, 45], which provides support for our asymmet-
ric findings. Considering recent TBSS studies in MCI
[26–28, 30], the discrepancies among different studies
need to be paid attention. First, two TBSS studies did
not show significant differences in FA between MCI
and healthy controls [28, 30]. In contrast, Serra and
colleagues found that MCI patients had reduced FA in
the anterior part of the right anterior thalamic radiation
[27]. Additionally, Liu and colleague found decreased
FA in the right parahippocampal white matter, bilat-
eral uncinate fasciculus and tracts in the brain stem and
cerebellum with an uncorrected threshold [26]. In our
study, the white matter regions with FA changes in MCI
are located in the PCC/PCu and inferior frontal cor-
tex of the left hemisphere. The discrepancies between
these studies could be attributable to different data sam-
ples, imaging parameters or the heterogeneous groups
of subjects (converters and non-converters).

AD versus MCI
Between the AD and MCI groups, the regions with

the most significant differences were located in the
white matter adjacent to the PCC/PCu, which is a crit-
ical node in the human brain networks [46–48]. Many
studies have consistently demonstrated that this region
shows structural and functional abnormalities in AD
and MCI patients [42, 49–53]. Moreover, between MCI
and AD patients structural and functional differences in
the PCC have been also reported [16, 26, 39, 54]. A DTI
study suggested that the fractional anisotropy of the
PCC can significantly improve the distinction of MCI
and AD patients from healthy elderly subjects [39].
Taken together, our results imply that the PCC/PCu
is a key region affected by AD and MCI, suggesting
that the structural characteristics of this region could
be useful for early detection and monitoring of disease
progression. Furthermore, we found that no regions
showed significant differences in FA between AD and
MCI, which was consistent with the findings of two
previous TBSS studies [28, 30].

Neural substrates of diffusion changes

In this study, we used four diffusion indices (FA,
MD, λ1 and λ23) to investigate diffusion changes in
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the white matter in AD and MCI patients, generating a
comprehensive view of the landscape of white matter
tract degeneration. Compared with the healthy con-
trols, the AD patients showed significantly reduced FA
and increased MD, λ1 and λ23 in many brain regions,
consistent with the findings of recent TBSS studies in
AD [5, 30]. These changes in diffusion indices may
underlie micro-structural changes in the white matter.
Many studies on neurological diseases and disorders
have observed regional reductions in anisotropy, and
some researchers have proposed that the primary deter-
minant of anisotropy is the packing density of axons
within a voxel [12, 55]. Axonal packing density encom-
passes a variety of microstructural level variables (e.g.,
degree of myelination, axonal diameters, and extra-
cellular space). Therefore, similar FA reductions may
not be interpreted in the same way depending on the
changes in the individual eigenvalues. Decreased axial
diffusivity may reflect axonal loss or damage [21,
22, 56] and increased radial diffusivity may suggest
demyelination and a loss of myelin integrity [19, 57].
More severe decreases in axonal packing density (e.g.,
from a greater loss of myelin or axons) would lead
to a global increase in extracellular water, resulting in
larger radial diffusivity increases and subsequent axial
diffusivity increases [5, 18].

In AD patients, we found some regions with
increased radial diffusivity, but no changes in axial
diffusivity, such as white matter of the fronto-
parietal regions (superior longitudinal fasciculus) and
PCC/PCu (cingulum bundles). This pattern of diffu-
sion changes has been reported by several recent TBSS
studies in AD, normal aging and multiple sclerosis [18,
26, 30, 58]. In animal literatures the changes in radial
diffusivity is related to myelin deficient or myelin
loss [19, 57]. Thus, the abnormalities in white mat-
ter observed here might reflect alterations of integrity
of myelin, which was in accordance with retrogene-
sis through mechanisms outlined by Bartzokis et al.
[59]. On the other hand, some regions were found
to have increased axial diffusivity, but no changes in
radial diffusivity, such as the internal capsule and some
regions around the cerebral ventricles. The interpre-
tation of axial diffusivity variations is controversial
in pathological conditions because both increases and
decreases have been reported [5, 18, 30]. The underly-
ing mechanisms may be related to axonal damages and
fiber re-organization. In the present study, we noticed
that AD and MCI patients exhibited a more extensive
periventricular WMHs compared to controls. The find-
ings of increased axial diffusivity, without changes in

radial diffusivity around the cerebral ventricles are pos-
sibly related to the occurrence of WMHs in the patients
group. Additionally, other regions showed isotropic
changes in axial and radial diffusivities, including
white matter of the lateral temporal cortex and the cor-
pus callosum. According to the previous studies, we
speculated that these increases in both axial and radial
diffusivity may be due to atrophy of the gray matter
and an increase in the extracellular space, which could
be due to a greater loss of myelin or axons from neu-
rodegenerative processes or microvascular pathology
[10]. However, it should be noted that the correspon-
dence between axon and myelin damages and tensor
diffusivities is still controversial with the current res-
olution of DTI sequences. Thus, we can not resolve
histopathological implications in axial versus radial
diffusivity changes and clinical correlations in the dis-
eases.

Compared to FA, more sensitive results were
obtained by using absolute diffusivity metrics (MD,
λ1 and λ23) in the AD patients. For example, we iden-
tified the white matter of the lateral temporal cortex
as having increased axial, radial and mean diffusiv-
ities, but no changes in FA. FA was inherently less
sensitive in this situation because the axial and radial
diffusivities changed in the same direction. Therefore,
the analysis of component eigenvalues were neces-
sary to capture the full extent of white matter changes
[5]. Furthermore, the biological processes were not
the same across different stages of the disease. We
found that the most significant change between the
healthy elderly and MCI groups was decreased FA in
the white matter of the left hemisphere, while the most
significant changes between the MCI and AD groups
were increased axial and mean diffusivities in poste-
rior white matter regions. Differences in the effects on
glia, mechanisms of axonal degeneration, inflamma-
tory responses and even the rate of degeneration could
all give rise to different tensor behavior in different
disease stages. Therefore, exploring the component
eigenvalues of the tensor would be advantageous in
studying all degenerative diseases rather than assum-
ing that a single metric (such as FA) is sufficiently
sensitive to different pathological states.

Methodological issues

Several methodological issues need to be addressed.
First, we used a 5-mm slice thickness for the DTI
data. In the TBSS analyses, the DTI data were con-
verted into MNI space with an isotropic resolution of
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1 mm × 1 mm × 1 mm. A previous study has shown
that the non-isotropic voxel dimensions can under-
estimate the FA in areas with crossing fibers [60]. It
may additionally confound the calculation of all diffu-
sion indices, especially given the procedure for TBSS
to reslice the low resolution voxels to 1 mm isotropic
data in the present study. Therefore, diffusion changes
less than 5 mm in the z-axis direction cannot be reli-
ably evaluated due to the resolution limit, especially
when evaluating small tracts such as the fornix. Based
on the results of this study, all of the clusters with
diffusion changes in the early AD and MCI patients
were more than 5 mm in length, and this might min-
imize the limitations of slice thickness. To deal with
the “fiber crossing” problem, several recent studies
have proposed advanced imaging techniques, such as
diffusion spectral imaging [61, 62] or high angular
resolution diffusion imaging with Q-ball reconstruc-
tion of multiple fiber orientations [63, 64]. Therefore,
future studies with improved data quality and advanced
imaging techniques are needed to further validate our
findings. Second, in this cross-sectional DTI study, all
MCI participants were identified with aMCI according
to the criteria: an isolated memory impairment with no
neuropsychological evidence of any additional cogni-
tive deficits. According to Petersen’s criteria [65], these
features may be considered as a prodromal state of
AD. A large body of literature indicates that this sub-
type tends to progress to AD at a rate of 10% to 15%
per year [34]. Thus, the longitudinal follow-up study
would be important to identify the aMCI subjects who
will convert to AD. It would be helpful to evaluate
the preclinical abnormalities in AD and explore the
changing patterns of white matter between converters
and non-converters.

In summary, by using TBSS analyses, we generated
a global map of the white matter changes in AD and
MCI patients by measuring anisotropy and diffusiv-
ity changes across the brain. Compared with healthy
elderly controls, the AD patients showed significantly
reduced anisotropy and increased axial, radial and
mean diffusivities in distributed white matter regions,
particularly in the white matter of the posterior cin-
gulate cortex/precuneus, lateral temporal cortex and
the fronto-parietal cortex, in addition to the inter-
hemispheric connections. In MCI, we found white
matter changes in similar regions but with much less
extent than in AD. Moreover, our findings suggest dis-
tinct degeneration behaviors of the white matter in AD
and MCI. In future, the follow-up studies are neces-
sary to determine the clinical values of the various

DTI indices to predict AD or longitudinal DTI mea-
surements.
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Abstract. DTI is one of the most effective MR tools for the investigation of the brain anatomy. In addition to the gray matter,
histopathological studies indicate that white matter is also a good target for both the early diagnosis of AD and for monitoring
disease progression, which motivates us to use DTI to study AD patients in vivo. There are already a large amount of studies
reporting significant differences between AD patients and controls, as well as to predict progression of disease in symptomatic
non-demented individuals. Application of these findings in clinical practice remains to be demonstrated.
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INTRODUCTION: WHAT IS DTI?

Diffusion Tensor Imaging (DTI) is one of the MRI
techniques that can measure the thermal motion of
water molecules. Water molecules move randomly in
all directions if there is no structure that prevents their
free motion; this probability distribution is isotropic.
In the brain, there are many structures that restrict the
free motion of water molecules, such as tightly packed
axons [1, 2], that alter the magnitude and shape of the
probability distribution. For example, water molecules
in white matter tend to diffuse more easily along axonal
bundles, leading to anisotropic diffusion. On the other
hand, the gray matter often does not have a clear struc-
tural alignment, leading to a more isotropic diffusion.
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We can use this water diffusion property as a probe to
infer the brain anatomy. In DTI, we quantify the diffu-
sion property by fitting the measured water diffusion to
a simple tensor model with a 3 × 3 symmetric matrix.
In this way, we can quantitatively describe the diffusion
properties using eigenvalues (λ1, λ2, and λ3, describ-
ing the extent of anisotropy) and eigenvectors, (v1, v2,
and v3, describing the orientation of anisotropy).

Once a tensor is calculated in each pixel, several
contrasts can be generated. For example, we can mea-
sure the mean diffusivity (MD), which is the average
of three eigenvalues: (λ1 + λ2 + λ3)/3, indicating the
magnitude of overall water diffusion in each pixel
(Fig. 1C). We can also measure the degree of diffu-
sion anisotropy. One of the most widely used metrics
of diffusion anisotropy is “fractional anisotropy (FA),”
which is [3, 4] (Fig. 1D):

FA =
√

1

2

√
((λ1 − λ2)2 + (λ2 − λ3)2 + (λ3 − λ1)2)

√
λ1

2 + λ2
2 + λ3

2
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This is a convenient index because it is scaled
from 0 (isotropic) – 1 (anisotropic). If diffusion is
isotropic (λ1 = λ2 = λ3), this measure becomes 0. An
FA close to 1 indicates high diffusion anisotropy.
In addition to these scalar measures, we can also
visualize orientation information. A color-coded ori-
entation map of the first eigenvector (v1) [5, 6] is one
method to visualize orientation information, in which
red (R), green (G), and blue (B) colors are assigned to
right-left, anterior-posterior, and superior-inferior ori-
entations, respectively. in Fig. 1, images created from
DTI measurements are compared with conventional
MR images. In conventional MRI (Fig. 1A and B), the
white matter area looks homogeneous. However, the
color-coded orientation map in Fig. 1E contains var-
ious colors in the white matter area, which represent
the orientation of aligned structures.

DTI is a powerful method by which to identify spe-
cific fiber bundles that are affected by diseases. Various
pathological conditions alter DTI-derived parameters
and we can three-dimensionally map the area(s) that
show such alterations. The other important feature of
DTI is the ability to parcellate white matter structures.
Using the images shown in Fig. 1E, we can identify
and study the degeneration of specific white matter
structures, such as the cingulum (Fig. 1F). It should
be emphasized that, in imaging studies, we can inves-
tigate the anatomy of a specific structure only when
it is discretely identifiable. Because of the capabil-
ity to provide detailed anatomical information about
the white matter, DTI could be one of the most effec-
tive MR tools for the investigation of the white matter
anatomy. Although the use of DTI is not restricted to
studies of the white matter, the majority of DTI stud-

Fig. 1. Comparison of conventional T1- (A) and T2- (B) weighted images, and DTI-derived mean diffusivity (MD) (C), fractional anisotropy
(FA) (D), and color-coded orientation (E) maps of cognitively normal 72-year-old woman (upper row) and 70-year-old woman with Alzheimer’s
disease. The areas surrounded by yellow rectangles in (E) are magnified and shown in (F) [left (F-1): from the cognitively normal woman; right
(F-2): the Alzheimer’s disease patient]. The yellow arrows indicate the cingulum hippocampal part.
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ies are related to the normal or diseased anatomy of the
white matter. However, directional information derived
from DTI is less useful for investigating gray mat-
ter structures, except for several fiber-rich gray matter
structures [7–12] and the fetal cortex, with the colum-
nar structures showing clear directionality [13]. For the
gray matter analysis, MD is often used to quantify the
effects of various diseases.

Although DTI meets the requirements of many
basic and clinical research purposes, the two main
limitations should be noted. First, water diffusion
is an INDIRECT indicator of the underlying neu-
roanatomy, and there are numerous microscopic
structures that may affect the diffusion. Therefore,
different histopathological conditions may result in
similar alterations of DTI-derived parameters. Second,
the diffusion process (1–10 �m during the 20–100 ms
of diffusion time) is averaged over a large voxel vol-
ume, with typically 2–3 mm resolution. This leads to
the sensitivity of DTI to macroscopic configuration of
fiber bundles, such as the mixture of multiple fiber pop-
ulations with different fiber orientations in a voxel or
partial volume effects. Therefore, we cannot imme-
diately conclude whether the source of changes in
diffusion lies in cellular level structures or is due to the
macroscopic reorganization of fiber structures. There
have been several attempts to ameliorate the latter lim-
itation (thus reducing the impact of the macroscopic
averaging effect). For example, we can increase the
total number of voxels within the brain( = increased
image resolution). We can also extract more parameters
from each voxel( = increased intra-voxel information)
by using sophisticated non-tensor diffusion analysis
methods rather than using a simple tensor approach
[14–21]. The application of these new approaches
to AD studies could be an important future research
endeavor.

Recent technological advancements in both hard-
ware (machine) and software (scan sequence) have
greatly facilitated the use of DTI, and broadened the
applications much more than was previously possible.
The typical scan time required to gather whole brain
DTI data using a 3 T scanner is only approximately
5 min, with 30 gradient axes and 2–3 mm cubic resolu-
tion. The short scanning time is very important because
AD patients have difficulty remembering and follow-
ing instructions during the scan, and thus, scanning in
as short a time as possible is optimal. MRI scanners,
equipped with devices for parallel imaging techniques,
which are required to gather less-distorted DTI, are
now widely available. In addition, modern clinical MRI

scanners are equipped with DTI calculation tools, and
the calculated images can be visualized in a filmless
image-reading system. Thus, it may be possible for
the clinician to utilize DTI-derived images as part of
the diagnostic evaluation.

WHAT IS THE POTENTIAL OF DTI TO
EVALUATE THE AD BRAIN?

Researchers have long been focused on the cor-
tical pathology of Alzheimer’s disease (AD), and
have primarily used conventional MRI to characterize
that pathology. Indeed, the most important pathologic
features of AD are the senile plaques and the neu-
rofibrillary tangles found in the cortex, as well as the
cortical neuron loss. For instance, the loss of layer III
and layer V large pyramidal neurons is seen in cortical
association areas [22] and the loss of layer II pyra-
midal neurons is seen in the entorhinal cortex [23].
Loss of neurons in these areas results in GM atrophy
that can be measured on conventional MR images [24,
25]. DTI has also identified altered water diffusivity
in the GM. Increased MD was consistently found in
the areas with the neurofibrillary pathology of AD [10,
26–30], such as the hippocampus, the entorhinal cor-
tex, the parahippocampal gyrus, the temporo-parietal
association cortex, and the posterior cingulate gyrus.
Although the exact cause of these changes in DTI mea-
surements are difficult to identify, the fact that the
degree of MD increase is more evident in the areas with
GM atrophy [26] suggest that neuronal loss [31] is one
of the reasons. In addition, several studies indicate that
the addition of MD measurements to GM morphom-
etry in the hippocampus and parahippocampal gyrus
improved the ability to distinguish an AD group from
a control group [26, 28], which suggests the possibility
of the existence of additional pathologies sensitively
detected by DTI over conventional MRI.

In addition to the GM pathology, increasing evi-
dence shows that neuronal degeneration begins in the
neuronal periphery, such as in the axons and dendrites
[32–35]. White matter atrophy also could be an indi-
rect indicator of nerve cell loss, since the volume of
the cell body is much smaller than its myelinated fiber
[36]. Consistently, pathological studies have revealed
various types of white matter alterations in AD, such
as altered myelin and oligodendrocytes, axonal degen-
eration, and vascular pathologies [37–39]. Therefore,
white matter seems to be a good target for both the
early diagnosis of AD and for monitoring disease
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progression, which motivates us to use DTI to study
AD patients in vivo. Indeed, DTI has identified WM
alterations in many WM tracts and superficially located
WM areas. A meta-analysis of 41 DTI studies, pub-
lished from 2002 to 2010 [40], indicates that the white
matter abnormality of AD is widespread through the
entire WM area. The limbic fibers, in particular, which
have a direct connection to the medial temporal lobe,
were repeatedly reported as the vulnerable WM struc-
tures [29, 41–49]. WM damage quantified by DTI has
been correlated with atrophy in the anatomically con-
nected GM areas in AD patients, but the correlation was
not clear in patients with amnestic MCI in most of the
WM tracts [50]. These findings suggest that primary
WM damage that precedes GM atrophy may possibly
exists in the pre-diagnostic phase of AD, but the WM
damage seen in clinically diagnosed AD patients may
reflect secondary degenerative processes after neuronal
loss. An attempt to identify the earliest DTI-detectable
WM abnormality using an AD mouse model identi-
fied a reduced first eigenvalue (l1, parallel diffusion)
in the WM, suggesting that the earliest anatomical
change is axonal damage [51]. However, in contrast
to this finding, an increased first eigenvalue, as well as
increased MD, is often found in in vivo DTI scans of
human AD patients [48, 52, 53]. Again, we would like
to emphasize that, because of the oversimplification of
the anatomical information during the multiple steps of
DTI acquisition and calculation, interpretation of the
DTI-derived parameters is not straightforward. DTI is
useful for localizing and quantifying the anatomical
abnormalities, but apparently not adequate to investi-
gate the histopathological background of the diseases.

STRATEGIES TO INVESTIGATE THE
PATHOLOGICAL FEATURES OF AD
USING DTI

There are many important questions we want to
answer through DTI analysis of AD. For example,
what are the AD-specific features that can be observed
with DTI? Can these features be observed in persons
with mild cognitive impairment, thought to be the
earliest symptomatic stage of AD, or even in the pre-
symptomatic phase? How does DTI reflect or predict
the progression of AD? Are there correlations between
DTI and cognitive functions? To answer these ques-
tions, the quantification of DTI parameters is the first
important step.

Several issues arise when we quantify DTI results.
First, regions of interest (ROI) should be defined to
measure DTI-derived parameters, such as FA or MD.
The smallest ROI we can define is a single voxel, and
the maximum ROI is the whole brain. The localization
information is maximized when the smallest ROI (sin-
gle voxel) is adopted, but the statistical power is lost
because of the low signal-to-noise ratio and the dif-
ficulty of identifying the corresponding voxel across
subjects. The statistical power is maximized when the
size and shape of the ROI exactly follow pathological
locations. If we have an a priori hypothesis about the
locations of the pathologic tissues, we could pre-define
the size and shape of ROIs according to the hypothe-
sis. If we hypothesize that the pathology is seen in
specific fiber tracts, we can use tractography to draw
ROIs (tract-specific analysis, see, eg. [54, 55]). ROI-
based DTI analyses have been widely used for AD
studies and have successfully identified reduced FA or
increased MD, or both, within the splenium of the cor-
pus callosum [47, 56–59], the cingulum bundle [11,
27, 42, 60–62], and the fornix [43, 44]. However, this
approach is hypothesis-dependent, and the majority of
the brain area remains unexamined, which makes it
difficult to evaluate the localization specificity.

Second, we need to decide whether we should
explore the whole brain or limited areas of the brain.
Whole brain analysis is ideal for evaluating the regional
specificity of the findings. However, drawing a num-
ber of ROIs manually that would cover the whole brain
is a tremendous effort. Thus, automated method, such
as those based on image normalization (transforma-
tion), are typically used. After transforming images to
a common template space (atlas), we can even quan-
tify the image at the voxel level (voxel-based analysis).
Although image normalization has been widely used
to analyze conventional MRI contrasts, the transforma-
tion of DTI poses a unique challenge. DTI data consists
of tensor fields (as opposed to scalar fields for conven-
tional MRI), and white matter tracts revealed by the
tensor field must be registered after normalization [63,
64]. To avoid false-positive and false-negative findings,
the accuracy of the registration is a crucial require-
ment. Accuracy is especially critical when dealing with
small structures, string-like structures, and sheet-like
structures, which are often found in the white mat-
ter. In these structures, only a few pixel gaps between
the subject and template image will cause significant
missregistration.

Various non-linear transformation methods have
been proposed for DTI analyses, such as tensor-to-
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tensor matching [65–69], scalar measures matching
[69, 70], or other DTI-derived information, as well as
some combination of these methods [71–75]. Transfor-
mation methods based on non-DTI contrasts have also
been applied to transform DTI, with high registration
accuracy [64, 76].

To perform whole brain analysis with no a priori
hypothesis, voxel-based analysis is one of the most
widely used approaches [29, 52, 77–79]. Fig. 2A is
an example of such an analysis, designed to find
brain areas with AD-specific white matter alterations.
This analysis indicates significant FA reduction in the
fornix, the splenium of the corpus callosum, as well
as several small areas in the superficial white matter
in the frontal lobe. Although this result seems to be
consistent with previous ROI-based investigations, we
must interpret the results with great caution, since this
approach tends to miss the widely distributed regions
that show only small changes in the parameters [80].
One of the attempts to overcome such limitations is
to apply multivariate models [81], such principal com-

Fig. 2. Statistical group comparison of FA after image normaliza-
tion. Nineteen patients with Alzheimer’s disease and 22 age-matched
cognitively normal participants were compared, and the areas with
significance (t-test, p < 0.05 after correction for multiple compar-
isons using a false discovery rate) were shown with color scaling
overlaid on the averaged FA map (A): Results from voxel-based
analysis. (B): Results from atlas-based analysis. See Fig. 3. for
the parcellation map used in this atlas-based analysis. CC, corpus
callosum; SS, sagittal stratum; WM, white matter.

ponent analysis (PCA) [78] or canonical correlation
analysis (CCA) [82], which have already been applied
to DTI analysis of AD. Other methods include voxel
grouping. For example, if we hypothesize that the white
matter pathology of AD is tract-specific or structure-
specific, especially in the early stages, we may apply
tract-based voxel grouping, such as Tract-Based Spa-
tial Statistics (TBSS) [83], or structure-based voxel
grouping, such as atlas-based analysis (ABA) [84].
Indeed, TBSS has already revealed important findings,
such as deteriorations in the limbic fibers, the fronto-
occipital fasciculi, the inferior longitudinal fasciculi,
and the forceps major, even in the early-symptomatic
patients or in participants at high risk for developing
AD [45, 53, 85–90]. ABA is a method that uses a set
of pre-defined ROIs, called a parcellation map (Fig. 3),
which covers the entire brain, in the atlas space. The
parcellation map can be overlaid on the images nor-
malized to the atlas space to measure DTI-derived
parameters (eg., FA or MD) in each ROI (parcel), or can
be transformed to each image to measure DTI-derived
parameters as well as the volumes of each ROI. One
additional feature that sets the ABA apart from TBSS
is that ABA provides morphometric (volume) informa-
tion about brain atrophy in the volume of each parcel.
Our initial results from ABA (Fig. 2B) indicate a higher
sensitivity for ABA in detecting changes in FA, espe-
cially in the areas with widely distributed small FA
reductions, compared to the voxel-based analysis. The
drawback of this approach is that if the region is lim-
ited in the small portion of the structure (parcel), the
effect is diluted and sensitivity is decreased.

APPLICATION OF DTI TO AD RESEARCH
AND CLINICAL PRACTICE

In the previous section, we discussed the detection
of AD-specific pathology using DTI. There are already
a large amount of studies reporting structure-specific
brain abnormalities even in the very early stages of AD.
In this section, we would like to discuss the application
of DTI to studies of AD from the following two points
of views.

Functional correlation

One of the important questions after the identifi-
cation and quantification of structure-specific brain
abnormalities is whether the degree of abnormalities
correlates with cognitive functions. For example, even
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Fig. 3. Atlas-based analysis. The original FA map from a patient with Alzheimer’s disease (A) was normalized to the atlas space (B). The atlas
used as the template is shown in (C). After image normalization, pre-defined three-dimensional ROIs (color-contours, called a parcellation map)
in the atlas space enables researchers to measure the FA value of each parcel. This parcellation map can be inversely transformed to the original
space to measure the volume of each parcel, as well as to measure the FA value of each parcel without normalization-related artifacts (eg., effects
of interpolation after normalization).

if we find reduced FA in a specific brain area, if the
observed FA reduction does not correlate with the cog-
nitive decline, the finding is not valuable as a marker to
visualize the disease progression or to see the effects of
therapeutic interventions. Research has identified the
disruption of global WM [56], the frontal WM [91],
or specific WM tracts, including the fornix, the cingu-
lum, the cingulate WM, the genu and splenium of the
corpus callosum, and the perforant pathway, which are
related to global cognitive decline [44, 47, 92, 93]. Less
is known about the tract or structure-specific contribu-
tion of cognitive domains, although several researchers
have discovered a contribution by the temporal lobe
WM [94, 95] and the posterior cingulate WM [10]
to delayed recall, the frontal WM to executive func-
tion [95], and the posterior part of the corpus callosum
to verbal fluency and figural memory [96]. However,
the localization specificity of these findings has not
been established, since these studies are based on a
limited number of ROIs selected by an a priori hypoth-
esis. Unfortunately, the anatomical background of the
behavioral and psychiatric symptoms of AD, which
are the most challenging and distressing effects of the
disease, has not been fully explored.

Clinical application

AD studies typically adopt cognitively normal par-
ticipants as a control group to identify AD-specific
features. However, in the clinical situation, identifi-
cation of AD-specific DTI markers would be of great
value to differentiate it from other neurodegenerative
dementias, such as frontotemporal dementia (FTD) and
dementia with Lewy bodies (DLB). There are studies
reporting more prominent DTI-detectable WM dam-
age, especially in the frontal WM and the genu of the
corpus callosum, in FTD than in AD [52, 82]. Although
DTI findings about the DLB are controversial [26, 28,
97, 98], elevated MD without atrophy in the amyg-
dala was proposed as a potential marker to differentiate
DLB from AD [26]. However, the sensitivity and the
specificity of the DTI-based indices to differentiate
AD from these neurodegenerative dementias is still not
established.

In summary, many of the scientific findings, to date,
are not readily transferrable to clinical practice, even
though the findings are important for understanding of
the pathology of AD. A multi-center research project,
seeking imaging biomarkers for AD, the Alzheimer’s
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Disease Neuroimaging Initiative (ADNI, ADNI-GO)
[99], and the upcoming ADNI-2, did not adopt DTI
as a core protocol because of the uncertain long-term
test-retest precision, questionable relevance to clinical
trials, and absence of an established calibration method
[100], all of which should be thoroughly investigated
before clinical application.

CONCLUSIONS

DTI measures have been used to demonstrate sig-
nificant differences between AD patients and controls,
as well as to predict progression of disease in symp-
tomatic non-demented individuals. Application of
these findings in clinical practice remains to be demon-
strated.
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Abstract. The reduced risk of dementia in high-educated individuals has been suggested to reflect brain reserve capacity. In the
present study we determined the association between integrity of white matter microstructure and education separately in twenty-
one patients with clinically probable Alzheimer’s disease (AD) and 18 healthy elderly subjects. We used fractional anisotropy
derived from high-resolution diffusion-tensor weighted imaging at 3 Tesla as in vivo marker of white matter microstructure.
Based on multivariate network analysis, more years of education were associated with reduced white matter integrity of medial
temporal lobe areas and association fiber tracts when age, gender and dementia severity had been controlled for (p < 0.001).
In controls, higher education was associated with greater white matter integrity in medial temporal lobe areas and association
fiber tracts (p < 0.001). In multiple regression models, education was the main factor accounting for fiber tract integrity even
when occupation was taken into account. Reduced fiber tract integrity with higher education at the same level of cognitive
impairment in AD patients and higher fiber tract integrity with higher education in similar white matter areas in cognitively
healthy controls agrees with the hypothesis that white matter microstructure may contribute to brain reserve capacity in humans.
A better understanding of the neurobiological basis of reserve capacity will be of high relevance for designing future studies on
cognitive intervention approaches to prevent dementia in at risk subjects.

Keywords: Brain reserve capacity, cortical connectivity, education, Alzheimer’s disease, aging, DTI

INTRODUCTION

Many epidemiological studies suggest a protective
effect of higher education for the onset of dementia in
elderly subjects [1–4]. Only few studies have shown no
association of dementia with education [5]. Education
may provide brain reserve against neurodegeneration

∗Correspondence to: S.J. Teipel, E-mail: stefan.teipel@med.uni-
rostock.de.

[6]. Brain reserve capacity is defined as the ability of
the brain to compensate for progressive lesions and to
maintain normal cognitive function [6]. Consistently,
patients with Alzheimer’s disease (AD) with more
years of education exhibit more functional [7, 8] or
structural brain lesions [9] in imaging studies at a com-
parable level of dementia severity compared to patients
with lower education. Reduced glucose consumption
in predilection sites of AD with higher education has
also been described in amnestic MCI patients who later

mailto:stefan.teipel@med.uni-rostock.de
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converted into AD [10]. It is not clear whether this rep-
resents a direct effect of education or if this effect is
mediated by the effect of education on general health
status [11] or occupational achievement [12]. Educa-
tion is a risk factor of AD that is potentially accessible
to intervention. Important risk factors for AD that are
not accessible to intervention include age, female gen-
der and ApoE4 genotype [13, 14].

Diffusion tensor imaging (DTI) allows determin-
ing the integrity of subcortical fiber tracts in the
living human brain [15]. Fractional anisotropy (FA),
derived from DTI, is sensitive towards subcortical fiber
changes with brain maturation [16, 17] as well as
towards fiber degeneration in AD [18–29]. Therefore,
FA provides an interesting in vivo marker to determine
the association between education and brain structure
in aging and AD.

In the present study, we investigated whether fiber
tract integrity was associated with years of education
in patients with AD using observer independent multi-
variate analysis [29]. We hypothesized that AD patients
with more years of education would present a higher
degree of fiber degeneration in regional predilection
sites of AD pathology compared to patients with less
years of education when we controlled for demen-
tia severity, age and gender. This would indicate that
patients with higher education could maintain simi-
lar cognitive function compared to patients with lower
education despite more severe impairment of fiber tract
integrity. If the effect of education on brain reserve
capacity was mediated by white matter microstructure
one would expect that white matter microstructure was
increased with higher education in healthy control sub-
jects. We tested this hypothesis in a group of healthy
elderly subjects controlling for established risk factors
of AD including, age, gender and ApoE4 genoytpe. We
used a multiple regression model to determine whether
the effects of education on fiber tract integrity were
dependent on occupational achievement.

SUBJECTS AND METHODS

Subjects

We examined 21 patients with the clinical diagno-
sis of probable AD (mean age: 76.1 (SD 7.4) years,
ranging from 58 to 87 years, 12 women) according
to NINCDS-ADRDA criteria [30]. For comparison,
we investigated 18 cognitively healthy elderly subjects
(mean age: 66.2 (SD 7.3) years, ranging between 56 to
83 years, 8 women). The AD and control groups dif-

fered significantly in age (t-test: p = 0.001, T = –4.20,
37 degrees of freedom), but showed a similar
gender distribution (Chi2 = 0.63, 1 degree of free-
dom, p = 0.43). The Mini-Mental-Status Examination
(MMSE) was used to assess the degree of overall cog-
nitive impairment [31] Groups differed significantly
in MMSE scores, with 22.9 (SD 3.0, ranging from
17 to 29) points in AD and 29.1 (SD 0.6, ranging
from 28 to 30) points in control subjects (p<0.001,
Mann-Whitney U = 8.5). Years of education were sig-
nificantly different between AD patients and controls
(p<0.03, T = 2.4, 37 degrees of freedom) with 11.0
(SD 1.9, ranging from 8 to 18) years in AD patients
and 13.2 (SD 3.7, ranging from 8 to 20) years in
controls.

Years of education were assessed as years attending
school plus years of apprenticeship, technical school,
college and university. Occupation was determined
as the most recent occupation or the last occupa-
tion before retirement. We used a modification of the
Hollingshead occupational rating scale [32, 33]. This
scale has 9 categories of occupational status ranging
from unlearned worker to high level academic pro-
fessions or senior manager level. As the number of
subjects in our study was small and the range of pro-
fessions limited, we collapsed the 9 dimensions into 4,
leaving the category of unlearned worker (coded as 1),
combining categories 2 to 4 (coded as 2), 5 to 7 (coded
as 3) and 8 to 9 (coded as 4).

The clinical assessment included detailed med-
ical history, clinical, psychiatric, neurological and
neuropsychological examinations (CERAD battery
[34], Clock-drawing-test [35], trail-making test [36]),
and laboratory tests (complete blood count, elec-
trolytes, glucose, blood urea nitrogen, creatinine,
liver-associated enzymes, cholesterol, HDL, triglyc-
erides, serum B12, folate, thyroid function tests,
coagulation, serum iron).

Additionally, ApoE4 genotyping was available in 17
of the 21 AD patients and in all control subjects, with 7
AD patients and 7 controls carrying at least one ApoE4
allele.

Selection of subjects included a semiquantitative rat-
ing of T2-weighted MRI scans [37]. Only subjects
were included who had no subcortical white matter
hyperintensities exceeding 10 mm in diameter or 3 in
number.

All patients and controls were only examined if
they gave their written informed consent. The study
was approved by the institutional review board of the
Medical Faculty of the University of Munich.
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MRI acquisition

MRI acquisitions of the brain were conducted with
a 3.0 Tesla scanner with parallel imaging capabili-
ties (Magnetom TRIO, Siemens, Erlangen, Germany),
maximum gradient strength: 45 mT/m, maximum slew
rate: 200 T/m/s, 12 element head coil.

Subjects were scanned in a single session without
changing their position in the scanner. The follow-
ing sequences were used: for anatomical reference, a
sagittal high-resolution 3-dimensional gradient-echo
sequence was performed (magnetization prepared
rapid gradient echo MPRAGE, field-of-view 250 mm,
spatial resolution 0.8 × 0.8 × 0.8 mm3, repetition time
14 ms, echo time 7.61 ms, flip angle 200, num-
ber of slices 160). To identify white matter lesions
a 2-dimensional T2-weighted sequence was per-
formed (fluid attenuation inversion recovery FLAIR,
field-of-view 230 mm, repetition time 9000 ms, echo
time 117 ms, voxel size 0.9 × 0.9 × 5.0 mm, TA
3:20 minutes, flip angle 1800, number of slices 28,
acceleration factor 2).

Diffusion-weighted imaging was performed with
an echo-planar-imaging sequence. (field-of-view
256 mm, repetition time 9300 ms, echo time 102 ms,
voxel size 2.0 × 2.0 × 2.0 mm3, 4 repeated acquisi-
tions, b-value 1 = 0, b-value 2 = 1000, 12 directions,
noise level 10, slice thickness 2.0 mm, 64 slices, no
overlap).

DTI data processing

Pre-processing
DTI data were preprocessed using the DTI tool-

box of the FSL software (http://www.fmrib.ox.ac.uk/
fsl/written mainly by members of the Analysis Group,
FMRIB, Oxford, UK. Version 3.2). After correcting
for susceptibility artifacts [38], from the 12 gradi-
ent directions we derived a 12 × 12-tensor to extract
eigenvalues and eigenvectors to determine fractional
anisotropy maps [29].

The processing was implemented within Matlab
7.6 (MathWorks, Natwick, Mass.) through Statisti-
cal Parametric Mapping [39, 40] (SPM 2, Wellcome
Department of Imaging Neuroscience, London; avail-
able at http://www.fil.ion.ucl.ac.uk/spm), as described
in a previous study [29].

In brief, we used low-dimensional normalization
with a set of nonlinear basis functions [41, 42] and
high-dimensional normalization with symmetric priors
[43] to normalize the anatomical MPRAGE scans into

standard space. The normalization parameters were
sequentially applied to FA maps that had been spatially
coregistered using affine transformation to the anatom-
ical MPRAGE scans in native space. This procedure
resulted in FA maps projected into standard space.

Statistical analysis

Spatial effects of education
Voxels from outside the white matter were removed

from the spatially normalized FA maps by means of
a mask derived from the white matter maps of the
anatomical MPRAGE scans [44]. The masked FA
maps were smoothed with a 12-mm FWHM Gaussian
kernel. Images were scaled to the same mean
value and standard deviation using a voxel-wise z-
transformation.

The multivariate approach followed three subse-
quent steps that will only briefly be described in the
following section. For further details we refer to [29]
and [45].

First, the high-dimensionally normalized FA maps
were subjected to principal component analysis within
the AD and control groups.

Secondly, we determined the significance of the
hypothesized effect of education on FA values using
multivariate analysis of covariance (MANCOVA). We
employed a linear model with years of education as
independent factor, controlling for MMSE score, age
and gender in the AD patients and for age, gender and
ApoE4 genotype in the control group, and the prin-
cipal components from the FA maps as multivariate
dependent variable.

Thirdly, we characterized the spatial distribution of
these effects using canonical variate analysis in terms
of the canonical vector that best captured the effect of
education. To this end, we defined canonical images
in the observation space such that the variance ratio
between the effect of interest and the total error sum
of squares was maximized. Each canonical image has
an associated canonical value that serves to estimate
whether a particular canonical image is important. The
canonical value can be compared to an F distribution
with denominator degrees of freedom equal to the rank
of the matrix of the effect of interest and nominator
degrees of freedom equal to the number of scans minus
the rank of the design matrix (=degrees of freedom
of the error term). We considered a canonical image
important if its canonical value exceeded the critical F
threshold for p < 0.05.

Calculations were carried out using an algorithm
written in MATLAB v. 7.6 (Mathworks, Newton, MA).

http://www.fmrib.ox.ac.uk/fsl/written
http://www.fil.ion.ucl.ac.uk/spm
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Fig. 1. Effect of education on FA values. The component of the second canonical image of the AD patients (red colors) representing lower FA
values with more years of education after controlling for age, gender, and MMSE score, and the component of the second canonical image of
the controls (blue colors) representing higher FA values with more years of education after controlling for age, gender, and ApoE4 genotype,
are shown. The components of the FA maps in voxel space are projected on the rendered axial sections (Fig. 1a), and on a coronal slice through
the medial temporal lobe at Talairach-Tournoux coordinate y = −12 (Fig. 1b) of the T1-weighted template brain. Axial sections go from ventral
at Talairach-Tournoux coordinate z = −17 to dorsal at z = 38, sections are 5 mm apart. Right of image is right of brain (view from posterior in
the coronal section, from superior in the axial section). The white arrows point to the right and left parahippocampal gyrus on the coronal slice.
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Effects of education controlled for occupation
To find the principal component that was sig-

nificantly associated with years of education, we
correlated the principal component scores of each
scan with education. The scores from the principal
component that were significantly correlated with
education represented scalar markers for the effect
of education on FA maps for each subject. Multiple
regression models were applied with the principal
component scores as dependent variables and age,
gender, MMSE score (in the AD patients), education
and occupation as independent variables. In the first
step all independent variables were forced into the
model, in subsequent steps those variables were
removed that did not significantly contribute to the fit
of the model according to the overall F-test.

Robustness measures
To assess the stability of our multivariate solution,

we followed an approach suggested by Zuendorf et al.
[46]. First, we tested the data set for potential outliers,
using Hotellings T2 test [47], a multivariate general-
ization of Students t-test. T2 gives a measure of the
distance of a vector from a vector whose elements rep-
resent the means of a multivariate normal distribution.
In our case, it was given by

T 2 =
√

(n − 1)yT • y

with n = number of subjects, y = a column vector of
PC scores belonging to one subject whose elements
are divided by the square root of the corresponding
eigenvalues.

The T2 statistics is related to the F-distribution by:

F
p
n−p = (n − p)

p(n − 1)
T 2

with n = number of subjects and p = number of of prin-
cipal component scores used for the test.

Additionally, we carried out repeated MANCOVAs
based on seven subsets of 18 scans each after randomly
removing three different scans each time from the full
data set in the AD patients and based on 6 subsets of
15 scans each after randomly removing three different
scans each time from the full data set in the controls.
The resulting overall effects of the MANCOVAs were
compared to the Chi2 distribution for p < 0.001 at 7 df
in AD patients and at 6 df in controls.

Identification of voxel with peak loading

The 98th percentile was used as threshold for voxel
with highest positive or negative loading on the canoni-
cal image. The Talairach-Tournoux coordinates [48] of
these voxel were determined using in-house software
written in C. The program produces a listing of all local
maxima and minima of the canonical image with each
local peak at least 1 cm away from neighboring peaks.

RESULTS

Effects of education in AD patients

We assessed the significance of the effect of educa-
tion with a design matrix having 21 rows (one for each
scan) and 5 columns, one for the effect of education,
and one each for the effects of the intercept, MMSE
scores, age and gender. The data were reduced to the
first 7 eigenvectors having eigenvalues greater than
unity. The resulting matrix was subject to MANCOVA.
Wilk’s lambda after transformation corresponded to
�2 = 36.2 with 7 degrees of freedom, p < 0.001. The
effect of education was almost completely accounted
for by the second canonical image. The canonical value
was 272.2 and was larger than the threshold F 16

1 = 246
for p < 0.05. We divided the canonical image in one
image containing only voxels with high positive load-
ings (positive components) and one image containing
only voxels with high negative loadings (negative com-
ponents) on the canonical image.

Subsequently, we considered only the negative com-
ponents representing a decline of FA associated with
more years of education. Figure 1 shows the negative
components of the second canonical image projected
onto the T1-weighted MRI template in standard space
(in red). The 80th percentile threshold was used to
show only the most relevant features. Table 1 shows the
Talairach-Tournoux coordinates of the voxel with the
highest negative loadings on the canonical image lying
above the 98th percentile. The canonical image com-
promised medial temporal lobes (including fusiform
gyrus, parahippocampal gyrus and hippocampus), sub-
cortical white matter of insula cortex, as well as
lateral temporal, occipital, frontal and parietal lobes
white matter. Additionally, the canonical image com-
promised white matter of the posterior lobe of the
cerebellum.

When we used the sum score from the CERAD bat-
tery based on z-score transformation of each subtest
according to [49] instead of the MMSE score to con-
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Table 1
Voxel with positive peak loadings on the second canonical image
in AD patients, representing lower fractional anisotropy with higher

education

Region Side Coordinates (mm)

x y z

Inferior frontal gyrus L −38 26 −1
−37 4 18

Superior temporal gyrus L −61 −50 21
Lingual gyrus L −16 −83 5
Cerebellum L −4 −86 −24

−11 −74 −12
−31 −78 −15

Insula R 35 3 15
Inferior temporal gyrus R 30 −14 −35
Inferior parietal lobule R 45 −35 24
Lingual gyrus R 23 −71 −6
Fusiform gyrus R 36 −33 −17

47 −60 −18
Cerebellum R 37 −80 −16

55 −64 −20

Voxel with positive loading above the 98th percentile. Brain regions
are indicated by Talairach and Tournoux coordinates, x, y and z [48]:
x = the medial to lateral distance relative to midline (positive = right
hemisphere); y = the anterior to posterior distance relative to the
anterior commissure (positive = anterior); z = superior to inferior dis-
tance relative to the anterior commissure -posterior commissure line
(positive = superior). R/L = right/left.

trol for cognitive impairment, the significance of the
results and the spatial distribution of the effects were
unchanged (Fig. 2). Inclusion of ApoE4 genotype as
covariate in the analysis of the effect of education on FA
in the subset of 17 AD patients where ApoE4 was avail-
able did not alter the significance or spatial distribution
of effects (data not shown).

Effects of education in the controls

We assessed the significance of the effect of educa-
tion with a design matrix having 18 rows (one for each
scan) and 5 columns, one for the effect of education,
and one each for the effects of the intercept, ApoE4
genotype, age and gender. The data were reduced to
the first 7 eigenvectors having eigenvalues greater than
unity. The resulting matrix was subject to MANCOVA.
Wilk’s lambda after transformation corresponded to
Chi2 = 39.5 with 7 degrees of freedom, p < 0.001. The
effect of education was almost completely accounted
for by the second canonical image. The canonical value
was 820.0 and was larger than the threshold F13

1 = 243
for p < 0.05. We divided the canonical image in one
image containing only voxels with high positive load-
ings (positive components) and one image containing

only voxels with high negative loadings (negative com-
ponents) on the canonical image.

Subsequently, we considered only the negative com-
ponents representing a higher FA associated with more
years of education (Fig. 1 (blue) and Table 2). The
canonical image compromised medial temporal lobes
(including fusiform gyrus, parahippocampal gyrus and
uncus), subcortical white matter of insula, middle and
medial frontal cortex, as well as lateral temporal, pari-
etal and occipital lobes white matter. Additionally, the
canonical image compromised white matter of the pons
and thalamus.

Effect of education relative to occupation

In the AD patients, the third and the 17th princi-
pal components, in the controls the fourth principal
component were significantly correlated with educa-
tion (Fig. 3). Within the AD group, occupation was
only significantly correlated with the scores for the
17th principal component, within the control group
occupation was significantly correlated with the scores
for the 4th principal component (Fig. 3).

After stepwise backward selection only education
remained in the model for both principal component
scores in the AD group (F1

19 = 4.7, p < 0.05 for the
third, F 1

9 = 11.0, p < 0.005 for the 17th principal com-
ponent) and for the 4th principal component in the
healthy control group (F1

16 = 11.7, p < 0.003).

Robustness measures

Hotelling’s T2 test demonstrated the absence of out-
liers at the p = 0.25 level (suggesting a low type II error
of erroneously assuming no outliers in the data) both in
the AD patients and in the controls (Fig. 4). Repeated
MANCOVAs based on seven subsets of 18 scans each
in AD patients and six subsets of 15 scans each in the
controls, respectively, showed that the effect of educa-
tion controlling for dementia severity, age and gender
were above the critical threshold for all subsets of the
data (Fig. 5).

DISCUSSION

We assessed the association between years of educa-
tion and subcortical fiber tract integrity in patients with
AD. The study is based on a large body of evidence that
years of education impacted the age of onset and rate
of progression of dementia in elderly subjects. Fiber
tract integrity in characteristic predilection sites of AD
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Fig. 2. Effect of education on FA values controlling for MMSE score or CERAD sum score. The negative components of the second canonical
image controlling for MSME score (red) or controlling for CERAD sum score (blue) are shown, representing lower FA values with more years
of education after controlling for age, gender, and cognitive impairment. Overlapping areas are in pink. The effects are projected on the rendered
axial sections of the T1-weighted template brain. Axial sections go from ventral at Talairach-Tournoux coordinate z = −17 to dorsal at z = 38,
sections are 5 mm apart. Right of image is right of brain (view from superior in the axial sections). Please note that controlling for MSME score
or for CERAD score leads to nearly identical spatial pattern, compare also Fig. 1.
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Table 2
Voxel with positive peak loadings on the second canonical image
in controls, representing higher fractional anisotropy with higher

education

Coordinates (mm)

Region Side x y z

Middle frontal gyrus L −24 5 37
−24 23 30
−26 −10 44
−49 10 34

Insula L −42 −1 1
Superior temporal gyrus L −30 6 −30
Postcentral gyrus L −33 −34 54
Fusiform gyrus L −50 −28 −25
Precuneus L −8 −55 50
Cuneus L −20 −89 25
Corpus callosum L −24 17 19
Thalamus L −18 −26 15
Projecting on fasc. occipito-frontalis L −27 −32 21
Pons L −6 −19 −36
Middle frontal gyrus R 32 38 34
Medial frontal gyrus R 2 45 −12

16 39 17
Anterior cingulate R 20 20 29
Cingulate gyrus R 10 13 42
Uncus R 30 −7 −32
Parahippocampal gyrus R 21 41 −5

36 −20 −18
10 −9 −29

Superior temporal gyrus R 47 1 0
Fusiform gyrus R 40 −12 −38
Inferior parietal lobule R 36 −30 41
Middle occipital gyrus R 10 −98 16
Lingual gyrus R 7 −84 −9

9 −102 −9
Fornix R 1 −16 17
Thalamus R 15 −23 10

Voxel with negative loading above the 98th percentile. Brain regions
are indicated by Talairach and Tournoux coordinates, x, y and z [48]:
x = the medial to lateral distance relative to midline (positive = right
hemisphere); y = the anterior to posterior distance relative to the
anterior commissure (positive = anterior); z = superior to inferior dis-
tance relative to the anterior commissure -posterior commissure line
(positive = superior). R/L = right/left.

was more impaired with higher education (controlled
for dementia severity, age and gender). In a multiple
regression model education, not occupation was the
main predictor of fiber tract integrity. In a group of
healthy elderly subjects, after controlling for age, gen-
der and ApoE4 genotype as major risk factors of AD,
we found that higher education was associated with
higher fiber tract integrity in several brain areas, includ-
ing areas that showed reduced fiber tract integrity with
higher education in AD.

Fractional anisotropy was more reduced in fiber
tracts of parietal, temporal and occipital lobes, includ-
ing fusiform and parahippocampal gyrus, with more
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Fig. 3. Correlation between principal component scores and edu-
cation. The third and 17th principal components of the FA maps
of the AD patients (upper row) and the 4th principal component of
the FA maps of the controls (lower row) are correlated with educa-
tion at the level of p < 0.05. Vertical lines indicate the threshold for
the correlation coefficient at p < 0.05. Red bars indicate the correla-
tion coefficients between occupation and those principal component
scores that were significantly associated with education.

years of education. These fiber tracts have previously
been found to be involved in AD in independent sam-
ples [18–29], suggesting that the FA reductions in our
sample reflect lesions to predilection sites of AD.

The finding of increased lesion load in patients with
higher education is in line with positron emission
tomography (PET) studies showing reduced parieto-
temporal cortical metabolism in AD [7] and MCI [10]
and increased frontal lobe amyloid binding [8] in AD
patients with higher compared to patients with lower
education at the same level of dementia severity. In
an MRI-based study, AD patients with higher educa-
tion showed more ventricular enlargement compared
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Fig. 4. Hotelling T2-test for the first 8 principal components.
Hotelling T2-test for the first 8 principal component scores showing
no outliers at p = 0.25 for the AD patients (Fig. 4a) and the controls
(Fig. 4b).

to patients with lower education after controlling for
dementia severity [9]. Our findings are also in line with
a more recent study on DTI changes with measures of
cognitive reserve determined from a composite score
of verbal intelligence, education and leisure activi-
ties [50]. In this later study, FA was reduced with
higher cognitive reserve in late myelinating fibers,
including corticocortical associative fasciculi and com-
missural fibers, in amnestic MCI patients [50]. These
observations suggest that patients with higher educa-
tion maintain a comparable level of cognitive function
despite more severe structural and functional brain
lesions.

In a synthesis of three large clinical and neuropatho-
logical cohort studies, longer years of education were
associated with higher brain weight and reduced risk

p < 0.001 threshold at 7 df 

p < 0.001 threshold at 6 df 

Data subset #
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Fig. 5. Wilk’s lambda for subsets of the data, randomly leaving out
3 different scans each. Distribution of Wilk’s lambda after transfor-
mation corresponding to Chi2 at 7 (Fig. 5a) or 6 (Fig. 5b) df derived
from subsets of the data after randomly removing 3 different scans
each from the entire data set of the AD patients (Fig. 5a) or controls
(Fig. 5b).

of dementia largely independently of the severity of
pathology [51]. These findings support the notion
that education may be a surrogate marker for mecha-
nisms of functional reserve capacity that may mitigate
the effects of neurodegeneration on cognitive perfor-
mance.

Our study provides first evidence for education
related differences in the fiber tract integrity that may
underlie differences in brain reserve capacity. DTI is a
sensitive technique to assess mechanisms of brain mat-
uration [16, 17]. The neuron populations that mature
later during brain development are the earliest affected
by characteristic AD neuropathology [52]. Environ-
mental factors influence the formation and myelination
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of axons during early childhood and adolescence [53].
Brain maturation may even proceed into the fifth
decade of life [54]. It is tempting to assume that the
changes in FA reflect the more severe changes to
originally stronger myelinated and more richly con-
nected fiber tracts in patients with higher education
that are required to induce the same level of demen-
tia in these patients. This interpretation would agree
with the finding that some of the brain areas regions
that were negatively associated with education in the
AD group were positively associated with education
in the healthy control group, including medial tem-
poral lobe areas (entorhinal cortex and hippocampus),
fusiform gyrus, insula, superior temporal gyrus and
lingual gyrus. These areas belong to typical predilec-
tion sites of AD pathology and seem to have higher
fiber tract integrity with higher education in cognitively
healthy elderly subjects after controlling for major risk
factors of AD. The spatial pattern, however, addition-
ally involved pons and posterior cingulate gyrus white
matter, suggesting that the effect of education was not
specific to predilection sites of AD in healthy elderly
controls. Given the age range of the healthy control
subjects, we can not exclude the possibility that some
of these subject harbor preclinical AD. Therefore, to
further address the question whether education con-
tributes to fiber tract integrity one will have to study a
group of young healthy subjects (adolescence to early
adulthood) comparing fiber tract integrity in higher and
lower educated subjects.

However, the association between education and
onset of dementia and severity of underlying structural
and functional brain lesions is likely more complex. A
young person’s educational achievement is influenced
by their innate intelligence, as well as environmental
factors, such as their parents’ educational and socio-
economic background, and available schooling. In
turn, education influences the subsequent occupation,
environment and the likelihood for continued men-
tally and physically healthy and stimulating activities
(such as continuous learning, exercise and nutrition).
All these factors in themselves may contribute to
neurogenesis, and the organization, myelination and
maintenance of subcortical fiber tracts over the life-
time. Complexity of occupational work lowered the
risk of dementia in monozygotic twin pairs discordant
for AD [12], where complexity of work was related
to educational achievement. We used linear multiple
regression models to determine whether the effect of
education was mediated by occupation. Interestingly,
education was the main predictor of fiber tract integrity.

We would, however, need larger samples to allow for
cross validation of these effects. Therefore, education
still serves as an adjunct for the overall concept of brain
reserve capacity. Within this conceptual framework,
our findings suggest that the integrity of subcortical
fiber tracts underlies brain reserve capacity.

One could argue that the association between educa-
tion and dementia is accounted for by an ascertainment
bias: higher education could raise skills of subjects to
score higher on diagnostic tests [55]. However, in an
earlier study subjects with higher education showed
higher rates of decline in cognitive performance com-
pared to lower educated subjects [56]. This observation
would be unlikely, if performance in cognitive tests was
mainly determined by educational background once
patients got demented.

Years of education in our sample were similar to
those in a previous study on the association between
education levels and cortical glucose consumption in
a memory clinic sample of 96 AD patients [7], sug-
gesting that our subjects represent a typical memory
clinics sample.

Although the number of scans was small in com-
parison to the dimensionality of the imaging data,
Hotellings T2 statistic suggested that the DTI data
represented a homogeneous data set and that the sig-
nificance of the multivariate solution remained stable
across different subsets of the data.

We had excluded AD patients with evidence for
significant cerebrovasuclar disease based on the rat-
ing of white matter hyperintensities, to be able to
study the association of education and white matter
microstructure in predominant neurodegenerative dis-
ease. Inclusion of patients with extended white matter
changes would be required to further study the associ-
ation between education and cerebrovascular disease
as a measure of vascular reserve capacity.

In summary, our findings agree with the hypothe-
sis that education contributes directly to brain reserve
capacity. They complement earlier findings on the
structural and functional basis of reserve capacity of
the human brain by providing insight into integrity of
subcortical fiber tracts. The maturation of cerebral fiber
tracts is known to proceed at least into early adulthood
if not even into higher age. Our findings support a close
association between mechanisms of brain maturation
and plasticity. First cognitive intervention studies have
shown effects on cortical metabolism and cognitive
performance in AD and MCI, suggesting a potential
role of brain reserve capacity for the prevention or
treatment of AD [57]. Therefore, our data should stim-
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ulate further research on the dynamic basis of brain
reserve capacity to help in the design of interventions
to strengthen individual brain reserve capacity in order
to prevent the initiation and progression of pathological
mechanisms in AD.
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Searching for Novel Biomarkers Using High
Resolution Diffusion Tensor Imaging

Michael A. Yassa*
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Abstract. Diffusion tensor imaging is capable of resolving large fiber bundles (e.g. the corpus callosum) and has been quite
informative in understanding the overall structural connectivity of the brain. Recent data has shown that traditional resolution
limitations can be exceeded in humans in vivo to submillimeter resolution. This chapter discusses these new techniques, and
specific applications to small pathways such as the perforant path in the medial temporal lobe. High-resolution diffusion tensor
imaging is a promising new tool that can be used to discover novel biomarkers for Alzheimer’s disease and other disorders. It
allows for a much more detailed investigation of brain white matter than previously possible, perhaps offering clues into the first
signs of synaptic deterioration that may precede frank neuronl loss. Although these methods are still in their infancy and many
challenges have to be overcome before they can be used in a clinical fashion, results so far have been promising. Challenges and
future directions are discussed in detail.

Keywords: Hippocampus, perforant path, diffusion tensor imaging, biomarkers, Alzheimer’s disease, aging, entorhinal cortex

OVERVIEW OF DTI AND ITS
APPLICATIONS TO ALZHEIMER’S
DISEASE

Diffusion tensor imaging (DTI) is based on the prin-
ciple that water molecules are constantly in motion.
Although this motion is typically random, organized
structures such as axons or dendrites constrain the
mobility of water molecules making it less random.
For example, water will diffuse more readily along the
principal axis of an axon than perpendicular to it, thus
its motion becomes more directional or anisotropic.
In a broad sense, DTI attempts to quantify diffusion
anisotropy in a meaningful way. The pioneering work
of Basser and colleagues [1–4] first introduced a rigor-
ous formulation of anisotropy in the diffusion tensor.
Since the mid-nineties, DTI has evolved through many
stages of development.

∗Correspondence to: Michael A. Yassa, Department of Psycho-
logical and Brain Sciences, Johns Hopkins University 3400 N.
Charles St. Ames 216A, Baltimore, MD 21218-2686, USA. Tel.: +1
(410) 516 0202; Fax: +1 (410) 516 4478; E-mail: yassa@jhu.edu.

It is now possible to sample water movement in hun-
dreds of directions (high-angular resolution diffusion
imaging or HARDI) whereas original DTI studies only
required six directions, the minimum number of direc-
tions required to estimate a diffusion tensor. Methods
to account for fiber crossing, bending and twisting such
as Q-ball imaging [5] and diffusion spectrum imaging
(DSI) [6, 7] have been developed. Various sophis-
ticated fiber-tracking techniques have now become
commonplace tools in neuroimaging laboratories for
mapping white matter connectivity [8–12].

Diffusion signals capture microstructural proper-
ties of white matter that cannot otherwise be captured
on traditional structural MRI scans. For example,
diffusion anisotropy is increased in regions of high
axonal coherence, robust myelination, and tight pack-
ing and decreased in areas where white matter is not as
organized [1, 4, 13]. Given the method’s increased sen-
sitivity to microscopic changes in white matter, it has
remarkable promise for detecting white matter abnor-
malities otherwise invisible to traditional structural
MRI methods [14]. This makes it an especially attrac-
tive technology to use for investigating white matter
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changes in aging as well as Alzheimer’s disease (AD)
and its prodromal state, mild cognitive impairment
(MCI).

Studies of the aging brain using DTI have gener-
ally found decreased fractional anisotropy (FA) and
increased mean diffusivity (MD) in frontal white mat-
ter, the anterior cingulum, the fornix, and the corpus
callosum (c.f. [15]). These changes in anisotropy and
diffusivity are generally attributed to fiber degenera-
tion and demyelination with increasing age. On the
other hand, diffusion imaging studies of MCI and AD
patients have observed decreased anisotropy through-
out the brain but most notably in the temporal lobes
(see recent reviews [15] and [16]).

A large body of research has indicated that the
medial temporal lobes (MTL), and in particular the
hippocampus and entorhinal cortex, are the first to dete-
riorate in the course of AD [17–19]. Several studies
have used DTI to investigate the MTL in particular in
MCI and AD. For example, Fellgiebel and colleagues
[20] observed decreased FA and increased MD in the
left hippocampus in AD patients compared to controls.
Mielke et al. [21] noted in AD patients decreased FA in
the fornix and cingulum, the two major fiber bundles
that connect the limbic lobes to the rest of the brain.
They also observed less dramatic changes in individ-
uals with MCI, suggesting that these microstructural
alterations likely vary along a spectrum from MCI to
AD.

Changes in parahippocampal white matter have been
observed in AD patients using DTI, e.g. [22]. A recent
study by Choo et al. [23] reported a dissociation within
cingulum fibers that may distinguish MCI from AD.
They observed decreased FA in parahippocampal cin-
gulum fibers in individuals with MCI and decreased FA
in posterior cingulate cingulum fibers in AD patients.
This may indicate that there is a topological pattern of
white matter degeneration that manifests at the early
stages of AD with the parahippocampal white matter
being the site of the earliest changes.

THE NEED FOR HIGH-RESOLUTION DTI
OF THE MEDIAL TEMPORAL LOBE

Although traditional DTI has been helpful in eval-
uating the state of MTL white matter in general, it
remains largely unable to distinguish among the many
fiber pathways in the region. Very few attempts have
been made to use DTI to investigate smaller path-
ways within the medial temporal lobe. Aside from the

work I will discuss shortly, only one previous study
attempted to quantify diffusion signals in the perforant
path region in vivo. Kalus et al. [24] found reductions
in intervoxel coherence in the perforant path zone in
individuals with MCI compared to controls, possibly
indicating synaptic loss in the region. However, since
there are many crossing fibers in this region, it was not
possible to uniquely attribute these signal losses to the
perforant path itself.

High-resolution DTI offers a means to identify
microstructural signals that can be uniquely attributed
to individual fiber bundles. The increased resolution
allows us to conduct a more detailed investigation
where the contribution of each individual fiber bun-
dle to an image voxel is magnified. As is the case with
almost any imaging technique, increasing resolution
is a substantial challenge. First, it is almost impossible
to increase the resolution without sacrificing signal-to-
noise ratio (SNR). Multiple averages are necessary to
match traditional SNR levels. Second, one would need
to apply parallel imaging techniques such as SENSE
[25, 26] in order to reduce scan time to a clinically
applicable range (∼1 hr).

Third, the microstructural anatomical features
reflected in high-resolution diffusion signals need to
be adequately investigated. For example, at high res-
olution, white matter is not the only tissue in which
anisotropic diffusion can be observed. Pyramidal
cells have long apical dendrites, which also demon-
strate remarkable anisotropy on high-resolution rodent
DTI scans [27–29]. Thus, diffusion indices at high-
resolution must be validated either by relating them to
other structural and functional measures, to a relevant
behavioral outcome, or to histological features.

If all of the above challenges can be addressed, one
key question is the extent to which resolution can/must
be enhanced. Here, it is important to keep in mind
that the required resolution to resolve a small path-
way like the perforant path may be different from the
maximum resolution that can be achieved in a clini-
cally practical scan time. The physiological limitation
in diffusion imaging is imposed by water molecules.
Thus, unlike functional MRI where optimal resolutions
range around 1–1.5 mm (the approximate size of the
capillary bed giving rise to the BOLD signal), the theo-
retical limitation on resolution in DTI is far smaller and
is quite likely in the nanometer range. Our experiments
with this technique in humans in vivo suggest that a res-
olution of ∼0.5 mm sufficiently samples signals from
small regions within the hippocampus and can index
anisotropic diffusion in pyramidal dendrites as well as
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Fig. 1. (A) Slice placement and field of view for high-resolution DTI scan, (B) High-resolution T2-weighted FSE scan acquired in the same
geometry as the DTI scan, (C) single subject sample MD image based on 12 averages, and (D) single subject sample FA image based on 12
averages. B, C, and D are from the same subject. Alignment of C and D with B shows the limited effects of distortions on the region of interest.

small fiber pathways [30]. It is also a sequence that can
be performed in under forty minutes (twelve scans) and
thus can be applied in a clinical setting.

HIGH-RESOLUTION DTI AND THE
PERFORANT PATH

A novel high-resolution DTI sequence was recently
introduced by Yassa et al. [30]. It is a 32-direction, lim-
ited field of view (FOV) scanning protocol at 0.66 mm
x 0.66 mm in-plane, with a slice thickness of 3 mm.
This is a sequence optimized for the MTL with the
high-resolution plane corresponding to the coronal
plane perpendicular to the principal axis of the hip-
pocampus (Fig. 1A). Our choice of this plane was
guided by tracer studies in primate tissue [31] sug-
gesting that the coronal sections are the ones where
the perforant path can be evaluated easily.

The technical details of this sequence were pub-
lished in [30] and are shown here in Table 1. Fig. 1B
shows an in-plane T2 Fast Spin Echo scan acquired in
the same resolution as the diffusion images for regis-

Table 1
High-resolution DTI Scan Parameters

Parameter Value

FOV 170 × 170
Matrix size 256 × 256
Voxel size 0.664 × 0.664 mm
Slice thickness 3 mm (1 mm gap)
Number of slices 15
TR/TE 2,717 ms/67 ms
Flip angle 90°
SENSE factor 2.5
b-value 1,200 s/mm2

Directions 32
Averages 12

tration. Fig. 1C shows a sample mean diffusivity (MD)
and Fig. 1D shows a sample fractional anisotropy (FA)
image.

This sequence can be easily adapted to any Philips
3.0 Tesla scanner or any scanner that can make
use of parallel imaging techniques (e.g. SENSE and
GRAPPA). We used this sequence in order to visualize
and quantify the perforant path (Fig. 2A) and assess
its integrity in a sample of young and older adults. We
developed a simple assessment method that calculated
the magnitude of the diffusion signal along the canoni-
cal orientation of the perforant path. This quantity (Eq.
1 in [30]) was evaluated along the entire bank of the
entorhinal cortex giving rise to a Gaussian-like curve
that captured the perforant path from its most medial
extent to its most lateral. This signal was operational-
ized as area-under-the-curve (AUC), which showed a
significant difference between young and aged adults
(Fig. 2B).

To ascertain that this difference was unique to the
perforant path, we conducted the same measurements
in another hippocampal pathway, the temporoalvear
pathway, which does not seem to degrade substan-
tially with aging [32]. We found no evidence for a
group difference in this “control” pathway suggest-
ing that the perforant path findings are not evidence
for global white matter differences between groups.
We also found a strong relationship in the older adults
between our measure of perforant path integrity and
scores on the Rey Auditory Verbal Learning Test
(RAVLT), a memory measure that is sensitive to
hippocampal deficits (Fig. 2C), suggesting that this
diffusion signal has a valid neurobiological basis. No
other relationships with neuropsychological measures
of intelligence, working memory, attention and exec-
utive function were found, strongly suggesting that
perforant path deficits have specific functional impli-
cations to hippocampal-dependent memory.
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Fig. 2. (A) Tensor visualization of the perforant path (indicated by yellow arrows) overlaid on a FA map. After Yassa et al., PNAS 2010;
107(28):12687-91, Fig. 1D, reprinted with permission. (B) comparison of perforant path diffusion signal in young vs. old showing a significant
difference in area under the curve. After Yassa et al., PNAS 2010; 107(28):12687-91, Fig. 3, reprinted with permission, (C) correlation between
perforant path integrity (operationalized as area under the curve) and delayed verbal recall in older adults. Adapted from Yassa et al., PNAS
2010; 107(28):12687-91 with permission.

Fig. 3. Hippocampal gray matter anisotropy. Note the change in tensor orientation from green (superior-inferior) to red (left-right) consistent
with the changing orientation of the pyramidal cells in the folded hippocampal sheet. After Yassa et al., PNAS 2010; 107(28):12687-91, Fig.
S2, reprinted with permission.

In addition, we showed that high-resolution DTI is
sensitive to hippocampal diffusion signals likely aris-
ing from pyramidal dendrites, although we did not
formally assess dendritic integrity in this study (Fig. 3).
This investigation requires the parcellation of gray
and white matter compartments inside the hippocam-
pus using a combination of structural images and FA
maps with the additional delineation of subfields. Pre-

liminary data suggest that dendritic integrity can be
assessed at the subfield level (Yassa M. and Stark C.
unpublished data).

Overall, the results of this high-resolution DTI
investigation in humans in vivo have been quite promis-
ing. They demonstrate that: (1) high-resolution DTI
is possible in humans in clinically applicable scan
durations (45–60 minutes), (2) high-resolution diffu-
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Fig. 4. (A) Probabilistic tractography of the perforant path in ex vivo human tissue. After Augustinack et al., Frontiers in Human Neuroscience,
2010; 4(42),1-13 reprinted with author’s permission. (B) Sample probabilistic tractography of the perforant path in a human subject in vivo. In
both cases, the perforant path clearly originates in the entorhinal cortex and terminates in the hippocampus. Both studies are consistent in terms
of the location and approximate size of the perforant path.

sion signals have the key advantage of being able to
evaluate small diffuse pathways such as the perforant
path as well as dendritic diffusion signals, and (3)
high-resolution diffusion measures are associated with
behavioral measures dependent on the integrity of the
pathway or region in question.

RELATIONSHIP OF HIGH-RESOLUTION
DIFFUSION INDICES TO HISTOLOGICAL
FEATURES

A critical issue with diffusion imaging especially in
the absence of frank pathology (e.g. stroke or lesion)
is the validity of the signal. For example, what does
it mean to have decreased fractional anisotropy? Is
there a neurobiological basis for FA group differences?
Although there have not been many formal investiga-
tions of the microstructural anatomical features that
may give rise to differences in diffusion signals, recent
work has provided some promising results.

For example, Pych and colleagues [33] used DTI
microimaging to show that the size of the hippocampal
dendritic compartment was tightly coupled to frac-
tional anisotropy in a mouse model of AD. In fact,
their initial experiments and the work by Mori and

others [27–29] partly inspired our attempt to use in
vivo high-resolution DTI to attempt to visualize and
quantify pyramidal dendrites in the hippocampus.

A recent investigation [34] used high-resolution DTI
to visualize the perforant pathway in ex vivo human
tissue. The authors used probabilistic tractography to
map the perforant pathway from the entorhinal cortex
to the hippocampus (Fig. 3A). We have also conducted
a similar investigation using FSL’s bedpostX and prob-
trackX and found remarkably similar results (Fig. 3B).
The authors validated the ex vivo tractography results
using histology (Luxol Fast Blue myelin stain) which
stained the perforant path in the same locations iden-
tified by the diffusion signals.

These studies were a necessary first step towards
validation. However, other potential relationships
between diffusion signals and synaptic markers remain
to be investigated. For example, work by Smith et
al. [35] suggests that synaptophysin immunoreactiv-
ity at the entorhinal-dentate perforant path synapse is
reduced in aged rodents with spatial learning impair-
ments. It would be interesting to see how well diffusion
measures correlate with presynaptic markers such as
synaptophysin. In addition, if these diffusion measures
can be used to track dendritic changes, validation using
dendritic markers such as synaptopodin and MAP2
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may also be informative. These validation efforts can
be conducted in animal models and can significantly
inform neuroimaging efforts in the human.

ISOLATING BIOMARKERS FOR
ALZHEIMER’S DISEASE

A logical question is whether high-resolution
DTI can be used to identify early biomarkers for
Alzheimer’s disease. AD biomarker discovery is one
of the most active areas of research. Converging evi-
dence across studies suggests that about a third of
cognitively normal older adults have many of the tra-
ditional biomarker signatures present in AD, such as
cortical amyloid binding [36–38] and cerebrospinal
fluid-derived A�42 and phosphorylated tau [39, 40].
The above is also true for histopathological features
(i.e., senile plaques and neurofibrillary tangles) identi-
fied upon autopsy [41]. There is an emerging consensus
that these markers in nondemented adults represent
a preclinical form of AD [37, 38, 41]. However,
determining which cognitively normal individuals will
ultimately develop AD remains a significant challenge.

There is an increasing need to develop biomarkers
that reflect neural changes at the earliest stages of the
disease in order to correctly target susceptible individ-
uals. It is unlikely that any single biomarker will be
100% predictive. However, we can attempt to develop
a “biomarker profile” that combines the most predic-
tive probes in order to determine who will convert to
AD with greater confidence.

High-resolution DTI of the hippocampus may offer
novel contributions to this endeavor. One potential
biomarker may be perforant path integrity. We have
shown that perforant path integrity is coupled to behav-
ioral performance on a hippocampus-dependent verbal
learning test [30]. Although this investigation was con-
ducted in nondemented older adults, the same approach
can be applied to the earliest stages of dementia.

While AD affects the entire brain, the hippocam-
pus and entorhinal cortex are the sites of the earliest
pathological changes. It is possible that perforant path
degradation is one of the earliest pathological features
in the MTL that precedes frank cellular loss. Such
a measure, if combined with other biomarkers, can
increase our diagnostic accuracy and can also be used
as an outcome measure to evaluate the efficacy of thera-
peutic interventions. Furthermore, since perforant path
integrity is related to performance on a memory test, it
is likely that it is part of a mechanistic dysfunction. If

so, then intervention at this level may rescue memory
deficits.

The terrain for Alzheimer’s disease biomarker dis-
covery using high-resolution DTI is largely uncharted.
This method presents novel and exciting opportuni-
ties. Unlike other structural and functional imaging
methods high-resolution DTI could provide impor-
tant insights into fiber/synaptic and dendritic integrity,
making it possible to address numerous questions that
could not previously be addressed.

REMAINING TECHNICAL CHALLENGES
AND FUTURE DIRECTIONS

Although the first high-resolution DTI experiments
have been largely successful, it is important to note that
the technique is still in its infant stages. There are many
challenges that remain to be addressed. For example,
the use of single shot echoplanar imaging (ssEPI) is
associated with geometric distortions (stretching and
shearing) caused by local eddy currents in the gradi-
ent coils. We have avoided this problem largely by
acquiring a small FOV around the medial temporal
lobe. However, in order to more directly ameliorate
this problem, multishot sequences can be used. These
sequences are far more robust against distortion effects,
however they are much more susceptible to motion arti-
facts. As a result, about 30–40% of all scans might be
discarded due to motion effects.

Even if the subject holds perfectly still, the brain’s
pulsatile motion can potentially induce artifacts. One
way to address this is the use of cardiac or respira-
tory gating, which can compensate for pulsatile motion
[42]. Of course, this comes at the cost of increasing
scan time, but there may be a suitable tradeoff that can
be reached. It is worthy of note that the effect of physi-
ological noise on high-resolution scans is much higher
than traditional resolution scans, since smaller voxels
are more likely to be affected than larger voxels (where
the same shifts are less likely to affect whole voxels).

Our current scan time is under an hour. However, in
order to make this type of scan more clinically appli-
cable, reducing this time to under a half hour is an
important future direction. We are currently experi-
menting with increasing parallel imaging factors to
achieve this goal. One additional benefit of decreas-
ing the scan time is that scan fidelity would remain
high as smaller amounts of motion correction have to
be applied to the data before tensor solving.



M.A. Yassa / High-Resolution Diffusion Tensor Imaging 553

Although our current in-plane resolution is rela-
tively high, the thru-plane resolution is still on par
with traditional DTI, thus leading to partial volume
contamination. Despite the fact the hippocampus is a
relatively straight structure that largely conforms to
the plane of slice acquisition, it still does exhibit some
inter-individual variation and bends upwards towards
the tail. Thus, an important future goal in increasing
our scan resolution is to use isotropic voxels and per-
haps achieve a 0.5 mm isotropic resolution. This can
be made possible by scanning at higher field strengths.
As 7.0 Tesla magnets are becoming more common-
place across institutions in the country, this endeavor
is becoming more feasible. Adapting the sequence we
created for the 3.0 T scanner to 7.0 T should not be
difficult but will requires additional pulse sequence
programming to optimize it for the higher-strength
magnet.

Another significant challenge is that the SNR in indi-
vidual scans is still quite low and thus multiple averages
are required in order to generate reasonable scalar
maps. Although averaging may help with SNR, the low
SNR in individual scans can induce a bias in the diffu-
sion images that depends on the scan orientation and
the gradients employed. We used a slightly higher b-
value than is typical for traditional DTI (1200 s/mm2)
to attempt to increase the individual scan SNR. It is pos-
sible that even higher b-values can be used, although
this has to be balanced against the choice of voxel
resolution, angular resolution, SNR and clinically fea-
sible times. This compromise is unfortunately far from
trivial.

The MTL and in particular the perforant path regions
contain many crossing fibers. A fundamental flaw in
the diffusion tensor model is that it assumes a sin-
gle ellipsoid with a single orientation in each voxel,
thus it is unable to capture physiological features
of white matter tracts such as fiber crossing, bend-
ing and twisting. Other evolving methods may offer
some promise in resolving these characteristics. For
example, Q-ball imaging [5], a high-angular resolution
diffusion imaging (HARDI) technique, uses a mathe-
matical alternative to the tensor model that employs
probability distributions and vector math to model
anisotropy. By collecting high-angular resolution data
(e.g., 256 directions) it is possible to identify several
crossing tracts per voxel.

More recently, several methods to extract super-
resolution features from diffusion data have been
developed. One such method, Spatial HARDI [43] uses
spatial information in a Bayesian framework to con-

strain the reconstruction of raw diffusion MRI data.
This spatial regularization scheme when applied to
spherical harmonic q-ball imaging improves SNR and
better identification of crossing fibers leading to more
accurate tractography. Another method, track-density
imaging (TDI; [44]) uses post-processing methods
based on diffusion MRI fiber-tracking to increase spa-
tial resolution beyond the limitations of the single
voxel. Each technique is not without its own challenges
and limitations, however, using multiple techniques to
arrive at similar conclusions is an essential component
of neuroscientific inquiry.

Another significant challenge for using diffusion
methods to investigate the integrity of the medial tem-
poral lobe in Alzheimer’s disease is that this region
undergoes substantial structural changes that could
have profound effect on diffusion indices. For example,
a decrease in fractional anisotropy could be caused by
a decrease in white matter integrity or regional atro-
phy. It is likely that diffusion-based methods will be
more helpful in elucidating subtle changes early in the
course of the disease and not late. Comparison of these
high-resolution methods with traditional DTI methods
for investigating aging and AD is also necessary.

Aside from the technical challenges, much remains
to be done to validate the measures and indices we are
currently using. This can be done using cross-species
investigations with histological validation. Augusti-
nack et al., [34] and others have already initiated this
important work. However, scanning an animal model
in vivo and following up the scans with detailed his-
tological analyses of pre- and post-synaptic integrity
will also be necessary to determine the meaning of
high-resolution diffusion signals.

In summary, high-resolution DTI and the applica-
tion to perforant path imaging demonstrates the power
and promise of diffusion imaging at high resolutions.
Together with other functional and structural imaging
tools, diffusion imaging may provide important clues
and help discover novel biomarkers that can be used
for diagnosis and intervention in Alzheimer’s disease
and other brain disorders.
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Introduction

Section 7: Magnetic Resonance Spectroscopy

Daniel Spielman
Department of Psychiatry and Behavioral Sciences, Stanford University, Stanford, CA, USA

The profound morphological changes that occur
in the human brain in normal aging and neurode-
generative diseases have molecular, neurochemical,
and cellular underpinnings as well as behavioral con-
comitants. Magnetic Resonance Spectroscopy (MRS)
and Spectroscopic Imaging (MRSI) provides one of
the few noninvasive in vivo investigative tools for
deriving knowledge about the physiological processes
of normal aging and the pathophysiological ones by
which Alzheimer’s disease (AD) causes dementia.
As shown in the representative spectrum depicted in
Fig. 1, proton MRS (1H-MRS) permits visualization of
a variety of markers of cellular integrity and function,
including those of living neurons (N-acetyl com-
pounds comprising mainly N-acetyl aspartate [NAA]
and with contributions also from other N-acetyl com-
pounds, especially N-acetyl aspartyl glutamate), glia
(myo-Inositol [mI]), high-energy metabolic products
(creatine [Cr]), cell membrane synthesis or degradation
(choline [Cho]), plus less well resolved amino acids,
including glutamate and glutamine). Table 1 contains
a brief overview of the MR characteristics and bio-

Fig. 1. Typical human adult 1H Brain spectrum.

chemical roles of the most prominent MRS-detectable
metabolites.

A large number of in vivo studies have been con-
ducted documenting changes associated with AD,
mild cognitive impairment (MCI), and other dementias
[1–8]. These studies range from single voxel acquisi-
tions, in which data are acquired from a single targeted
volume of tissue, to multi-voxel MRSI studies acquir-
ing spectroscopic data from an array of voxels allowing
the assessment of both spectral and spatial variations.
Reduced NAA (or NAA/Cr ratios) and elevated mI
(or mI/Cr ratios) have been the most consistent find-
ings with respect to AD. Similar, though somewhat
smaller effects, seen in individuals with MCI suggest
that MRS may also have a predictive role in identifying
early stage disease. However, to date, there have been
no published studies of 1H-MRS in combination with
confirmed diagnosis as assessed by histopathology at
autopsy.

A summary of the current literature demonstrates
MRSI is a powerful approach for addressing ques-
tions about the neurobiology and neurochemistry of
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Table 1
Commonly observed proton metabolites and their corresponding biochemical roles

Compound Chemical shift Biochemical role

N-acetyl
aspartate
(NAA)

2.0 ppm NAA is only present in living neurons and is thus commonly used as a marker of neuronal density
and viability (i.e. it is absent when neurons die or are absent). Note, the in vivo 2.0 ppm peak, while
primarily comprised of NAA, actually contains contributions from several other N-acetyl
compounds. For this reason the peak is sometimes labeled “NA” or “NAc”.

Creatine (Cre) 3.0, 3.9 The Cre peak reflects the total creatine stores in cells (hence the common notation tCr), and plays a
primary role in maintaining the energy storage systems in cells. Cre levels tend to stay relatively
stable in a variety of conditions and is thus often used as an internal standard for comparison to
other metabolites. There are actual two peaks due to creatine, one at 3.0 and the other at 3.9 ppm
(although the later peak is often lost due to water suppression).

Choline (Cho) 3.2 The bulk of the in vivo Cho peak comes from constituents of phospholipid metabolism of cell
membranes. It has thus been used as a marker for cellular proliferation and density.

myo-Inositol
(mI)

3.6 The biochemical role of myo-Inositol is not fully understood, though some have suggested in may be
used as a glial cell marker. mI levels are relatively high in neonates, and it has also been observed to
be elevated in Alzheimer’s disease (along with decreased NAA).

Glutamine + Glutamate
(Glx)

2.1–2.5 Glutamate is an excitatory neurotransmitter that play a critical role in the action of nerve cells in the
brain. Glutamine plays a role in regulating neurotransmitter activities as well as in detoxification
processes. These two metabolites resonate very close together and often cannot be separated at
fields < 3T (hence the common notation Glx to refer to the sum of these peaks).

Lipids (Lip) 0.9–1.4 Lipids, while common in many tissues in the body, are generally not MRS-detectable in the brain
(lipids found in the brain are generally tightly bound and exhibit very short T2 relaxation times).
Elevated lipids in the brain may reflect necrosis and cellular breakdown products. These signals can
also obscure the measurement of lactate.

Lactate (Lac) 1.3 The signal due to lactate, which actually consists of two closely spaced peaks called a doublet, is an
indicator of anaerobic metabolism. Normal brain tissue typically contains very low levels of
lactate, and elevated lactate is usually an indicator of ischemia or hypoxia.

the living human brain in health and disease and sug-
gests that the MRS observable changes in AD are not
merely an exaggeration of those seen in normal aging.
The method is a safe, noninvasive technique ideal for
longitudinal study, the essential design for character-
izing aging and disease progression. Characterization
of NAA, Cr, Cho, and mI, in particular, may provide
a diagnostic tool, a monitor of disease progression,
and insight into mechanisms of treatment response.
Published data thus support the use of 1H-MRS as an
important adjunct to the clinical evaluation and diag-
nosis of dementia. The value of 1H-MRS has been
especially noteworthy for monitoring disease progres-
sion and identifying group effects for drug trials. How-
ever, the most valuable studies use MRS in conjunction
with other imaging tools, such as structural MRI, tis-
sue segmentation and volumetric analysis, fMRI, and
diffusion tensor imaging (DTI), in order to provide a
multi-parametric assessment of brain tissue structure,
function, and integrity. With the increasing availability
of high field scanners, which yield MRS studies with
improved signal-to-noise ratios and increased spectral
separation, the role of 1H-MRS in the study of aging
and dementia is anticipated to grow in the future.
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Abstract. There is a critical need for reliable diagnosis of Alzheimer’s Disease (AD) at an early stage, as disease modifying
agents are being developed, likely to be most efficient when lesions are minimal. Using Magnetic Resonance Spectroscopy
(MRS), reflecting metabolic change, the NAA/mIno-ratio has been shown to be reduced in AD and to be associated with the
severity of AD pathology on postmortem brain tissue. However, it is not clear if this ratio is reduced in the early stages of AD,
especially within the mesial temporal lobe (MTL), where tau pathology first develops in AD. Within the MTL, neurofibrillary
tangles, related to clinical signs, first affect the anterior subhippocampal cortex, then the hippocampus during the limbic stage.
In the monkey, experimental studies show that the sub-hippocampal cortex is crucial for visual recognition memory (VRM). We
previously found that aMCI-patients that are impaired on a VRM task have features of early AD. We assessed metabolic changes
by measuring NAA/mIno-ratios within the MTL of patients with amnestic MCI (aMCI), at risk for AD, using MRS Imaging.
The MTL was sampled at different levels in order to evaluate its subcomponents. The NAA/mIno-ratio was reduced in the MTL
of aMCI patients. However, while these ratios in aMCI-patients with normal VRM did not differ from controls, the subgroup of
aMCI patients with impaired VRM scores had reduced MTL NAA/mIno ratios. Moreover, VRM performance was correlated
with NAA/mIno levels within the anterior MTL. In addition, clinical follow-up data suggests that patients with impaired VRM
are more likely to develop probable AD and MCI converters were found to have metabolic changes in the MTL at baseline in
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comparison with controls. This confirms that MRS may be useful for the detection of AD at the predementia stage of the disease
and that NAA/mIno could be considered as a further biomarker of AD. Moreover, taking into account the cognitive profile is
crucial in order to select aMCI patients at very high risk for AD. Finally, this study supports the role of anterior MTL structures
in VRM.

Keywords: Alzheimer’s disease, entorhinal cortex, magnetic resonance spectroscopy, mesial temporal lobe, mild cognitive
impairment, MRS, perirhinal cortex, visual recognition memory, DMS48

INTRODUCTION

A reliable diagnosis at the predementia stage of
Alzheimer’s Disease (AD) becomes critical as dis-
ease modifying agents are being developed. These
agents are likely to be most efficient when lesions
are minimal and patients are independent in daily
life. In AD, neurofibrillary tangles (NFT), related
to clinical signs of the disease, initially develop in
the mesial temporal lobe (MTL). Regional pathologic
metabolic change can be assessed using Magnetic
Resonance Spectroscopy (MRS). Several MRS stud-
ies report changes in metabolic patterns in AD at
the stage of dementia, with neuronal loss or dys-
function reflected by a decrease in N-acetylaspartate
(NAA) levels [1], and glial cell activation indicated by
increased myo-Inositol (mIno) levels [2–4]. Combin-
ing the NAA/mIno ratio has been reported to improve
diagnostic accuracy in AD [2]. In addition, the ante-
mortem NAA/mIno ratio was found to be associated
with severity of AD pathology on postmortem brain
tissue [5].

Metabolic changes in patients with mild cognitive
impairment (MCI), patients who are independent in
daily life, while at risk to develop AD, have also been
reported using MRS. Many studies assessed easily
accessible brain regions, such as the posterior cingu-
lar cortex [5–7] or paratrigonal white matter [8]. MRS
studies focusing on the MTL, a brain region that is less
accessible to neuroimaging techniques, but where tau
pathology first appears in AD, have been less conclu-
sive. That a decrease of the concentration of NAA in
the hippocampus can be detected in patients with MCI
using MRS was recently reported by Watanabe et al.
[9]. Other studies also report metabolic changes mainly
concerning NAA levels in voxels that measure metabo-
lites within the MTL in patients with MCI [3, 10, 11].
However, one study reported no metabolic change [12].

In AD, neurofibrillary tangles (NFT) in the MTL
develop in a sequential manner, initially affecting
the anterior subhippocampal cortex (transentorhinal,

entorhinal and perirhinal cortex) before reaching the
hippocampus [13, 14]. Although the difficulty of iden-
tifying boundaries of the entorhinal and perirhinal
cortex, as well as the inter-personal variability of
these anterior subhippocampal structures make it
more difficult to assess than the hippocampus using
neuroimaging techniques, potential non-invasive diag-
nostic tools that could reliably detect change of
the subhippocampal region are currently receiving
increasing interest. Using MRI, several studies demon-
strated atrophy of the entorhinal cortex in predementia
AD [15–20]. However, the assessment of metabolic
changes within the anterior subhippocampal region
using MRS is a technical challenge related to the size
and the topography of the MTL leading to frequent
artifacts.

In order to contribute to early diagnosis of AD, our
group developed a delayed matching to sample task
for human patients based on tasks used in experimental
animals in order to evaluate visual recognition memory
(VRM) and assess the function of the anterior sub-
hippocampal cortex, the DMS48. In previous studies,
we reported that patients failing on the DMS48 had
both clinical [21] and neuroimaging features [22, 23]
of patients with early AD.

We conducted a multi-voxel study in aMCI-patients
using MRSI (Magnetic Resonance Spectroscopy
Imaging), in order to assess NAA/mIno-ratios in
subregions within the MTL, including anterior subhip-
pocampal structures where NFT first develop in AD,
in patients with aMCI. This study was also designed to
determine if impaired VRM in aMCI patients is asso-
ciated with changes of the NAA/mIno-ratio within the
MTL.

MATERIALS AND METHODS

Twenty eight patients with single domain amnestic
MCI [24], defined by a memory complaint, a per-
formance of more than 1.5 SD below the mean of
matched control subjects on delayed free recall of a
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Fig. 1. MRSI slices acquired to sample medial temporal lobe structures in aMCI patients and controls. Schematic representation of the MRSI
ROIs including real point spread function. The gray shade represents the saturation bands used to limit fat bone contamination. The first MRSI
slice was centered on the hippocampus to sample the amygdala and the head of the hippocampus (ROIs 1 and 4), the body of hippocampus
(ROIs 2 and 5) and the tail of the hippocampus (ROIs 3 and 6). The second MRSI slice was contiguous to the first and positioned just below
in order to sample perirhinal/entorhinal cortices and part of the head of the hippocampus (ROIs 7 and 10), the medial parahippocampal cortex
and part of the body of the hippocampus (ROIs 8 and 11), the posterior parahippocampal cortex and part of the tail of the hippocampus (ROI 9
and 12).

verbal memory task, intact activities of daily living and
no impairment in other cognitive domains, included
into the Marseilles memory study (Mms), were stud-
ied. 28 consecutively enrolled control subjects with
normal cognitive functions and no history of systemic,
mental and neurological disorder were also included.
Both, patients and controls underwent a full neuropsy-
chological evaluation followed by MRSI exploration.

Visual recognition memory was assessed using
the DMS48 (delayed matching to sample – 48
items; downloadable for research purposes at
http://www.cerco.ups-tlse.fr/∼DMS48) [21], a VRM
test directly derived from tasks used in animal stud-
ies [25]. In the DMS48, stimuli to be learned consist
of 48 color drawings. Recognition is evaluated after
a 3 minutes delay following the interfering task, and
delayed recognition one hour later. Results reported in
the present study are percentages of correct recogni-
tions after the one-hour delay. A detailed description
of the inclusion and exclusion criteria, as well as the
procedure of used in the DMS48 is provided elsewhere
[26].

aMCI-patients were then subdivided into two
groups, according to their performance on the DMS48,

defining the cut-off of impaired performance at 1.5 SD
below the mean of age matched controls [21].

In order to evaluate outcome, 22 patients were
assessed clinically 6 years after the inclusion into the
study. Two patients died before the 6 year follow-up
due to acute diseases that were unrelated to their mem-
ory dysfunction.

MRSI

MR explorations were performed on a 1.5T MR
scanner after inclusion into the study (Magnetom
Vision Plus system, Siemens, Erlangen, Germany).
The spectroscopic examination consisted of two
2D-MRSI slices acquired in the axial bihippocam-
pal plane (Fig. 1) at two levels: the first slice
was centered on the hippocampal formation (10 mm
thickness) and the second was contiguous to the
first but located 10 mm below including anterior
subhippocampal tissue (Figure 1). MRSI acquisi-
tions consisted in home-designed Hamming shape
acquisition–weighted, inversion recovery (IR) 2D-SE
pulse sequences (TI/TE/TR=150ms/22ms/1500ms;
slice thickness 10 mm; FOV = 240 mm, 21 x 21 encod-

http://www.cerco.ups-tlse.fr/$~$DMS48
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ing steps leading to 524 free induction decays; acquired
in 11 min 27 s) with outer volume suppression scheme
[27, 28]. There were 5 repetitions at the center of
the k-space. The signal to noise ratio was 22,5 +/-
6.9. Full and widths at half maximum of the peak™fs
height (FWHM) were 6.3 +/- 2.7 Hz. The IR scheme
was used in order to minimize the contribution of fat
scalp in the spectra. All radiofrequency pulses were
optimized and generated using the Matpulse software
[29]. The spatial resolution was defined as the width
of the spatial response function at 64% of maximum
voxel volume of 5.7 ml [30, 31]. Due to the pseudo
circular spatial k sampling, voxel shape was cylin-
drical, resulting in an effective resolution of 22 mm
of diameter. The water/lipid suppression scheme was
implemented according to Tkac et al. [32] with outer
volume saturation and chemical selection saturation
scheme to suppress scalp fat and water signals, respec-
tively. Automatic (mapshim) and manual shimming
was performed on the water signal in the slice of inter-
est. Measurement was conducted after optimization
(frequency and pulse intensity) of the water suppres-
sion scheme.

Regions of interest (ROIs) for spectroscopic anal-
yses within the MTL were delineated in ROIs in the
bi-hippocampal plane at two levels. The first slice was
centered on the hippocampal formation because of evi-
dence for metabolic change in this area from studies in
AD [1, 12] and MCI [3, 10] using MRSI and because
NFT in the hippocampal formation have been reported
in patients with AD at the stage of MCI [33]. Because
of evidence for an antero-posterior gradient in the dis-
tribution of NFT within the hippocampus, NFT first
appearing in the CA1 subfield [34] most represented
in the hippocampal head and a differential implica-
tion of the anterior and the posterior hippocampus in
declarative memory [35], as well as within MTL net-
works [36], several ROIs were placed along its long
axis (Figure 1). The second MRSI slice was contigu-
ous to the first and positioned just below in order to
sample metabolites in the perirhinal/entorhinal cor-
tices because of evidence for neurofibrillary tangles
in transentorhinal, perirhinal and entrorhinal cortex in
Braak and Braak’s stage I of AD [13, 14] and these
anterior subhippocampal areas are involved in VRM
[23, 25, 37, 38]. For comparative reasons, we also
sampled the medial parahippocampal cortex and the
parahippocampal cortex, since these regions are not
involved in VRM [39, 40] while being implicated in
a posterior MTL network [36] (Figure 1). However,
because of the technical challenge related to the assess-

ment of the anterior subhippocampal areas and the
parahippocampal gyrus with MRSI due to its small size
and neighboring structures causing artifacts, all ROIs
of the second MRSI slice included some additional
signal from the hippocampal formation.

The metabolic ratio NAA/mIno was determined
because of evidence for a high diagnostic accuracy
using this ratio in AD [2] and the association of
NAA/mIno ratio with Braak and Braak stages in a
correlative neuropathological study [5], as well as
correlations of cognitive measures reflecting disease
severity with this ratio [1, 3].

RESULTS

12 aMCI-patients had normal DMS48 scores
(DMS+), while performance on the DMS48 was
impaired in 16 patients (DMS-). Demographical and
clinical data is displayed in Table 1. Patients with aMCI
were significantly older than controls. As expected,
aMCI patients differed significantly from controls on
the Mini Mental State Examination (MMSE), a global
assessment of cognitive function and all tasks evaluat-
ing memory.

The aMCI-patient subgroup with impaired perfor-
mance on the DMS48 (DMS-) did not differ from that
of controls concerning age. MMSE differed from con-
trols, as expected. However, the aMCI subgroup with
normal performance on the DMS48 (DMS+) was sig-
nificantly older than controls. MMSE differed from
controls for both subgroups. The two subgroups of
aMCI-patients did not differ concerning age or gender.
MMSE did not differ between the subgroups either.

Amongst the 22 patients available for clinical
follow-up, 11 patients fulfilled NINCDS-ADRDA cri-
teria for AD [41]. 6 of the patients still fulfilled criteria
for MCI (Table 2). 5 patients, although still complain-
ing of memory loss, regained normal scores on tasks
evaluating memory. Below cut-off performance on the
DMS48 at baseline (i.e., 1.5 SD below the mean of
controls) predicted conversion to AD at 6 year with a
sensitivity of 81.8 %, and a specificity of 81.8 %.

Compared with controls and controlling for age, we
found a decreased NAA/mIno ratio in patients with
aMCI in the right body of the hippocampus (Table 3).
However, only the subgroup of aMCI-patients with
impaired VRM showed a decrease in NAA/mIno in
the right hippocampal body and in the region contain-
ing the left head of the hippocampus and the amygdala,
as well as in the region containing the left anterior sub-
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Table 1
Demographic and neuropsychological data of patients and controls at the time of scan

Controls aMCI aMCI aMCI
subgroup DMS48+ subgroup DMS48−

N 28 28 12 16
Women/men 13/15 16/12 7/5 9/7
Age in years 63.3 (7.2) 69.3 (8.6)* 72.1 (9.1)* 67.3 (7.8)
MMSE 28.9 (1.0) 27.4 (1.4) * 27.7 (1.7)* 27.2 (1.2)*
Assessment of memory
DMS48 (max = 100%) 98% (3%) 87% (10%)* 95% (3%)* 82% (9%)*a

Delayed free recall of words (max = 16) 13.1 (1.7) 5.3 (3.1)* 6.8 (2.5)* 4.2 (3.1)*a

Cueing efficiency (max = 100%) 89% (22%) 74% (22%)* 86% (12%) 66% (24%)*a

Intrusions during recall 0.8 (1.2) 4.3 (5.2) * 1.8 (2.1) 8.2 (8.5)*a

Assessment of executive functions
WMS-III digit span scaled score 10.6 (3.2) 9.4 (2.9) 9.7 (3.1) 9.1 (2.7)
Verbal fluency “P” in 2 mn 26.9 (7.1) 17.4 (4.7) * 19.5 (4.5)* 15.8 (6.2) ∗a

Verbal fluency repetition 0.37 (0.69) 0.61 (0.96) 1.17 (1.19)∗ 0.19 (0.40)
MCST– categories (max = 6) n/a 4.8 (1.2) 4.8 (1.4) 4.7 (1.0)
MCST – errors n/a 19.39 (12.1) 21.5 (12.8) 17.8 (11.6)
Picture naming (max = 80) 79.7 (0.6) 79.3 (1.3) 78.7 (1.8) 79.6 (0.9)

Mean, SD in brackets. n/a: not available. *p < 0,05 relative to controls; a p < 0.05 aMCI succeeding on the DMS48
relative to MCI failing on the DMS48. DMS48+: aMCI subgroup with normal performance on the DMS48.
DMS48-: aMCI subgroup with impaired performance on the DMS48. MCST: Modified Card Sorting Test.

Table 2
Follow-up data on conversion 6 years after the inclusion into the

study

aMCI subgroup aMCI subgroup
DMS48+ DMS48−

N 12 16
Converters 2 9
Non-converters 9 2
Follow-up scheduled 0 4

Converters: patients with probable AD fulfilling NINCDS-ADRDA
criteria for AD (McKhann et al. 1984). Non-converters: patient
not fulfilling NINCDS-ADRDA criteria for AD (McKhann et al.
1984). DMS48 +: aMCI subgroup with normal performance on the
DMS48. DMS48−: aMCI subgroup with impaired performance on
the DMS48.

hippocampal cortex, compared with controls (Table 3).
By contrast, aMCI-patients with normal performance
on the VRM task showed no significant difference
of NAA/mIno levels relative to controls (Table 3).

Moreover, a correlation between performance on the
DMS48 and NAA/mIno-ratios was observed the ROI
containing anterior subhippocampal cortex on both the
left and the right side, as well as for the left anterior
hippocampus.

In addition, aMCI patients who later developed
AD (aMCI converters) were found to have decreased
NAA/mIno-ratios in the region that contains the left
head of the hippocampus and the amygdala as well as
the right body of the hippocampus when compared to
a group of age matched controls (Table 4).

DISCUSSION

We found that it is possible to detect reduced
NAA/mIno levels, associated with AD pathology,
within the MTL in patients with aMCI using MRSI.
Moreover, when performance on a VRM memory task

Table 3
NAA/mIno-ratios in the aMCI-group, as well as aMCI-subgroups

Controls all aMCI aMCI DMS− aMCI DMS+
(n = 28) (n = 28) (n = 16) (n = 12)

# Location
ROI 1 L amygdala/head of HF 1.60 (0.72) 1.3 (0.56) 1.25 (0.28) ∗∗ 1.58 (0.78)
ROI 5 R body of HF 2.48 (0.50) 2.16 (0.49) ∗ 2.07 (0.49) ∗∗ 2.29 (0.48)
ROI 7 L PC–ER cortices 1.74 (0.40) 1.53 (0.33) 1.48 (0.30) ∗∗ 1.63 (0.41)

Mean, SD in brackets. Only results for regions with NAA/mIno-ratios that differ significantly across groups/subgroups
are reported.; DMS48+: aMCI subgroup with normal performance on the DMS48. DMS48-: aMCI subgroup with
impaired performance on the DMS48. L = left, R = right, EC = entorhinal cortex, PC = perirhinal cortex, HF =
hippocampal formation, ROI = region of interest.; ∗ Significantly different from controls using ANOVA with group
and age and as variables.; ∗ ∗ Significantly different from controls (Mann-Whitney U test).
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Table 4
MCI-converters compared to controls

Controls aMCI converters p∗
(n = 14) (n = 11)

Age 70.14 (4.38) 73.55 (4.59) ns
ROI 1 L amygdala/ 1.74 (0.99) 1.16 (0.23) < 0.05

head of HF
ROI 5 R body of HF 2.61 (0.50) 2.13 (0.40) < 0.05

Converters: patients with probable AD fulfilling NINCDS-ADRDA
criteria for AD (McKhann et al. 1984). Mean, SD in brackets. The
control group for this comparison consisted of a subset of controls
that were matched for age with the aMCI converters. Only results
for regions with NAA/mIno-ratios that differ significantly across
groups/subgroups are reported. L = left, R = right, EC = entorhinal
cortex, PC = perirhinal cortex, HF = hippocampal formation, ROI =
region of interest. ∗ Mann-Whitney U test.

was taken into account, metabolic change in several
regions of the MTL was only found in a subgroup of
aMCI patients failing on this task designed to assess the
function of the anterior subhippocampal region, where
tau pathology first appears in AD. NAA/mIno levels
were also reduced in the MTL of aMCI-patients who
later developed AD. In addition, performance on the
DMS48 was correlated with the NAA/mIno ratio of
anterior MTL structures, confirming that the anterior
MTL is involved in VRM.

NAA/mIno levels are reduced in the MTL
of aMCI patients

Metabolic change within the MTL has inconsis-
tently been reported in patients with MCI using MRSI.
Watanabe et al. [9] recently demonstrated that a
decrease of the absolute concentration of NAA can
be detected using MRS in the hippocampus bilater-
ally in patients with MCI. Assessing MTL structures,
NAA related metabolic changes were also reported by
other groups [3, 10], but a recent multicenter study
found no metabolic change in the MTL of MCI patients
[12]. This was partly attributed to a selection bias,
suggesting that the low threshold in the inclusion
criteria might have led to the inclusion of a large pro-
portion of patients without underlying degenerative
disease Our findings confirm that metabolic changes
can be detected in the MTL as early as the stage
of single domain amnestic MCI (or in cognitively
impaired but not-demented patients), as previously
reported for NAA [9, 11]. Moreover, these changes
were also found in aMCI patients who later developed
probable AD.

Metabolic changes on MRSI in the aMCI subgroup
failing on the DMS48

Patient selection using appropriate neuropsycho-
logical tasks also appears to be crucial. When
aMCI-patients were separated into subgroups on the
basis on their performance on a VRM-task, metabolic
change in several regions of the MTL was only found
in the aMCI subgroup with impaired VRM, compared
to controls. In this subgroup, reduced NAA/mIno lev-
els were detected in the left anterior hippocampus and
a region that contains the anterior subhippocampal
region, where NFT first appear in AD. If metabolic
change had been restricted to this lower region contain-
ing anterior subhippocampal metabolites, this could
have been in favor of specific subhippocampal changes.
However, because of the overlap with signal emerg-
ing from the hippocampal formation in this region of
interest, and since reduced NAA/mIno levels were also
found in the adjacent region sampling the head of the
hippocampus, it is uncertain whether these changes
are related to the anterior subhippocampal region only.
Further MRSI studies using higher magnetic fields,
with a better spatial resolution, may be able to iden-
tify metabolic changes related to neuropathological
lesions in the entorhinal and perirhinal cortex more
reliably. Within the hippocampus, reduced NAA/mIno
ratios within the left head and the right body could be
related to neuropathological change in the CA1 field of
the hippocampus, where changes have been described
in the early stages of AD in both neuropathologi-
cal [34] and neuroimaging studies [42]. As expected,
there was no reduction of the NAA/mIno ratio in the
tail of the hippocampus and the posterior parahip-
pocampal gyrus. No metabolic anomalies were found
in the aMCI subgroup succeeding on the VRM task
compared with controls. Although this subgroup was
significantly older than the controls, age is unlikely
to account for the present findings, since pathological
changes would be expected to increase with age. Also,
there was no correlation of metabolic ratios with age.
Distinct metabolic patterns in the two subgroups of
aMCI-patients could not be explained by a difference
in severity of cognitive decline, since mean MMSE
scores did not differ either.

Metabolic AD-related changes

It is likely that reduced NAA/mIno ratios in the
present study are AD related, since not only aMCI-
patients with impaired VRM, but also those who later
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developed AD had reduced NAA/mIno levels. This is
consistent with the NAA/mIno ratio being associated
with severity of AD pathology on postmortem brain
tissue [5]. Decreased NAA is a marker of neuronal
dysfunction or axonal injury, due to impaired mito-
chondrial metabolism, while elevated mIno levels are
associated with glial activation [2]. In AD, a decrease
of NAA combined with an increase in mIno is thought
to reflect neuronal loss combined with replacement
through gliosis. In line with the findings of the present
study, reductions of the NAA ratio or of NAA/Cr lev-
els have previously been reported in MCI-patients who
later declined to AD [43–45] and in patients with
probable AD [1–3, 10, 12]. Increased mIno has been
reported in the white matter of patients with MCI and
AD [8, 46, 47]. This is in line with the suggestion that
NAA/mIno ratios [5] or NAA measures [12] could be
additional biomarker candidates for AD.

Performance on the DMS48 is associated with
NAA/mIno levels in an anterior MTL network

The association of performance on the VRM mem-
ory task with NAA/mIno levels supports the role of
anterior MTL structures in VRM. Performance on a
VRM task was correlated with NAA/mIno in the MTL
lobes, with both, the region containing metabolites
from the anterior subhippocampal cortex and the ante-
rior hippocampal formation. A functional relationship
between NAA/mIno ratios or the NAA/Cr-ratio with
cognitive function or disease severity is supported by
several studies [1, 2, 48]. It is possible that this is related
to the fact that the neural basis of the impairment on
the VRM-task in aMCI patients implicates an ante-
rior MTL network that includes both the perirhinal
cortex and the anterior hippocampus, as recently sug-
gested by a study using resting state functional MRI
[36]. That no correlation was found in the posterior
parahippocampal gyrus and more posterior structures
within the hippocampal formation is consistent with
studies using experimental animals [39] and patients
with focal lesions suggesting that the posterior MTL
is not involved in VRM [40].

The assessment of visual recognition memory
contributes to the diagnosis of AD in patients
with aMCI

Metabolic changes in the MTL of aMCI patients
failing on the DMS48 confirms previous findings that
suggested that aMCI patients with impaired VRM may

be at particularly high risk for AD [21–23]. On SPECT,
Guedj and collaborators [22] found hypoperfusion in
the MTL, the posterior cingulate and the temporo-
parietal cortices in a subgroup of aMCI patients with
impaired VRM, a profile that is commonly found in
early AD [49, 50]. Using Voxel Based Morphometry,
aMCI-patients who fail on the VRM-task have been
found to display gray matter loss in the MTL and
temporo-parietal cortex [23], an imaging profile also
reported in early AD [51–53]. Although not specifi-
cally investigated, a number of studies report deficits on
tasks evaluating visual recognition memory in patients
with AD [54], including the earliest stages of AD and
patients with MCI [55–59].

Clinical follow-up for 22 patients who have been
followed over 6 years indicates that assessing VRM
using the DMS48 can identify early AD in patients with
aMCI with a sensibility and specificity of both 81.8%.
Considering the small group of subjects, the predictive
value appears high. This adds to neuropsychological
and imaging findings that suggest that these patients
may be those who will ultimately develop AD. How-
ever, this should be confirmed in studies with larger
numbers of subjects, CSF assessing biomarkers for
AD, as well as amyloid PET or neuropathological data
that could provide additional evidence for AD pathol-
ogy in these patients, since the combined use of these
measures is most likely to predict AD in patients with
aMCI [60].

The conversion rate in the present study of about
40% over the 6 year follow-up does appear low and
the proportion of aMCI patients who did not convert to
AD during the 6 year follow-up of 40% relatively high.
However, conversion rates vary considerably across
studies. Several studies found that patients with MCI
do not develop dementia even after a long clinical
follow-up [61]. The etiology of the memory dys-
function of the non-converters of the present study
remains to be determined and is likely to be hetero-
geneous. Some patients in this group may still convert
to AD after the 6 year follow-up, since the inclusion of
patients with single domain amnestic MCI may lead
to an overrepresentation of patients with AD due to
focal mesial temporal lobe dysfunction with a slow
rate of cognitive decline [62, 63]. In some patients,
minor depression could be responsible for the memory
disorder, while others may suffer from hippocampal
sclerosis. In addition, despite our attempts to exclude
patients with cardiovascular disease, it is also possi-
ble that some patients may have minor microvascular
change.



568 M. Didic et al. / MRSI Detects Changes in the MTL of aMCI Patients

Taken together, the findings of the present study
indicate that it appears crucial to integrate the type
of memory impairment in early diagnosis of AD, as
previously suggested [64]. In addition, early diagno-
sis of AD should not only take into account changes
concerning the hippocampus, but also those resulting
from dysfunction of the subhippocampal region. Neu-
ropsychological tasks designed to evaluate brain areas
where degenerative change causes dysfunction could
be considered as biomarkers reflecting neural dysfunc-
tion on a clinical level. In this context, assessing the
function of the subhippocampal region through VRM
may critically contribute to early diagnosis of AD.

CONCLUSIONS

It is possible to detect metabolic changes, likely to
be related to AD pathology, within the MTL in patients
with aMCI using Magnetic Resonance Spectroscopy.
However, further MRSI studies using higher magnetic
fields, with a better spatial resolution, should be con-
ducted in order to identify metabolic changes related to
neuropathological lesions in the entorhinal and perirhi-
nal cortex, where tau pathology first appears, more
reliably. Moreover, patient selection in a heterogeneous
patient group as aMCI, using appropriate neuropsycho-
logical tasks, is crucial. This is consistent with previous
findings that suggest that aMCI patients with impaired
VRM are at particularly high risk for AD.

ACKNOWLEDGMENTS

This study was supported by AP-HM PHRC
2001/54, France Alzheimer, INSERM U751 and
CNRS (UMR 6612). M.D. received a Marie Curie
Research Training grant from the European Com-
mission (BMH4CT965032). We would like to thank
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Abstract. Alzheimer’s disease is the most common form of neurodegenerative disorder and early detection is of great importance
if new therapies are to be effectively administered. We have investigated whether the discrimination between early Alzheimer’s
disease (AD) and elderly healthy control subjects can be improved by adding magnetic resonance spectroscopy (MRS) measures
to magnetic resonance imaging (MRI) measures.

In this study 30 AD patients and 36 control subjects were included. High resolution T1-weighted axial magnetic resonance
images were obtained from each subject. Automated regional volume segmentation and cortical thickness measures were
determined for the images. 1H MRS was acquired from the hippocampus and LCModel was used for metabolic quantification.
Altogether, this yielded 58 different volumetric, cortical thickness and metabolite ratio variables which were used for multivariate
analysis to distinguish between subjects with AD and Healthy controls. Combining MRI and MRS measures resulted in a
sensitivity of 97% and a specificity of 94% compared to using MRI or MRS measures alone (sensitivity: 87%, 76%, specificity:
86%, 83% respectively). Adding the MRS measures to the MRI measures more than doubled the positive likelihood ratio from
6 to 17.

Adding MRS measures to a multivariate analysis of MRI measures resulted in significantly better classification than using
MRI measures alone. The method shows strong potential for discriminating between Alzheimer’s disease and controls.

Keywords: MRS, MRI, OPLS, AD, multivariate analysis

INTRODUCTION

Multivariate analysis provides the opportunity to
analyze many variables simultaneously and observe
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sitetssjukhuset, Novum, Plan 4, 141 86 Stockholm, Sweden. Tel.:
++46 73 655 5179; Fax: ++46 8 517 761 11. E-mail: eric.westman@
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inherent patterns in the data. Methods like princi-
pal component analysis (PCA), Partial least square to
latent structures (PLS) and orthogonal PLS (OPLS)
are efficient, robust and validated tools for modelling
complex biological data [1].

Alzheimer’s disease (AD) is one of the most
common forms of neurodegenerative disorders. The
clinical symptoms of AD include gradual loss of cog-
nitive functions and AD is largely a disorder of the
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elderly with a small percentage of non-age-related AD
cases being familial and secondary to specific gene
mutations.

Magnetic resonance imaging (MRI) is a non-
invasive method which has been widely studied for
early detection and diagnosis of AD [2–4]. In particu-
lar early changes in hippocampus and entorhinal cortex
have been demonstrated using MRI [5–9]. These early
changes are consistent with the underlying pathology
of AD but it is not yet clear which measures are most
useful for early diagnosis [2]. Due to the complexity of
this disorder measures of single structures from MRI
are probably not sufficient for accurate diagnosis at
the early stages of the disease. The most common way
of describing the spread of atrophy in AD is accord-
ing to the neurofibrillary tangle spread described by
Braak and Braak [10]. It has also been proposed that
the pattern of atrophy can progress in other ways,
where the hippocampus and entorhinal cortex are not as
affected [11]. By combining different measures of atro-
phy using multivariate methods we might gain a better
understanding of the natural history of the disease.

Magnetic resonance spectroscopy (1H-MRS) pro-
vides useful information on the neurochemical profile
of different neurodegenerative diseases [12, 13] from
defined target volumes in vivo. The metabolites
measured represent different aspects of the patholog-
ical processes in AD [13]. Examples of measurable
metabolites are N-acetylaspartate (NAA), a marker for
neuronal density and/or function, myo-inositol (mI),
a marker for astrogliosis and/or osmotic stress and
choline (Cho), a marker for cell membrane turnover
and degradation [14]. Brain metabolites are sensitive to
pathological processes in neurodegenerative disorders
such as AD [13].

Other MR modalities which can be used for the
study of AD include diffusion MRI which mea-
sures microstructural changes in white matter [15],
functional MRI which measures brain function using
BOLD contrast [16], arterial spin labelling which mea-
sures the perfusion of blood [17] and MR-relaxometry
which characterizes T1 and T2 relaxation times of tis-
sue [18].

McEvoy et al. have previously shown with a largely
automated image analysis pipeline that using mul-
tiple MRI measurements of regional volumes and
regional cortical surface measurements in combination
with multivariate analysis is useful in distinguishing
between subjects with Alzheimer’s disease and healthy
controls [19]. This indicates that a combination of dif-
ferent MRI measures may prove to be more useful

than hippocampal or entorhinal cortex measures alone
for early detection of Alzheimer’s disease. The use of
automated measures may in particular have advantages
when it comes to widespread uptake in either clinical
or research practice. Several other studies have uti-
lized different multivariate techniques including OPLS
to analyze MR-data [20–26]. Alzheimer’s disease is
a complex disorder and one biomarker is probably
not enough to establish a correct diagnosis. Therefore
we wanted to investigate the potential of combining
different MRI measures (i.e. regional volumes and
regional cortical thickness measures) with MRS mea-
sures. OPLS was chosen to analyze the large number of
variables generated from the different MR-modalities.
The aim of this study was to investigate whether adding
MRS measures to a battery of automated structural
MRI measures would further improve the ability to dis-
tinguish patients with AD from healthy controls using
multivariate data analysis.

MATERIAL AND METHODS

Study data and inclusion and diagnostic criteria

Thirty patients with Alzheimer’s disease and 36
healthy volunteers were included in this study who
had both MRI and hippocampal MRS. Table 1 gives
the demographics of the study cohort. The study pop-
ulation was derived from a largely community-based
population of subjects with AD and healthy elderly
people [Alzheimer’s Research Trust (ART) cohort]
[27]. Community or nursing home resident cases with
NINCDS-ADRDA (The National Institute of Neuro-
logical and Communicative Disorders and Stroke - the
Alzheimer’s disease and related Disorders Associa-
tion) probable-AD were identified from secondary care

Table 1
Subject characteristics

Variable AD CONTROL

Number 30 36
Gender (female/male) 15/15 22/14
Mean age (SD) 77,3 (5,0) 76,5 (5,1)
Mean MMSE (SD) 23,1 (3,6) 29,4 (0,7)
Mean GDS (SD) 4,0 (0,7) –
Mean duration of disease

(years; SD) 4,3 (2,3) –
Mean years of education

(years; SD) 11,2 (3,1) 11,7 (3,2)

Data are represented as average ± standard deviation. AD = Alz-
heimer’s Disease, CONTROL = healthy controls, MMSE = Mini
Mental State Examination and GDS = Global Dementia Scale.
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services for elderly people with dementia. In addition
to a clinical diagnosis, subjects were assessed with a
standardised assessment protocol including informant
interview for diagnosis, MMSE and Global Dementia
Scale (GDS) assessments for severity. Healthy volun-
teers were recruited from non-related members of the
patient’s families, caregiver’s relatives or social cen-
tres for the elderly. The inclusion and exclusion criteria
were as follows.

Alzheimer’s disease

Inclusion criteria: (1) ADRDA/NINCDS and DSM-
IV criteria for probable Alzheimer’s disease. (2) Mini
Mental State Examination score range between 12
and 28. (3) Age 65 years or above. Exclusion crite-
ria: (1) Significant neurological or psychiatric illness
other than Alzheimer’s disease. (2) Significant unstable
systematic illness or organ failure.

Controls

Inclusion criteria: (1) Mini Mental State Examina-
tion score >26. (2) Geriatric Depression Scale score
less than or equal to 5. (3) Age 65 years or above.
(4) Medication stable. (5) Good general health. Exclu-
sion criteria: (1) Meet the DSM-IV criteria for
Dementia. (2) Significant neurological or psychiatric
illness other than Alzheimer’s disease. (3) Significant
unstable systematic illness or organ failure.

Although additional subjects had MRI only the
cohort considered here did not differ statistically from
the larger cohort. MRI and MRS measures were not
a part of the clinical evaluation and therefore did
not influence the diagnostic decision. This study was
approved by the South London and Maudsley NHS
Trust research ethics committee.

MRI and MRS acquisition

Subjects were scanned using a 1.5 Tesla, GE NV/i
Signa MR system (General Electric, Milwaukee, WI,
USA) at the Maudsley Hospital, London. 3D T1-
weighted volume images were acquired in the axial
plane with 1.5-mm contiguous sections using acquisi-
tion parameters chosen using a contrast simulation tool
[28]. Repetition time (TR) was 13.8 ms, inversion time
(TI 450 ms, echo time (TE) 2.8 ms, and the flip angle
was 20◦ with one data average and a 256 × 256 × 124
voxel matrix. Acquisition time was 6 min, 27 s. 1H-

MRS voxels of interest measuring 20 × 20 × 15 mm3

(6 mL) were defined in standard locations in the left and
right hippocampi using previously published methods
[29]. We chose hippocampal regions of interest as this
is one of the earliest sites of change in Alzheimer’s
disease. The anterior extent of the voxel was defined
as the coronal slice where the amygdala disappeared,
with the posterior extent 20 mm from this (Fig. 1A).
The hippocampal volume of interest contained both
grey and white matter and included the parahippocam-
pal gyrus and the posterior portion of the amygdala. A
point resolved spectroscopy (PRESS) pulse sequence
(TE 35 ms, TR 1500 ms, 256 data averages and 2048
points) with automated shimming and water suppres-
sion and excellent reproducibility [30] was used to
obtain spectra from each voxel after CHESS water
suppression with high signal to noise ratio and clearly
resolved NAA, Cho, mI and Cr + PCr peaks among
other metabolites. Not all subjects had spectral data
from both left and right hippocampus. No signifi-
cant differences were found in the metabolic content
between the right and the left side of hippocampus.
Therefore, we averaged the metabolic ratios from the
left and right hippocampus from the subjects which
had data from both hemispheres.

MRI data analysis

Freesurfer (version 5.0.0), a highly automated struc-
tural MRI image processing pipeline was utilised
for data analysis. The pipeline produces regional
cortical thickness and volumetric measures. Cor-
tical reconstruction and volumetric segmentation
includes removal of non-brain tissue using a hybrid
watershed/surface deformation procedure [31], auto-
mated Talairach transformation, segmentation of the
subcortical white matter and deep grey matter volu-
metric structures (including hippocampus, amygdala,
caudate, putamen, ventricles) [31–33] intensity nor-
malization [34], tessellation of the grey matter white
matter boundary, automated topology correction [35,
36], and surface deformation following intensity
gradients to optimally place the grey/white and
grey/cerebrospinal fluid borders at the location where
the greatest shift in intensity defines the transition
to the other tissue class [37–39]. Once the cortical
models are complete, registration to a spherical atlas
takes place which utilizes individual cortical folding
patterns to match cortical geometry across subjects
[40]. This is followed by parcellation of the cerebral
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Fig. 1. (A) Representative axial T1-weighted magnetic resonance image of an AD patient illustrating the location of 1H-MRS voxel in the left
hippocampus (B) Representative spectrum and model fit from LCModel output.

cortex into units based on gyral and sulcal structure
[41, 42]. Fig. 2A and B show representations of ROIs
included as candidate input variables in the multivari-
ate OPLS model. All volumetric measures from each
subject were normalized by the subject’s intracranial
volume. This segmentation approach has previously
been used for neuropsychological-image analysis [43,
44], imaging-genetic analysis [45–47] and biomarker
discovery [48, 49].

MRS data analysis

The software package LCModel (http://www.s-
provencher.com) [50, 51] was used for the analysis of
the spectra. Fig. 1B shows a representative LCModel
output, a spectrum with the model fit. The LCModel
algorithm applies linear combinations of individ-
ual metabolite signals to calculate the best fit of
the experimental spectra to the model spectra. In
this case, a basis set of alanine, aspartate, crea-
tine, gamma-aminobutyric acid (GABA), glutamine,
glutamate, glycerophosphocholine, mI, lactate, NAA,
N-acetyl-aspartylglutamate (NAAg), scyllo-inositol,
and taurine, together with a baseline function were
used for analysis. As expected, many of the metabo-
lite peaks included in the LC-model did not reach
statistical significance when fitted; however those for

NAA, mI, Cr + PCr and Cho did reach significant
for all spectra. Metabolite concentration ratios rel-
ative to creatine + phosphocreatine (Cr + PCr) were
calculated as applied by others [52, 53]. To ensure
that differences in tissue composition did not account
for metabolite differences between subject groups,
we segmented the 3-D T1 weighted volume using
SPM (Statistical Parametric Mapping) software (http://
www.fil.ion.bpmf.ac.uk/spm) to determine the per-
centage of grey and white matter and CSF composition
within each MRS voxel. The metabolite concentrations
reported by LCModel were divided by the fractional
content of brain tissue (p[GM] + p[WM], where p[GM]
and p[WM] represent the percentage of grey matter
and white matter in the voxel, respectively) to correct
for the relative proportion of cerebrospinal fluid (CSF)
in the MRS voxel (mean(SD) for AD = 0.10(0.04)
and for controls = 0.16(0.07), p = 7.2e-6). The fraction
p[GM] was calculated for each subject to inves-
tigate if there were any significant differences in
gray content between AD patients and control sub-
jects in the MRS voxels. No significant differences
were observed (mean(SD) for AD = 0.62(0.07) and for
controls = 0.65(0.06), p = 0.60). The metabolite ratios
included in the study were: myo-inositol (mI/Cr + PCr),
choline-containing compounds (Cho/Cr + PCr) and
N-acetylaspartate + N-acetylaspartylglutamate (NAA
+ NAAG/Cr + PCr).

http://www.s-provencher.com
http://www.fil.ion.bpmf.ac.uk/spm
http://www.fil.ion.bpmf.ac.uk/spm
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A

B

Fig. 2. Representations of ROIs included as candidate input variables in the multivariate OPLS model. (A) Regional volumes. (B) Regional
cortical thickness measures.

Multivariate data analysis

MRI measures were analyzed using orthogonal par-
tial least squares to latent structures (OPLS) [1, 24,
54–56], a supervised multivariate data analysis method
included in the software package SIMCA (Umetrics
AB, Umea, Sweden). A very similar method, partial
least squares to latent structures (PLS) has previously
been used in several studies to analyze MR-data [23,
25, 26, 57, 58]. OPLS and PLS are very similar meth-
ods and when performed, give the same predictive
accuracy. The advantage of OPLS compared to PLS
is that the model created to compare groups is rotated.
This means that the information related to class sep-
aration is found in the first component of the model,
the predictive component. The other orthogonal com-
ponents in the model, if any, relate to variation in
the data not connected to class separation. Focusing
the information related to class separation on the first
component makes data interpretation easier [1].

Pre-processing was performed using mean centring
and unit variance scaling. Mean centring improves the
interpretability of the data, by subtracting the variable
average from the data. By doing so the data set is repo-
sitioned around the origin. Large variance variables
are more likely to be expressed in modeling than low
variance variables. Consequently, unit variance scaling
was selected to scale the data appropriately. This scal-
ing method calculates the standard deviation of each
variable. The inverse standard deviation is used as a
scaling weight for each MR-measure.

The results from the OPLS analysis are visualized
in a scatter plot by plotting the predictive compo-
nent, which contains the information related to class
separation. Components are vectors, which are linear
combinations of partial vectors and are dominated by
the input variables (x). The first and second compo-
nents are by definition orthogonal to each other and
span the projection plane of the points. Each point
in the scatter plot represents one individual subject.
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The predictive component receives a Q2(Y) value
that describes its statistical significance for separating
groups. Q2(Y) values >0.05 are regarded as statisti-
cally significant and a model with a Q2(Y) value >0.5
is regarded as good [59].

Q2(Y) = 1 − PRESS/SSY

PRESS (predictive residual sum of squares) =
�(yactual−ypredicted)2 and SSY is the total variation
of the Y matrix after scaling and mean centring [59].
Q2(Y) is the fraction of the total variation of the Ys
(expected class values) that can be predicted by a
component according to cross validation (CV). Cross
validation is a statistical method for validating a pre-
dictive model which involves building a number of
parallel models. These models differ from each other
by leaving out a part of the data set each time. The data
omitted is then predicted by the respective model. In
this study we used seven fold cross-validation, which
means that 1/7th of the data is omitted for each cross-
validation round. Data is omitted once and only once.
Variables were plotted according to their importance
for the separation of groups. The plot shows the MRI
measures and their corresponding jack-knifed confi-
dence intervals. Jack-knifing is used to estimate the
bias and standard error. Measures with confidence
intervals that include zero have low reliability [1].
Covariance is plotted on the y-axis.

Cov(t, Xi) = tTXi/(N − 1)

Where t is the transpose of the score vector t in
the OPLS model, i is the centered variable in the data
matrix X and N is the number of variables [1]. A mea-
sure with high covariance is more likely to have an
impact on group separation than a variable with low
covariance. MRI and MRS measures below zero in the
scatter plot have lower values in controls compared
to AD subjects, while MRI and MRS measures above
zero are higher in controls compared to AD subjects in
the model.

Altogether 58 variables were used for OPLS anal-
ysis. No feature selection was performed, meaning
all measured variables were included in the analysis.
Three OPLS models were created. The first model con-
tained MRS measures, the second model contained
MRI measures and the third model combined both MRI
and MRS measures. OPLS has previously been used to
combine measures from different techniques [54, 56].

Models containing age, gender and education were
also created to test if there were any significant differ-

ences between the groups in these measures. Finally
we also investigated whether age, gender and educa-
tion would increase the predictive power of the models
using them as x-variables. As the models demonstrated
no effect of age, gender and education these were
excluded from further analysis.

The sensitivity and the specificity were calculated
from the cross-validated prediction values received
from the OPLS models. Finally, the positive likeli-
hood ratios (LR+ = sensitivity/(100-specificity)) were
calculated. A positive likelihood ratio between 5-10
increases the diagnostic value in a moderate way, while
a value above 10 significantly increases the diagnostic
value of the test [60].

RESULTS

Subject cohort

Sixty-six subjects were included in this study: 30
AD patients and 36 controls as detailed in Table 1. The
gender distribution was equal for the AD subjects, but
there were more females than males within the control
group. Neuropsychological test results did not differ
between females and males and gender differences
were accounted for by dividing each regional volume
by the subjects’ intracranial volume. There were no
significant differences between the two groups regard-
ing age and education. As expected, the mean MMSE
scores were significantly higher for the control group
than the AD group. To measure the disease severity
of the AD group the Global Dementia Scale was used.
The mean value for the group was 4, which corresponds
to mild dementia. Finally the mean disease duration of
the AD subjects was 4 years.

OPLS modelling and quality

Three models were created, the first using MRS
measures, the second using MRI measures and the
third model using both MRI and MRS measures. The
first model (MRS measures) resulted in one predic-
tive component. The model accounted for 59% of the
variance of the original data (R2(X)) and its’ cross val-
idated predictability, Q2(Y) = 31%. The second model
(MRI measures) resulted in one predictive compo-
nent and one orthogonal component. For this model
R2(X) = 59% and the cross validated predictability,
Q2(Y) = 57%. The third model (MRI + MRS) resulted
in one predictive component and two orthogonal
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components. R2(X) = 62% and its’ cross validated pre-
dictability, Q2(Y) = 67%.

Cross validated scatter plots

Figure 3A shows the separation between AD and
controls using MRS measures. This resulted in a sen-
sitivity of 76% and specificity of 83%. In the model
containing automated regional volume measures and

regional cortical thickness measures a sensitivity of
87% and a specificity of 86% was found (Fig. 3B).
The third model (MRI + MRS) had the highest predic-
tion accuracy (Fig. 3C) yielding a sensitivity of 97%
and a specificity of 94%. The positive likelihood ratio
more than doubled from 6 to 17 when the MRI and
MRS measures were combined (Table 2). This signif-
icant improvement in diagnostic accuracy can also be
observed in the increase of Q2(Y) described above.
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Table 2
Sensitivity/specificity and positive Likelihood Ratio (LR+)

AD vs. CONTROL

Sensitivity Specificity LR+ Q2(Y)

MRS measures 76% (59–88) 83% (71–94) 5 (2–10) 0.31
MRI measures 87% (70–95) 86% (71–94) 6 (3–14) 0.57
MRI + MRS

measures 97% (83–99) 94% (82–98) 17 (5–67) 0.67

MRI = magnetic resonance imaging, MRS = magnetic resonance
spectroscopy, AD = Alzheimer’s disease, CONTROL = healthy con-
trols, LR+ = likelihood ratio = sensitivity/(1-specificity), confidence
intervals for the sensitivity, specificity and LR+ within parenthe-
sis, Q2(Y) > 0.05 (statistically significant model), Q2(Y) > 0.5 (good
model) and Q2(Y) > 0.7 (excellent model).

Variables responsible for separation

Figure 4 illustrates the importance of the different
variables in the model containing both MRI and MRS
measures. Medial, lateral temporal lobe structures and
isthmus cingulate as well as parietal and orbitofrontal
regions were important for the separation between the
two groups. The most important spectroscopic measure
was NAA/Cr + PCr.

DISCUSSION

Modern technology can allow high resolution MR
images to be acquired in relatively short period of time
which are suitable for making large numbers of mea-

sures from. However it can be more challenging to
study large numbers of patients due to cost and time
constraints. Classical analysis methods such as multi-
ple linear regression and analysis of variance assume
statistical independence between variables and that the
variables are highly relevant to the research question
in hand [59]. The assumption that variables are sta-
tistically independent is not true when the number of
variables exceeds the number of observations. Multi-
variate data analysis methods such as OPLS provide the
opportunity to analyze many variables simultaneously.
Unlike traditional methods, multivariate projection
methods can also handle missing data and are robust
to noise in both X and Y [59].

The OPLS method has previously been success-
fully applied by others to a wide range of data types
[1, 54]. Bylesjö et al. have shown that OPLS can be
used to combine different types of omics data. They
showed that the systematic variation from two analyt-
ical platforms could be combined and separated from
the systematic variation specific to each analytical plat-
form [54]. This illustrates one of the advantages of
OPLS, that it divides the systematic variation within
the data set into two parts, one correlated with Y
and one uncorrelated with Y, making data interpre-
tation easier [1]. We have also recently used OPLS to
analyze data from a large multi-center study (AddNeu-
roMed) using only structural MRI data as input
variables [24].

0.25

0.20

0.15

0.10

C
ov

 (
tp

, X
)

0.05

-0.00

-0.05

-0.10

-0.15

-0.20

-0.25

Variables

Fig. 4. MRI and MRS measures of importance for the separation between AD and controls. Measures above zero have a larger value in controls
compared to AD and measures below zero have a lower value in controls compared to AD. A measure with high covariance is more likely to
have an impact on group separation than a measure with low covariance. Measures with jack knifed confidence intervals that include zero have
low reliability. Measures in black are metabolite ratios and those in grey are regional volumes and cortical thickness measures.



E. Westman et al. / MRI and MRS in AD 579

Model predictability

This study was designed to investigate the fea-
sibility of discriminating between AD and controls
using OPLS as a tool combining MRI measures with
MRS measures. Several studies have used hippocam-
pal or entorhinal cortex measures for classification
between AD and controls with a high degree of accu-
racy (80%–90%) [5–8, 61–65]. Other prior studies
have shown up to 100% accuracy when discrimi-
nating between AD and controls but these studies
either had very small sample size [66], included more
severely impaired AD groups [8, 66, 67] or did not use
fully cross-validated results [8, 20, 67, 68]. If cross-
validation is not used it can create an optimistic bias in
classification accuracy [69, 70]. McEvoy et al. used
linear discriminant analysis (LDA) on quantitative
structural neuroimaging measures of regional MRI vol-
umes and regional cortical thicknesses to distinguish
between Alzheimer’s disease and healthy controls [19].
They obtained a sensitivity of 83%, a specificity of 93%
and a positive likelihood ratio of 12 when compar-
ing the two groups. By combining automated regional
volumes and cortical thickness measures we found a
sensitivity of 87% and specificity of 86% in the current
study using the multivariate OPLS technique result-
ing in a positive likelihood ratio of 6. We found a
higher sensitivity but a lower specificity than McEvoy
et al. for MRI measures alone which is reflected in
the lower positive likelihood ratio. In another study
Vemuri et al. used support vector machines (SVM)
to classify subjects with probable AD from controls
[71]. Including ApoE in their analysis they received a
sensitivity of 88%, a specificity of 90% resulting in a
positive likelihood ratio of +9. As before, we received
a higher sensitivity and a lower specificity. Both the
studies described above (Vemuri et al. and McEvoy et
al.) are multi centre studies including larger cohorts
of subjects, which may be the reason for the lower
sensitivity values. Different centres can have slightly
different inclusion criteria for AD patients, resulting
in a more heterogeneous group. Several other studies
have used SVM for discriminating between AD and
controls with similar results to ours [21, 22, 72]. PLS,
which is a similar method to OPLS, has also been uti-
lized with success for the analysis of MR, PET and
MEG data [23, 57].

We compared the discriminant ability of structural
MRI analyses with those of MRS and to the combi-
nation of MRI and MRS. The model containing only
MRS measures gave a sensitivity of 76% and speci-

ficity of 83% (LR+ = 5); somewhat less effective in
discriminating AD from controls than the structural
MRI analyses. The addition of MRS measures to the
MRI measures improved the discrimination, however,
resulting in a sensitivity of 97% and specificity of 94%
which gave a positive likelihood ratio of 17, better
than that of McEvoy et al. The sensitivity and speci-
ficity of combined measures was greater than either
MRI or MRS alone, with a more than doubling of the
likelihood ratio. This significant improvement in diag-
nostic accuracy can also be observed in the increase of
Q2(Y) (Table 2). We have previously also used OPLS
to distinguish between AD and controls using another
automated pipeline combined with manual hippocam-
pal volumes [24].

The OPLS multivariate method has previously been
used to discriminate been groups successfully in other
fields of research. Wiklund et al. used gas chromatog-
raphy coupled mass spectroscopy data to differentiate
between two transgenic poplar lines and wild type [1].
Another study combined data from two different plat-
forms (2D-DIEGE proteomic and 1H-NMR metabolic
data) to analyse blood plasma from mice with a prostate
cancer xenograft and matched controls [56]. This study
demonstrated that data from different analytical plat-
forms can be successfully combined and gives us a
better understanding of in vivo model systems.

MR-measures of importance

McEvoy et al. found that atrophy in medial and lat-
eral temporal, isthmus cingulate and orbitofrontal areas
aided the discrimination of control subjects from sub-
jects with AD [19]. We also found that these regions
were of importance for the cohort investigated in
this study (Fig. 4). This demonstrates that the results
can be reproduced and that the automated pipeline
analysis methods used in both studies are robust.
Decreased levels of NAA/Cr + PCr were observed in
AD compared to controls and adding the spectroscopic
measures increased the prediction accuracy. Kantarci
et al. demonstrated that combining MRI with MRS
improves the ability to identify patients with prodro-
mal dementia [73]. Other studies have also shown that
the combination of NAA and structural MRI improves
the classification accuracy [74, 75]. This indicates
the potential value of adding MR spectroscopic mea-
sures to volumetric measures in the diagnosis of
AD and other neurodegerative disorders. Metabolic
changes have previously been detected in presymp-
tomatic mutation carriers years before expected onset
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[76] which demonstrates the potential use of MRS. It is
possible that metabolite ratios provide less information
about how individual metabolites change than metabo-
lite concentrations. However, ratios are not susceptible
to CSF partial volume effect and may represent more
sensitive biomarkers of disease [77]. While we studied
hippocampal MRS it would be interesting to apply the
same technique to other regions of interest including
the anterior cingulate using either single voxel MRS or
magnetic resonance spectroscopic imaging (MRSI). A
possible explanation for the added value of MRS to
MRI is that they reflect different aspects of patholog-
ical processes, brain atrophy and metabolic changes.
In AD, molecular neuropathology is thought to pre-
cede structural brain changes by several years and the
neurodegeneration is estimated to start 20–30 years
before the clinical diagnosis is given [78]. These fac-
tors may play a role in explaining why these methods
in combination improve the diagnostic outcome.

Conclusion

Quantitative MRI and MRS measurements in com-
bination can improve the accuracy of discriminating
patient with early Alzheimer’s disease from normally
cognitive elderly subjects over and above that of MRI
measures and multivariate analysis alone. The mul-
tivariate method applied here (OPLS) provides the
opportunity to analyze all of the MRI and MRS mea-
sures simultaneously, allowing the building of robust
OPLS models for the prediction of disease demon-
strating high sensitivity and specificity. Combining the
automated MRS measures with MRI measures more
than doubled the positive likelihood ratio from 6 to
17 which highlights the importance of MRS measures
as a valuable complement to MRI in the diagno-
sis of Alzheimer’s disease. A potential limitation of
the current study is that the analysis technique was
applied to a moderately sized MRI study with sub-
jects recruited from a single site. Further, studies are
warranted including those focusing on patients with
mild cognitive impairment, patients with other types
of dementia, longitudinal data and external test data
sets to validate the robustness of the models. Applying
this approach to typical clinical populations includ-
ing mixed pathology and unclear clinical presentation
would be of particular interest. Ultimately, patholog-
ically confirmed data sets are needed to determine
the applicability of the method described. However
the improvement in discrimination when adding the
MRS measures led to a clear and large improvement in

the positive likelihood ratio. We chose a hippocampal
region of interest for MRS since this is a particularly
relevant area for AD and can be measured in a clini-
cally realistic time. It would be of scientific interest in
future to use the same approach described here for MR
spectroscopic imaging or multiple single voxel MRS
measures, though this may not be realistic for routine
clinical imaging. To conclude, combining global and
regional measures of atrophy with MRS measures sig-
nificantly improves the classification accuracy when
distinguishing between AD patients and healthy con-
trols. Since all measures can be acquired with fully
automated methods it makes them attractive for further
use.
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Introduction

Section 8: Longitudinal Neuroimaging
Measures: Windows into Progression
of Disease and Potential Endpoints
for Clinical Trials

Steve D. Edland*
Department of Neuroscience, Department of Family Preventive Medicine Division of Biostatistics,
University of California, San Diego, La Jolla, CA, USA

This section explores the application of longitudinal
imaging measures to studies of aging and Alzheimer’s
disease (AD). Imaging allows highly focused assess-
ment of specific aspects of disease effects, and many
imaging measures are remarkably precise relative to
clinical measures. For these reasons imaging measures
hold great potential to characterize the natural history
of disease and as endpoints for clinical trials. In the
first chapter of this Section, Reiman et al. [1] explore
the potential promise of imaging measures as end-
points for clinical trials and outline plans for large
scale intervention trials. Feasibility is illustrated by
four pilot clinical trials with novel interventions and
imaging endpoints (Chapters 2 through 5). Ashford et
al. [2] use magnetic resonance spectroscopy to assess
the impact of memantine on mild to moderate AD.
Förster et al. [3] use FDG-PET and Rosen et al. [4] use
fMRI to assess the impact of cognitive interventions
on brain function in early AD. Tzimopoulou et al. [5]
describe a multicenter clinical trial using FDG-PET
to assess the impact of rosiglitazone on metabolism
in AD. The next two chapters review additional imag-
ing measures. Olichney et al. [8] reviews accumulating
data on the response of event related brain poten-
tial (ERP) measurements to the progressive stages of
AD, and Zhang et al. [7] describe the application of

∗Correspondence to: Steve Edland, E-mail: sedland@ucsd.edu.

an MRI-based global atrophy and brain lesion index
to AD. Finally, Ard and Edland [8] review statistical
considerations relevant to planning clinical trials with
imaging endpoints, and summarize the potential dra-
matic improvement in efficiency of clinical trial using
those endpoints. Collectively, the chapters of this sec-
tion suggest that longitudinal neuroimaging methods
hold great promise to advance our understanding of
AD and discover treatments for modifying the course
of disease.
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Abstract. There is an urgent need to find effective presymptomatic Alzheimer’s disease (AD) treatments that reduce the risk
of AD symptoms or prevent them completely. It currently takes too many healthy people, too much money and too many years
to evaluate the range of promising presymptomatic treatments using clinical endpoints. We have used brain imaging and other
measurements to track some of the earliest changes associated with the predisposition to AD. We have proposed the Alzheimer’s
Prevention Initiative (API) to evaluate investigational amyloid-modifying treatments in healthy people who, based on their age
and genetic background, are at the highest imminent risk of developing symptomatic AD using brain imaging, cerebrospinal
fluid (CSF), and cognitive endpoints. In one trial, we propose to study AD-causing presenilin 1 [PS1] mutation carriers from the
world’s largest early-onset AD kindred in Antioquia, Colombia, close to their estimated average age at clinical onset. In another
trial, we propose to study apolipoprotein E (APOE) �4 homozygotes (and possibly heterozygotes) close to their estimated average
age at clinical onset. The API has several goals: 1) to evaluate investigational AD-modifying treatments sooner than otherwise
possible; 2) to determine the extent to which the treatment’s brain imaging and other biomarker effects predict a clinical benefit—
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information needed to help qualify biomarker endpoints for use in pivotal prevention trials; 3) to provide a better test of the
amyloid hypothesis than clinical trials in symptomatic patients, when these treatments may be too little too late to exert their
most profound effect; 4) to establish AD prevention registries needed to support these and other presymptomatic AD trials; and
5) to give those individuals at highest imminent risk of AD symptoms access to the most promising investigational treatments
in clinical trials.

Keywords: Brain imaging, cerebral spinal fluid, biomarkers, surrogate markers, presymptomatic Alzheimer’s disease, early-onset
Alzheimer’s disease, late-onset Alzheimer’s disease, presenilin 1, apolipoprotein E, clinical trials

INTRODUCTION

In this article, we note the urgent need to find
effective presymptomatic Alzheimer’s disease (AD)
treatments, which we define as an intervention
intended to postpone the onset, reduce the risk of, or
completely prevent AD symptoms. We suggest that
the greatest roadblock to the development of effec-
tive presymptomatic treatments may be the scientific
means and financial incentives needed to evaluate the
range of promising treatments. We briefly summarize
relevant findings from our longitudinal study of cogni-
tively normal people at three levels of risk for late-onset
AD, which led us to propose how brain imaging and
other biomarkers could be used to rapidly evaluate
presymptomatic treatments in proof-of-concept clin-
ical trials. We note the need for humility when it
comes to predicting how these biomarkers will respond
to AD-slowing treatments in clinical trials and point
out that regulatory agencies are unlikely to approve a
presymptomatic treatment based solely on biomarker
endpoints until evidence is provided to show that a
presymptomatic treatment’s biomarker effects are rea-
sonably likely to predict a clinical benefit. Finally, we
describe our Alzheimer’s Prevention Initiative (API),
in which we intend to evaluate investigational amyloid-
modifying treatments in cognitively normal people
who, based on their age and genetic background, are
at the highest imminent risk for symptomatic AD.
The API is intended to evaluate treatments sooner
than otherwise possible, to provide a better test of the
amyloid hypothesis, to provide the evidence needed
to show that an AD-modifying treatment’s biomarker
effects are reasonably likely to predict a clinical ben-
efit, and give individuals at the highest imminent risk
of symptomatic AD access to promising treatments in
prevention trials.

“PRESYMPTOMATIC (OR PRECLINICAL)
AD TREATMENTS:” A PROPOSED
DEFINITION

We have recently defined presymptomatic (or pre-
clinical) AD treatments” as those interventions that
are initiated before apparent cognitive decline and
are intended to reduce the chance of developing AD-
related symptoms [1]. The proposed term refers to an
intervention whether it is started before or after bio-
logical evidence of the underlying disease (which may
be hard to define), and whether it postpones the onset,
partially reduces the risk of, or completely prevents
symptomatic AD. We have introduced this term based
on the United States Food and Drug Administration’s
(FDA’s) stated view that it would not approve a treat-
ment for the “prevention” of AD unless trials were able
to demonstrate that a treatment prevented the onset of
symptoms for the rest of a person’s life, an impracti-
cally high hurdle to overcome. We believe that it will
be easier to show that an intervention meets our pro-
posed criterion as a presymptomatic or preclinical AD
treatment and support regulatory agency approval. Our
definition is also consistent with the research criteria
for “preclinical AD treatment” recently proposed by
a working group for the National Institute on Aging
(NIA) and Alzheimer’s Association [2].

BACKGROUND

Alzheimer’s disease is an unacceptable problem
due to the toll it takes on patients and family care-
givers, and the current and project financial impact on
society [3, 4]. A large number of healthy lifestyle inter-
ventions have been suggested but not yet proven to
postpone the onset and reduce risk the risk of develop-
ing AD symptoms [5–12]. An even modestly effective
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therapy could have a significant public health benefit.
For instance, a treatment that postponed the onset of
AD symptoms by only five years without increasing
life-expectancy might be able to reduce the number
of clinically affected patients by half [4]. Meantime, a
growing number of investigational disease-modifying
treatments are in preclinical and clinical development
[13], including but not limited to a large number of
medication and immunization therapies intended to
interfere with the production and accumulation of cer-
tain amyloid-� (A�) species. If, as many but not all
researchers believe, the amyloid hypothesis is correct
[14], if the treatment is targeting the A� species crit-
ically involved in the predisposition to symptomatic
AD, if it is sufficiently safe and well tolerated, and if
it is started sufficiently early, it might be possible to
substantially reduce the risk of symptomatic AD and
maybe even prevent it completely.

Unfortunately, it takes too many healthy people, too
much money, and too many years—longer than a drug
product’s patent life—to evaluate presymptomatic
treatments using clinical endpoints. For instance,
in order to determine whether cholesterol-lowering,
blood pressure-lowering or hormonal treatments
reduced the risk of symptomatic AD if they were
started in middle-age, when epidemiological stud-
ies suggest that they may have their most profound
effect, nearly 50,000 healthy middle-aged research
participants would be needed for a two-year placebo-
controlled randomized clinical trial (RCT), such that
a sufficient number of people developed symptomatic
AD to detect a significant treatment effect. While there
have been a small number of large, time-consuming
prevention trials in older people [15–18], a new
paradigm is needed to evaluate the range of presymp-
tomatic treatments.

We believe that brain imaging or other biomarker
measurements of AD are needed to rapidly evaluate
presymptomatic treatments without having to study
thousands of healthy volunteers or wait many years
to characterize and compare clinical endpoints in the
investigational and placebo treatment groups. Brain
imaging and other biomarker methods continue to be
further developed and used to detect and track changes
associated with the clinical progression of AD, and sev-
eral of these methods have been used to detect and track
similar changes in the presymptomatic stages of AD
[19–34]. Based on findings from the AD Neuroimag-
ing Initiative (ADNI) and other longitudinal studies,
researchers have established standardized procedures

for the acquisition of brain imaging data and biological
samples, to provide common data sets that have helped
researchers further develop, test and compare their data
analysis methods, and to provide sample size estimates
for the use of biomarker endpoints and enrichment
strategies for clinical trials, particularly in patients in
the symptomatic stages of AD [35]. To date, the best
established biomarkers of AD are fluorodeoxyglucose
positron emission tomography (FDG PET) measure-
ments of decline in the regional cerebral metabolic
rate for glucose (rCMRgl), volumetric magnetic res-
onance imaging (MRI) measurements of regional or
whole brain shrinkage, PET measurements of fibrillar
amyloid-� (A�) burden, and low cerebrospinal fluid
(CSF) A�42 levels, alone or in combination with high
CSF total tau or phospho-tau levels [24, 1].

As noted below, we have suggested that biomarker
endpoints could be used in proof-of-concept RCTs to
rapidly evaluate presymptomatic treatments in cogni-
tively normal people at increased risk for AD, and we
have provided preliminary sample sizes estimates for
some of these trials [36, 20]. Unfortunately industry
partners are unlikely to provide financial support for
these studies until the biomarker endpoints are quali-
fied for use in pivotal trials. While the field needs the
scientific means (i.e., biomarker endpoints) to rapidly
evaluate presymptomatic treatments, it also needs the
right financial incentive (i.e., regulatory agency qual-
ification of the biomarker endpoints for use in the
accelerated approval of presymptomatic AD treat-
ments).

Regulatory agencies are unlikely to provide accel-
erated approval for a presymptomatic treatment based
solely on biomarker (i.e., surrogate marker) endpoints
without additional evidence to show that a treatment’s
biomarker effects are “reasonably likely” to predict a
clinical benefit [37–41]. We believe that each of the
most promising biomarker measurements should be
included in clinical trials of AD-modifying treatments
in order to show the extent to which an AD-modifying
treatment moves the biomarkers, the extent to which
the treatment moves the biomarkers in the right direc-
tion, and the extent to which a treatment’s biomarker
effects predict a clinical benefit [24, 1].

Regulatory agencies may require evidence from
presympomatic AD trials themselves to demonstrate
the presymptomatic AD treatment’s biomarker effects
are reasonably likely to predict a clinical benefit. On
one hand, biomarkers are needed to evaluate presymp-
tomatic treatments in a rapid and cost-effective way.
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On the other hand, clinically proven treatments are
needed to help qualify biomarkers for use as reason-
ably likely surrogate endpoints. Among other things,
the API is intended to help resolve this apparent catch-
22. We propose to characterize and compare the effects
of an amyloid-modifying treatment on FDG PET, vol-
umetric MRI, fibrillar amyloid PET and CSF endpoints
in cognitively normal people who, based on their age
and genetic background, are at the highest imminent
risk of symptomatic AD. If, after two years, the treat-
ment fails to move one or more of the biomarkers in
the right direction, the Data Safety Monitoring Board
(DSMB) would declare futility and the research par-
ticipants would be eligible to participate in another
trial. If, however, the treatment does have the predicted
biomarker effects, the trial would be continued long
enough to detect an effect on pre-specified cognitive
endpoints.

Before we describe the API in more detail, we briefly
summarize relevant biomarker and cognitive findings
from our ongoing longitudinal study of cognitively nor-
mal people with two copies, one copy and no copies
of the apolipoprotein E (APOE) �4 allele, the major
late-onset AD susceptibility gene [42].

PRELIMINARY FINDINGS

In 1994, we initiated a longitudinal brain imaging
study of cognitively normal, initially late-middle-aged,
cognitively normal APOE �4 homozygotes, heterozy-
gotes, and non-carriers, reflecting three levels of
genetic risk for late-onset AD, who were initially
matched for their gender, age and educational level.
Our subjects are followed every two years using FDG
PET, volumetric MRI, and a battery of neuropsycho-
logical and clinical tests. In the last few years, they have
begun to be following using fibrillar amyloid-� (A�)
PET measurements, additional MRI measurements,
and additional cognitive assessments; their DNA has
been used to provide genome-wide association data,
and they have begun to provide serum and plasma sam-
ples for use in ongoing and future analyses; and most
recently, some have begun to provide CSF samples.

Of particular relevance to the API, we have demon-
strated associations between APOE �4 gene dose (i.e.,
three levels of genetic risk for AD) and a) baseline
reductions and longitudinal declines in FDG PET mea-
surements of the regional cerebral metabolic rate for
glucose (rCMRgl) [19–22, 43–51], b) longitudinal
declines in volumetric MRI measurements of whole

brain shrinkage [52–45], c) PET measurements of
the magnitude and spatial extent of fibrillar amyloid
burden [23], and d) cross-sectional and longitudinal
measurements of the decline in long-term verbal mem-
ory [55–62]. Based on our findings, we have estimated
the number of cognitively normal late-middle-aged
APOE �4 homozygotes or heterozygotes needed to
evaluate presymptomatic AD treatments using the
FDG PET, volumetric MRI and cognitive endpoints,
and we developed voxel-based image-analysis algo-
rithms with improved power to detect and track AD
while addressing the Type I error associated with mul-
tiple regional comparisons [36, 63]. Meantime our
amyloid PET findings suggest that fibrillar A� bur-
den is “on the way up” in cognitively normal APOE
�4 homozygotes and heterozygotes in their 50 s and
60 s (before fibrillar amyloid levels reaches the plateau
observed in symptomatic patients [64]), that it will be
possible to evaluate the differential effects of amyloid-
modifying treatments in those carriers with more or
less fibrillar A� (in case a presymptomatic treatment
in normal people with significant A� burden is too lit-
tle too late), and that it will be possible to assess the
ability of these treatments to slow down further fibrillar
A� deposition.

THE ALZHEIMER’S PREVENTION
INITIATIVE (API)

The API proposes to evaluate investigational
amyloid-modifying treatments in healthy people who,
based on their age and genetic background, are at the
highest imminent risk of developing AD symptoms
using brain imaging, cerebrospinal fluid (CSF), and
cognitive endpoints [1]. This complements the newly
established criteria for preclinical AD [2], as well as
other presymptomatic/preclinical AD treatment trials
proposed by the Dominantly Inherited Alzheimer’s
Network (DIAN) [65], the AD Cooperative Study
(ADCS), and others [66, 67].

The API has several goals: 1) to evaluate investiga-
tional AD-modifying treatments sooner than otherwise
possible; 2) to determine the extent to which the treat-
ment’s effects on brain imaging and other biomarkers
predicts a clinical benefit—information needed to help
qualify biomarker endpoints for use in pivotal preven-
tion trials; 3) to provide a better test of the amyloid
hypothesis than clinical trials in symptomatic patients,
when these treatments may be too little too late to
exert their most profound effect; 4) to establish AD
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prevention registries needed to support these and other
presymptomatic AD trials; and 5) to give those individ-
uals at highest imminent risk of AD symptoms access
to the most promising investigational treatments in
clinical trials.

In one trial, we propose to study cognitively normal
AD-causing presenilin 1 [PS1] E280A mutation carri-
ers, at least 35 years of age (i.e., within 10 years of the
carriers’ estimated median age at clinical onset), from
the world’s largest early-onset AD kindred, located in
Antioquia, Colombia [1]. This extraordinary kindred,
which has been followed for more than 20 years by
Dr. Francisco Lopera and his colleagues, and includes
about 5,000 people [33, 68–83], with a sufficient num-
ber of presymptomatic carriers in the targeted age
group to make it possible to relate a treatment’s effects
on both biomarker and clinical endpoints within 2–5
years. In the proposed trial, PS1 mutation carriers
would be randomized to active treatment or placebo,
non-carriers would be assigned to placebo, and genetic
test findings would not be disclosed to the family mem-
bers simply because they are participating in this trial
[84]. In the other trial, we propose to study cogni-
tively normal 60–80 year-old APOE �4 homozygotes
(and possibly heterozygotes), close to their estimated
median age of clinical onset [1]. Including heterozy-
gotes would depend on the safety and tolerability data
for the chosen treatment, but would allow for both an
increase in the available samples and an increase in the
generalizablity of our findings [85, 86].

For each subject group, we have proposed to con-
duct a 24 months double-blind, randomized, placebo-
controlled trial using fibrillar amyloid PET, FDG PET,
volumetric MRI, CSF, and cognitive endpoints [1].
Biological fluids and other MRI measurements would
be used to permit exploratory studies. If after two years,
the treatment is not associated with predicted effects
on one or more of the biomarkers, the DSMB would
declare futility, the trial would be discontinued, and
the participants would be eligible to participate in a
trial of the next most promising AD-modifying treat-
ment. If, however, the treatment is associated with
predicted biomarker effects, the trial would be con-
tinued to assess effects on our compound cognitive
endpoint.

To support these and other presymptomatic AD tri-
als, we plan to establish two AD prevention registries.
We aim to enroll 2,000 members of the PS1 E280A
kindred (along with DNA samples, PS1 E280A muta-
tion testing and baseline cognitive assessments), about
one-third of whom are projected to be mutation carri-

ers, into the Colombian Registry by 2012. We aim to
enroll several hundred thousand individuals in the US-
based Alzheimer’s Prevention Registry, some of whom
will be invited to provide saliva samples for DNA
acquisition and APOE screening. In anticipation of the
Colombian trial, we have begun to acquire and analyze
brain imaging and CSF samples in the PS1 mutation
carriers and non-carriers, a cyclotron/radiochemistry
facility is being installed, and we have used data from
the ongoing longitudinal study to estimate the sample
sizes needed to detect a clinical effect using a compos-
ite cognitive endpoint.

While we believe that there is an opportunity to
advance the evaluation of presymptomatic AD treat-
ments, there is a responsibility to get it right. In October
2009, we hosted a meeting of 40 scientific advisors to
get their input and help us to refine our proposal. In Jan-
uary 2010, we hosted a meeting with industry represen-
tatives to get their input and further refine our proposal
[86]. In January 2011, we again met with industry rep-
resentatives, academic advisors, and FDA and Euro-
pean Medicines Agency (EMA) officials, who pro-
vided thoughtful and encouraging feedback [85]. We
have been communicating with pharmaceutical com-
pany leaders to explore their interest, the availability
and timing of the most promising amyloid-modifying
treatments, and to explore the scientific and logistical
issues needed to prepare for our proposed trials. Selec-
tion of the drug will be made with the assistance of
an independent academic advisory board, input from
the affected kindred regarding potential benefits versus
known adverse effects and previous use in human sub-
jects, and will depend on factors such as target engage-
ment, preclinical and clinical safety and tolerability
data, dosing information, availability of the drug prod-
uct, and in-kind industry support. We have proposed a
mix of industry, philanthropic and federal funding, and
we have indicated our intent to release the data to the
public after the study is completed to help advance the
use of biomarker and cognitive enrichment strategies
and endpoints in future presymptomatic AD trials.

The proposed API treatment trials will help further
develop the biomarker endpoints needed to evaluate
a range of presymptomatic AD treatments, and will
provide critically needed evidence to support the use
of biomarker endpoints in the accelerated approval of
presymptomatic AD treatments (i.e., to suggest that a
treatment’s biomarker effects may be reasonably likely
to predict a clinical benefit in these or other popula-
tions). We believe that by helping to determine the
extent to which the best established brain imaging and
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CSF biomarkers of AD budge in response to treatment,
the extent to which they move in the predicted direc-
tion, and the extent to which the treatment’s biomarker
effects are associated with subsequent clinical bene-
fit will help provide regulatory agencies the evidence
they need to begin to consider approving presymp-
tomatic treatments solely on biomarker endpoints in
future trials. Moreover, these presymptomatic treat-
ment trials will not only provide a better test of the
amyloid hypothesis than clinical trials using the same
treatment in symptomatic AD patient, but will also
provide research participants at the highest imminent
risk of symptomatic AD access to the most promis-
ing and suitable investigational treatments sooner than
otherwise possible.
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Abstract. Objectives: Magnetic Resonance Spectroscopy (MRS) may provide a precise and reliable assessment of the extent and
severity of neural tissue loss caused by various diseases. In particular, the N-Acetyl Aspartate (NAA) and Creatine (Cr) ratio has
been found to be an indicator of the degree of neuronal loss in Alzheimer’s disease (AD). Memantine is thought to benefit the AD
brain by stabilizing the NMDA receptors on neurons in turn reducing excitotoxicity. Despite its effectiveness in treating moderate
to severe AD, memantine has not had similar success in the treatment of mildly demented AD patients. The objective of this study
was to test whether memantine would slow or prevent the loss of neurons in mild to moderate AD patients. Methods: A double-
blind placebo-controlled study was designed to measure the effect of a year-long course of memantine in patients with a probable
AD diagnosis with mild to moderate dementia. The primary outcome measure was stipulated to be change in MRS NAA/Cr
ratio in inferior parietal cortex in memantine relative to the placebo treatment condition. The secondary outcome measures were
changes in cognitive and function scale scores. Results: This pilot study failed to demonstrate a benefit of memantine on the
primary outcome measure, the inferior parietal NAA/Cr ratio, or the secondary outcome measures. Conclusions: More studies
are needed to determine the effect of memantine on regions of the brain significantly affected by AD pathology.

Keywords: Alzheimer disease, dementia, magnetic resonance spectroscopy, memantine, cognition, N-acetylaspartate, creatine

INTRODUCTION

Cognitive and functional measures are accepted sur-
rogate markers of Alzheimer’s disease (AD) severity.
However, neuroimaging techniques, such as Magnetic
Resonance Spectroscopy (MRS), can provide a more
direct, precise, and reliable assessment of AD-related

∗Correspondence to: J. Wesson Ashford, MD, Ph.D, Stanford/VA
Aging Clinical Research Center. 3801 Miranda Avenue (151Y), Palo
Alto, CA 94304, USA. Tel.: +(650) 852 3287; Fax: +(650) 852 3297;
E-mail: ashford@stanford.edu.

damage to brain tissue [1]. MRS measures neuro-
chemicals, such as N-Acetyl Aspartate (NAA) and
Creatine (Cr), and the NAA/Cr ratio reflects neural tis-
sue volume. These neurochemical measurements are
indicators of neuronal loss in AD, and clinical diag-
nosis of AD and frontotemporal lobar degeneration
(FTLD) [2–4]. These measurements are additionally
used to assess the efficacy of AD medication trials
[5, 6] and correlate with the severity of neurofibrillary
pathology and fibrillary tau density after death [5, 7].

While cholinesterase inhibitors are the most well
established medications in AD treatment, memantine

mailto:ashford@stanford.edu


600 J.W. Ashford et al. / MR Spectroscopy for Assessment of Memantine Treatment in Mild to Moderate Alzheimer Dementia

has been effective in the treatment of moderate to
severe AD [8]. Memantine works by stabilizing the
NMDA receptors in neurons of the cerebrum thus
reducing excitotoxicity. Memantine’s utility in treating
moderate to severe AD has not been consistent in stud-
ies of patients with mild AD using standard cognitive
and functional measures to assess cognitive decline [9].
However, neuroimaging techniques are a more direct
measure of AD pathology, and thus, more likely to
demonstrate the effect, if any, that memantine has on
the AD pathological progression.

We examined the effect of a year-long course of
memantine in patients with a diagnosis of probable AD
with mild dementia. Specifically, we hypothesized:

1) Memantine would result in less reduction of the
NAA/Cr ratio in mild AD patients taking the drug
for one year relative to patients taking placebo.

2) Slowing of the neuronal loss would correspond
to a smaller decline in cognitive function in the
treatment group.

METHOD

Patients

Mild to moderately demented patients with a prob-
able AD diagnosis and their caregivers were recruited
and consented. The Stanford University IRB approved
the use of human subjects for this study. The clinical
trials database at Stanford University has the records
of this study, and this database is linked to “clinicaltri-
als.gov” with the “unique protocol ID” 95722. Patients
had to be in stable health and able to comply with
all procedures. Patients were excluded for Parkinson’s
disease, any MRI contraindications, certain neuro-
logic or psychiatric conditions (e.g., seizures, clinically
significant stroke, head trauma, major psychiatric dis-
order) or other medical or laboratory findings or
medications rendering them unsuitable for an inves-
tigational trial.

Seventeen patients met screening criteria initially,
but four patients were excluded during the treatment
phase due to defibrillator implant, eyeliner tattoo,
severe medical illness unrelated to the study, and diag-
nosis change to corticobasilar degeneration. Of the
13 eligible and randomized patients scanned at the
baseline and study termination, 7 on memantine, 6 on
placebo, 3 patients assigned memantine were elimi-
nated from analysis due to their inability to comply
with treatment. Accordingly, 10 patients (4 on meman-

tine, 6 on placebo) completed the study, having the
repeat scans an average of 54 weeks after baseline
(Table 1).

Study procedures

Patients underwent a medical history review and
physical and neurological exam, laboratory tests, and
cognitive assessment at the screening visit. Soon after,
patients had a baseline evaluation including the MRS
scan, symptom review, and neuropsychiatric measures.
Patients were randomized to memantine or placebo
arms by the un-blinded pharmacist and study medi-
cation was dispensed.

To assess possible safety concerns, health status, and
medication compliance, brief treatment visits were per-
formed at months 1, 3, 6 and 9 and telephone checks
were done six weeks after each visit.

The final visit procedures repeated those done at
screening and baseline, including MRS scan, medical
and laboratory evaluation, and cognitive and clinical
assessment.

MRS
Images were acquired on a 3T Excite GE MRI

scanner. On a sagital scout scan, the AC-PC (anterior
commissure–posterior commissure) line was deter-
mined to position a horizontal scan 1 cm above
the AC-PC line. Three spectroscopic data sets were
obtained from 2 x 2 x 2 cm voxels in the left cere-
bral cortex, inferior parietal, posterior cingulate, and
occipital (Figure 1 shows the location of inferior
parietal region, placed in a far lateral position just
behind the insula to maximize inclusion of cortex
in the voxel), using a spin-echo series of TR/TE
2000/35 msec with each preselected region of inter-
est for point-resolved spectroscopy (PRESS). Data
processing was performed using the fully automated
PROBE/SV quantification tool (General Electric Med-
ical System, Milwaukee, WI). During the second
scanning session (1 year later) voxel positions were
selected with reference to the structural scans from the
first data acquisition.

Each of the five spectral areas associated with NAA,
Cr, Choline (Cho), myoinositol (mI), and H2O was
quantified by Marquardt Levenworth curve fitting over
that line region. Before curve fitting, line widths were
normalized, and a Lorentzian-to-Gaussian transforma-
tion was performed. Cr was designated as the reference
moiety. Data were analyzed as metabolite (NAA, Cho,
and mI) to Cr ratio. This convention minimizes errors
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Table 1
Descriptive statistics on demographic and cognitive measures at baseline (n = 13), and primary (NAA/Cr)

and secondary (ADAS-Cog) measures at baseline and year 1 (n = 10). Mean ± sd unless otherwise noted.

Memantine 1 (n = 7) Placebo (n = 6)

Age (years) 76.5 ± 9.6 75.4 ± 6.3
Education (years) 15.4 ± 3.4 13.2 ± 1.7
Gender 14% female 67% female
Race
White 71% 67%
Asian 29% 33%
Ethnicity
Hispanic or Latino 14% 0%
Donepezil2 7 (86%) 6 (67%)
MMSE3 19.9 ± 4.8 21.8 ± 3.1
Verbal Fluency4 10.3 ± 6.6 12.2 ± 2.1
ADAS-Cog5 41.5 ± 10.2 49.2 ± 8.4
ADL6 56.9 ± 16.7 68.2 ± 5.1
NAA/Cr7 Time Memantine (n = 48) Placebo (n = 6)

Baseline 1.47 ± 0.11 1.38 ± 0.10
Year 1 1.62 ± 0.14 1.41 ± 0.10

ADAS-Cog Baseline 44.67 ± 10.30 49.17 ± 8.37
Year 1 45.75 ± 7.99 50.39 ± 8.88

1Memantine: During the course of the study, subjects were supplied with either memantine tablets or placebo
provided by the sponsor (Forest Laboratories). After the screening visit, the pharmacist randomized subjects into
one of two groups: Treatment (T; target dose 10mg memantine), or control (C; matching placebo), balancing the
order of selection. Subjects were titrated from 5 mg medication or placebo tablets each morning with increments
of 5 mg every week to reach 10 mg tablets twice per day at the third week. Subjects and all study staff, except the
pharmacist were blind to treatment group.
2Subjects were already on donepezil at time of entry into the study.
3The Mini Mental State Exam.
4Verbal fluency assessed by animal naming in one min.
5Alzheimer’s Disease Assessment Scale, Cognitive portion, ADAS-Cog [10].
6ADL: Activities of Daily Living-ADCS ADL.
7NAA/Cr ratio: Scans were obtained on a 3T GE Signa Excite magnet at the Lucas Center of Stanford University.
Magnetic resonance spectra were obtained from three voxels, each 2 × 2 × 2 cm, with GE scanning sequence. See
Fig. 1 for detail on anatomical location of left inferior parietal lobe reported in this study. Magnetic resonance
spectra were initially processed using the GE Signa Excite software, which provided peak measurements for
each chemical, including NAA (n-acetyl aspartate), Cr (creatine), and MI (myo-inositol). MRS is able to measure
neurochemicals, such as NAA and Cr, and it is this NAA/Cr ratio that has been found to be an indicator of the
degree of loss of neural tissue in AD [5].
8Three subjects could not tolerate the study medication; two discontinued the study pills entirely and the third
took a reduced dose but pill-count monitoring showed subject remained non-compliant with protocol.

arising from changes in magnetic field homogeneity
and tissue volume. NAA measurements were addition-
ally examined as NAA/Cho ratios, to test for possible
alterations in the Cr peak as an internal reference. His-
tograms were computed only from the brain image
voxels contained in the spectroscopic box. No cor-
rection was made for partial volume effects because
all patients had at least 95% brain tissue in voxels of
interest.

Statistical analysis

The primary efficacy measure was the change from
the baseline to the final study visit in the MRS NAA/Cr

ratio of the inferior parietal region. The secondary effi-
cacy measure was change from the baseline to the final
study visit in the ADAS-cog [10] measure.

Upon completion of the final visit of the last sub-
ject and prior to breaking the blind, analyses were
conducted on the MRS measures with respect to cog-
nitive/functional measures both in the 13 baseline and
10 final visit scans (see Table 2). Follow-up analyses
were done on the 10 patients who completed the study.

RESULTS

Table 1 shows the mean and standard deviations in
treatment (n = 4) and placebo (n = 6) patients at base-
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Right Left

Fig. 1. MRS scans were performed on a 3 Tesla GE Signa Excite
magnet. Voxels were 2x2x2 cm, with centers chosen on a plane 1 cm
superior to the plane through the anterior-posterior commissure line,
and to include as much gray matter as possible and as little CSF
as possible. Three voxels were selected in the Left hemisphere, an
inferior parietal voxel, placed as far laterally as possible, behind the
sylvian sulcus (shown), an occipital voxel, as posterior as possible,
just lateral to the inter-hemispheric sulcus, and a posterior-cingulate
voxel, anterior to the occipital cortex and behind the corpus callosum,
just lateral to the inter-hemispheric sulcus.

line and follow-up for both primary and secondary
outcome measures. First, the placebo and treatment
groups’ inferior parietal region NAA/Cr ratio did
not differ significantly at baseline (treatment group
M = 1.47 ± 0.11; placebo group M = 1.38 ± 0.10;

p > .1) or follow-up (treatment group M = 1.62 ± 0.14;
placebo group M = 1.41 ± 0.10; p = .09). Second,
the two groups’ ADAS-cog scores also did not
differ significantly at baseline (treatment group
M = 44.67 ± 10.30; placebo group M = 49.17 ± 8.37;
p > .1) or follow up (treatment group M = 45.75 ± 7.99;
placebo group M = 50.39 ± 8.88; p > .1). As shown in
Table 2, baseline NAA/Cr ratio correlated only with
verbal fluency (animal naming in one minute) and age.
Baseline ADAS-cog, while not correlated with age or
baseline NAA/Cr ratio, did show a robust correlation
with the Mini-Mental State Exam (MMSE), MMSE-
extended [11], verbal fluency, and Activities of Daily
Living (ADL) measures.

Over the one year treatment course, change in
NAA/Cr ratio was significantly correlated with change
in ADAS-cog scores (p < 0.001) in all patients that
completed the follow-up study (n = 10). However, there
was no significant benefit for the group treated with
memantine relative to the group treated with placebo
with respect to either the NAA/Cr ratios or ADAS-cog
scores. The change in the memantine group was not
significantly different from the change in the placebo
group (p = .09).

DISCUSSION

This pilot study failed to demonstrate a benefit of
memantine on the primary outcome measure, the infe-
rior parietal NAA/Cr ratio, thus not supporting the
hypothesis that memantine protects a region of the
brain significantly affected by AD pathology. The sec-
ondary cognitive and functional measures also did not
provide any evidence for benefit from the memantine

Table 2
Correlation Matrix of demographic, MRI and cognitive measures at baseline, n = 13

NAA/Cr ADAS MMSE MMSE Verbal ADAS word ADL Age Education NAA/Cr ADAS cog
cog extended fluency recall change change

NAA/Cr 1.00 0.31 0.44 0.40 0.57* 0.07 0.46 −0.71** 0.10 −0.26 0.04
ADAS-cog 1.00 0.73** 0.82** 0.66* 0.54 0.59* −0.46 −0.10 0.05 0.07
MMSE 1.00 0.92** 0.30 0.46 0.38 −0.23 0.22 0.18 0.30
MMSE ext 1.00 0.48 0.62* 0.51 −0.36 0.21 0.33 0.37
FAS 1.00 0.29 0.53 −0.60* −0.12 −0.11 0.03
ADAS-word 1.00 0.39 −0.15 −0.16 0.34 0.42
ADL 1.00 −0.81** −0.16 0.08 0.29
Age 1.00 0.11 0.14 0.02
Education 1.00 0.50 0.32
NAA/Cr change1 1.00 0.74**
ADAS cog change2 1.00

*p < 0.05 **p < 0.01.
1The change in NAA/Cr ratio at was calculated as the mean difference between baseline and follow-up.
2The change in ADAS-cog measure was calculated as the mean difference between baseline and follow-up.
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intervention in this mild dementia group. However,
there was a trend towards a benefit approaching sig-
nificance, so a positive effect cannot be ruled out.

In this group of patients, the NAA/Cr ratio did cor-
respond with one functional measure (verbal fluency),
and its change over time corresponded to the change
in the ADAS-Cog. These observations confirm that the
measurements of the NAA/Cr ratio in this study did
reflect the functional changes over time associated with
these AD patients.

There are several possible reasons for the lack of
treatment effect of memantine in this study. First,
mildly demented patients may be at a stage of the dis-
ease that while devastating to the medial temporal lobe,
is only beginning to manifest adverse effects in the
posterior temporal and inferior parietal convexities of
the cortex [12]. Therefore, at this stage of the disease,
memantine’s benefit may not be observable in the infe-
rior parietal cortex or on measures of general cognition.
MRS analysis of medial cortical structures, such as the
hippocampus [13], may show benefit from memantine
treatment. Second, more specific and sensitive mea-
sures of episodic memory dysfunction, the type of
memory selectively affected early in AD [14], might be
required to demonstrate the benefits of memantine on
cognitive and functional measures. Finally, memantine
is able to improve cognitive and behavioral function in
moderately and severely demented patients by modu-
lating noise at the NMDA receptor, which is severely
dysfunctional later in the disease. Because the NMDA
receptor might not be substantially impacted at the
mild AD stage, it is possible that memantine does not
exert influence in slowing down the underlying disease
process earlier in the course of the disease.

The results from the present study may have shown
an effect of memantine if there was a greater number of
patients. However, a larger sample similar in dementia
severity range to the current study [6] did not find any
significant NAA/Cr ratio differences in memantine and
donepezil groups over a six month period. Also con-
sistent with results of the current study, the change in
the NAA/Cr ratio was significantly correlated with the
change in the ADAS-cog measure.

Recent studies have used sophisticated statistical
and neuroimaging methods to enhance the sensitivity
and specificity of MRS in diagnosing early AD [15].
Examination of effects with respect to APOE genotype
may resolve specific population responses to treatment
[16]. It is essential to continue the exploration of treat-
ment options in studies utilizing biomarkers as well
as cognitive and functional assessments targeting the

early disease process in mild AD population to estab-
lish the biological effects of interventions against AD.
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Effects of a 6-Month Cognitive Intervention
on Brain Metabolism in Patients with
Amnestic MCI and Mild Alzheimer’s Disease
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Abstract. The effect of cognitive intervention on brain metabolism in AD is largely unexplored. Therefore, we aimed to
investigate cognitive parameters and 18FDG PET to test for effects of a cognitive intervention in patients with aMCI or mild AD.

Patients with aMCI (N = 24) or mild AD (N = 15) were randomly assigned either to cognitive intervention groups (IGs),
receiving weekly sessions of group-based multicomponent cognitive intervention, or active control groups (CGs), receiving
pencil-paper exercises for self-study. We obtained resting-state FDG-PET scans and neuropsychological testing at baseline and
after six-months. Normalized FDG-PET images were analyzed using voxel-based SPM5 approaches to determine longitudinal
changes, group-by-time interactions and correlations with neuropsychological outcome parameters. Primary global cognitive
outcome was determined by analyses of covariance with MMSE and ADAS-cog scores as dependent measures.

Both, aMCI and AD subgroups of CGs showed widespread bilateral cortical declines in FDG uptake, while the AD subgroup
of IGs showed discrete decline or rather no decline in case of the aMCI subgroup. Group by time analyses revealed strongest
attenuation of metabolic decline in the aMCI subgroup of the IGs, involving left anterior temporal pole and anterior cingulate
gyrus. However, correlation analyses revealed only weak non-significant associations between increased FDG uptake and
improvement in primary or secondary outcome parameters. Concurrently, there was significant improvement in global cognitive
status in the aMCI subgroup of the IGs.
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A six-month cognitive intervention imparted cognitive benefits in patients with aMCI, which were concurrent with an attenuated
decline of glucose metabolism in cortical regions affected by neurodegenerative AD.

Keywords: FDG PET, cognitive intervention, cognitive training, cognitive stimulation, Alzheimer’s disease, mild cognitive
impairment

INTRODUCTION

Cognitive intervention for patients with Alzheimer’s
Disease (AD) is considered an important contribution
to the treatment of AD [1]. Specifically designed cog-
nitive interventions can improve memory performance
and can even attenuate the risk of future cognitive
decline in non-demented elderly subjects [2, 3]. Ben-
eficial effects of interventions on cognitive decline are
reported in subjects with preclinical cognitive impair-
ment (see review [4]) or mild-to-moderate stages of
dementia (see meta-analyses [5, 6]).

Effective cognitive interventions might conceiv-
ably impart their effects through altered cerebral
metabolism. The rate of cerebral glucose consump-
tion can be assessed in positron emission tomography
(PET) studies recording the uptake of the stable glu-
cose analogue [18F]fluorodeoxyglucose (FDG); the
PET-FDG technique has been extensively used for
studying the pathophysiology of neuropsychiatric and
neurodegenerative disorders, including AD (see review
[7]). FDG-PET recordings obtained at rest are a sensi-
tive indicator of perturbed brain metabolism, and may
reveal very early cerebrometabolic changes preceding
the onset of clinical AD symptoms [8]. Voxel-wise
mapping of FDG uptake is amenable for the lon-
gitudinal assessment of brain functional changes in
dementia, and may more sensitively detect treatment-
response than do commonly-used instruments for
cognitive testing, such as the Mini Mental State
Examination (MMSE) and the Alzheimer’s Disease
Assessment Scale - cognitive subscale, total score
(ADAS-cog) [9]. However, the effect of cognitive
intervention on cerebral metabolism in AD is largely
unexplored. There are only two published studies
investigating the effects of cognitive intervention on
brain metabolism. In an early study, FDG-PET was
obtained in a visual stimulus activation paradigm with
AD patients, and the effects of an unspecified cognitive
training of six months duration and a pharmacological
intervention were tested [10]; the combined treatment
proved to be superior to cognitive training alone. More
recently, participation in 14-day long healthy lifestyle
program consisting of a combination of mental and

physical exercise, stress reduction, and healthy diet
was associated with significant short-term benefits in
cognitive function and cerebral FDG uptake in elderly
non-demented subjects [11].

In the present study, we tested the hypothesis that
a newly-developed multicomponent cognitive inter-
vention [12] applied in a randomized controlled trial
would lead to cognitive and non-cognitive bene-
fits and mitigate against declining brain metabolism
in patients with amnestic MCI or mild AD. To
test this hypothesis, we examined global cognitive
(MMSE- and ADAS-cog. scores) and additionally
non-cognitive parameters, such as mood (Montgomery
Asberg Depression Rating Scale, MADRS), which are
deemed to be important for cognitive performance
[13]. We used FDG-PET to map the pattern of declin-
ing cerebral glucose metabolism during six months
(between baseline and follow-up scans) in a well-
characterized sample of aMCI and mild AD patients,
participating in a parallel group randomized controlled
trial with two treatment arms, (i) specific cognitive
intervention and (ii) an active control condition. Prior
to the start of the study, a multicomponent cogni-
tive intervention for patients with aMCI and patients
with mild AD was conceptualized aiming at capa-
bilities and needs of patients in different stages of
AD [12]. In order to gain more direct insights into
the functional-anatomical substrate of neuronal func-
tion along with cognitive improvement, voxel-based
bidirectional SPM patient-group-by-time interaction
analyses (later referred to as “difference of differ-
ences” analyses), measuring baseline to follow-up PET
metabolic differences between the patient groups and
treatment arms, were applied.

MATERIALS AND METHODS

Subjects

We screened 43 patients at the Dementia Research
Section and Memory Clinic of the Alzheimer
Memorial Center and Geriatric Psychiatry Branch,
Department of Psychiatry, Ludwig-Maximilian Uni-
versity, Munich, from March to August 2007. In the
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screening, we conducted a comprehensive clinical and
neuropsychological assessment, in order to support
the research diagnosis of either aMCI or mild AD.
Participants with aMCI had a memory complaint and
performed at least 1.5 SD below the average level of
persons of a similar age and education on at least one
of three memory tests of the Consortium to Estab-
lish a Registry for Alzheimer’s Disease (CERAD)
neuropsychological test-battery (Morris, et al., 1989)
(immediate and/or delayed recall and/or recognition).
Their cognitive difficulties had no significant reper-
cussions on their functional independence, as assessed
through clinical interviews with the patients and care-
givers. Hence, they did not fulfil criteria for mild stages
of clinically probable AD [14]. Neither of the patient
(groups) had major physical illness, other mental dis-
order (i.e. major depression) or disability which could
have affected participation. Thirty-nine patients, meet-
ing stringent inclusion criteria, were included. For
details please see [12].

Routine laboratory testing of all included patients
consisted of full blood cell count, blood glucose, thy-
roid function tests, serum Vitamin B12 and folic acid
levels as well as cerebrospinal fluid protein and Apo-E
genotype testing; there were no major abnormalities

at baseline. Each patient underwent structural mag-
netic resonance imaging (MRI) for detection of brain
anatomical abnormalities; according to the Schelten´s
scale [15] patients with structural lesions visible in
the T2-weighted MR scans exceeding 10 mm in diam-
eter, including white matter hyperintensities, were
excluded from the study. According to the declaration
of Helsinki approval of the local ethics commission
(of the Ludwig-Maximilian University, Munich), and
the German Radiation Safety Committee (BfS) was
obtained prior to starting the study.

Design

Effects of a six-month cognitive intervention pro-
gram on brain glucose metabolism were assessed in 36
patients with either aMCI (N = 21) or mild AD (N = 15)
syndrome. The trial design is shown in Fig. 1.

Briefly, patients were randomly assigned to either
a cognitive intervention treatment arm (IG) or active
control condition treatment arm (CG), resulting in 9
aMCI patients and 8 AD patients for the mixed inter-
vention groups (IGs), as well as 12 aMCI patients and 7
AD patients for the mixed control groups (CGs). Dur-
ing a six month period members of the IGs received

Fig. 1. Trial design. aMCI = amnestic mild cognitive impairment; AD = Alzheimer’s Disease; IG = intervention treatment arm; CG = control
condition treatment arm.
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weekly sessions of 120-minutes group-based cogni-
tive intervention, whereas the CGs participants met
monthly and received pencil and paper exercises for
self-study. The cognitive intervention was based on
the theory of cognitive reserve [16] and was tailored
to the cognitive and functional requirements of aMCI
and mild AD patients according to the theory of Ret-
rogenesis, as a theoretical basis for the selection of
specific training tasks [17]. It focussed particularly on
global cognitive functioning but addressed also non-
cognitive domains, e.g. mood and quality of life, that
are thought to be impaired in aMCI and frank AD
[13]. On the supposition that MCI resides within the
cognitive continuum from normal aging to AD [18],
differences between the intervention for MCI and for
mild AD corresponded rather to a quantitative than a
qualitative distinction [12]. In contrast to the tailored
cognitive intervention, the CGs sessions focussed on
exercises of isolated, sustained attention, which is sup-
posed to be largely unimpaired, at least in mild AD
[19].

The colleagues who conducted neuropsychological
testing sessions and PET-scanning were blinded to
subject classification and treatment plan; an instruc-
tor uninvolved in these steps administered the IGs and
CGs sessions.

PET imaging

Baseline and six-months follow-up FDG-PET scans
of 36 patients were performed successfully. All
patients had fasted for at least six hours prior to FDG-
PET. Recordings were made using a Philips Allegro
PET scanner with a 128 × 128 pixel matrix (pixel
size 2 mm), an axial field of view of 180 mm and a
full width at half maximum (FWHM) resolution of
5.5 mm. Patients were asked to recline on the scan-
ner bed, resting quietly with their eyes covered and
their ears occluded. Each patient’s head was positioned
within the aperture of the tomograph, and comfortably
immobilized using a foam cushion. At 20 minutes after
injection of FDG (mean 200 MBq, i.v.), an attenua-
tion scan was obtained with a rotating [137Cs] point
source. A dynamic emission recording consisting of
five six-minute frames was obtained in the interval
30 to 60 minutes following the FDG injection. After
visual inspection to exclude frames with unaccept-
able head motion, attenuation-corrected frames were
summed into a single frame, and final images were
reconstructed iteratively using a three-dimensional row
action maximum likelihood algorithm (3D-RAMLA).

Cognitive data analysis

Prior to the screening-phase, the study was regis-
tered in a public trials registry (www.clinicaltrials.gov;
ID: NCT00544856). Primary outcome was evaluated
separately for aMCI and AD patients by comparing
change in the global cognitive parameters (MMSE
score [20] and Alzheimer’s Disease Assessment Scale
– total score of the cognitive subscale (ADAS-cog)
[21]) in the cognitive intervention treatment arm ver-
sus change in the control condition treatment arm
tested by the time (progression) by arm interaction term
in a two-factor ANOVA. Further information regard-
ing secondary outcome measures, not relevant for the
present study, and the neuropsychological data analy-
ses is described elsewhere [12].

PET data analysis

SPM5 routines (Wellcome Department of Cognitive
Neurology, London, UK) implemented in MATLAB
(version 7.1) were used to perform basic image pro-
cessing and voxel-based statistical analysis. All PET
scans were spatially normalized using default trans-
formation parameters to the SPM5 standard PET
brain template in the Montreal Neurological Institute
(MNI) space. Normalized images were composed of
a 79 × 95 × 69 matrix, with 2 × 2 ×2 mm voxel size.
These images were then smoothed using an isotropic
Gaussian kernel (12 mm FWHM), which accommo-
dates inter-individual anatomical variability, and thus
improves the sensitivity of the statistical analysis [22].
FDG uptake scaling was performed using the reference
cluster approach as described in detail by Yakushev
et al. [23]. Briefly, with this approach regional FDG
uptake is normalized to that measured in brain regions
defined a posteriori to be unaffected, relative to the
results in a non-demented control group. This a pos-
teriori method was shown to be more sensitive than
the global mean approach in detecting disease-related
metabolic disturbances in mild-to-moderate stages of
neurodegenerative disorders [24, 25], especially in
studies on dementia [23, 26, 27], [28]. For these
comparisons we made use of previously obtained
FDG-PET data from 11 healthy elderly subjects (5
female; mean age 59.0 ± 10.9 years), who were non-
complainers, had an MMSE score above 28, had
no signs of microangiopathy on MRI, no history of
neurological- or major psychiatric diseases and did not
receive any psychoactive medication [27]. The latter
elderly control subjects had been examined in a resting-



S. Förster et al. / Effects of a 6-Month Cognitive Intervention on Brain Metabolism 609

state on the same scanner and with image processing
according to the identical protocol as for the patients.

First of all, in order to characterize our patients neu-
robiological status at baseline, we compared baseline
regional FDG uptake between all patients and non-
demented controls, using an unpaired t-test.

Then for evaluation of longitudinal changes in FDG
uptake we performed within-group comparisons (in
both the AD and aMCI subgroups of the IGs and the
CGs) between baseline and end-of-study PET scans
using paired t-tests. For a more specific evaluation
of neurobiological intervention effects we elected to
use a voxel-based bidirectional patient-group-by-time
interactions design, referred to as “difference of dif-
ferences” analysis, which assessed the differences in
extent of metabolic changes between both the AD
and aMCI subgroups of the IGs and the CGs between
the initial scan and the end-of-study scan. We con-
sidered a statistical threshold of p < 0.001 uncorrected
and a threshold for minimum spatial extent of 30 con-
tiguous voxels for anatomical reporting of significant
changes in FDG uptake. Foci of significant changes
were automatically assigned by the SPM software to
the coordinate system of the MNI space, and then con-
verted to Talairach and Tournoux coordinates [29] for
identification of the Brodmann areas and anatomic des-
ignations.

In order to link the clinical neuropsychological
outcome with the neurobiological PET findings we
performed additional correlation analyses between
changes in FDG uptake in brain regions, which had
showed the highest metabolic effects, and changes in
primary and secondary outcome parameters in aMCI
patients. Using a ROI-based approach (MARSBAR
toolbox implemented in SPM5), we extracted normal-
ized baseline and follow-up FDG uptake values and
performed correlation analyses between FDG uptake
changes and the respective changes in neuropsycho-
logical test scores.

RESULTS

Of the 43 patients meeting initial inclusion criteria,
39 were randomly assigned to IG- or CG treatment
arms, with exclusion of one patient due to concur-
rent physical illness, and three patients due to lack
of compliance (less than 50% presence at the inter-
vention sessions). Of these 39 patients, two aMCI
patients dropped out from the IG arm because of
new concurrent physical illness, or lack of compli-

Table 1
Demographic data of IGs and CGs subjects (n = 36)

Igs CGs t-Test

Number 17 19
AD 8 7
aMCI 9 12
Age (SD) 74.5 (8.6) 72.0 (7.1) n.s.

in yrs. 53.2–88.6 62.4–83.7
min–max

Gender f / m 7/10 9/10
Apo E4 12 11

allele (at
least one)

MMSE min–max 26.4 (2.4) 26.1 (1.6) n.s.
22–30 23–29

Education 12.2 (3.4) 13.4 (4.1) n.s.
(SD) in yrs. 8–17 11–21.5
min–max

aMCI = amnestic mild cognitive impairment; AD = mild
Alzheimer’s Disease; IGs = cognitive intervention groups; CGs =
active control groups; min–max = ranges of scores; SD = standard
deviation.
∗t-Test results refer to post-hoc comparisons testing the differences
of means in the adjacent columns

ance. Thirty-seven participants completed the study,
with elimination of one aMCI patient from the IG
arm due to poor PET image quality. Concurrent with
the randomization process there was good matching
between IG- and CG patient groups (IGs and CGs) for
degree of cognitive impairment, education, age, gen-
der, and for Apo-E genotype. All mild AD patients and
one aMCI patient in the IG arm were on antidemen-
tia medication (acetylcholinesterase inhibitor and/or
Memantine) at stable doses since at least since three
months prior to study start and throughout the interven-
tion/control condition until study end. Table 1 shows
baseline demographic and clinical characteristics of all
patients included in the PET data analysis.

Neuropsychological cognitive outcome

To detect intervention-related effects of the stage-
specific cognitive intervention in the respective patient
groups, we conducted a series of ANCOVAs with treat-
ment (intervention treatment arm, IG, versus control
treatment arm, CG), and progression (baseline versus
end-of-study) as independent variables separately for
AD and aMCI patients. The primary outcome measures
MMSE and ADAS-cog scores served as dependent
measures. Furthermore, we entered educational level
(years of schooling) and patients‘ age as covariates into
the analysis.
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Table 2
Change from baseline in measures of efficacy in the cognitive intervention subgroups (IGAD; IGMCI) and in the active control subgroups (CGAD;

CGMCI) regarding MMSE and ADAS-cog; standard deviation in ()

Target-variate Timepoint aMCI AD

IGMCI CGMCI ANCOVA** IGAD CGAD ANCOVA**

ADAS-cog Baseline 8.8 (3.1) 9.8 (4.3) Interaction Treatment 12.1 (5.3) 16.4 (4.8) Treatment
min–max 3–13 5–19 and Progression 6–21 13–23 (F1,11 = 4.4,

(F1,17 = 4.7, p = .045, η2 = .22) p = .06, η2 = .282)
Study end 7.4 (3.2) 11.7 (5.6) 11.4 (6.0) 16.4 (4.9)

t-Test* n.s. t(11) = 2.8, p = .02 n.s. n.s.
MMSE Baseline 28.1 (1.6) 26.8 (1.5) Interaction Treatment 24.5 (1.6) 25.3 (1.5) n.s.

min–max 25–30 24–29 and Progression 22–27 23–27
(F1,17 = 4.3, p = .05, η2 = .21)
Main Effect Treatment
(F1,17 = 6.8, p = 0.02, η2 = .29)

Study end 28.3 (1.2) 26.0 (1.3) 25.0 (2.7) 24.4 (2.4)
t-Test* n.s t(11) = 2.8, p = .02 n.s. n.s.

aMCI = amnestic mild cognitive impairment; AD = mild Alzheimer’s Disease; ADAS-cog = Alzheimer’s Disease Assessment Scale;
MMSE = Mini Mental State Examination; IGs = cognitive intervention groups; CGs = active control groups.;
∗t-Test results refer to post-hoc comparisons testing the differences of means in the adjacent rows and columns.; **ANCOVA: univariate analysis
of covariance; reported effects refer to the interaction between treatment and progression which reflects whether a change of the dependent
variables from baseline to follow-up is quantitatively different in the two treatment arms.

For AD patients, only the treatment factor app-
roached significance for ADAS-cog scores (F1,11 =
4.4, p = .06, η2 = .282). For aMCI patients, we deter-
mined a marginally significant interaction effect
between treatment and progression for ADAS-cog
(F1,17 = 4.7, p = .045) and for MMSE (F1,17 = 4.3,
p = .05). Furthermore, the analysis revealed a main
effect for treatment regarding MMSE (F1,17 = 6.8,
p < .01). Post-hoc t-tests suggest that interaction effects
between treatment and progression occurred mainly
due to performance decline in the CGMCI. See Table 2
for details.

FDG-PET data

All patients relative to elderly non-demented con-
trols showed reduced brain FDG uptake at baseline,
mainly in the bilateral temporo-occipital association
cortex (left worse than right), left temporal cortex,
bilateral posterior cingulate cortices and precuneus, as
well as in left prefrontal cortex (Fig. 2).

MCI subgroups of the CGs and of the IGs (CGMCI
and IGMCI) showed similar baseline patterns of
reduced brain FDG uptake, involving parieto-temporal
cortex, posterior cingulate cortex, precuneus and pre-
frontal cortex (Fig. 3). We omit reporting anatomical
coordinates, since this finding matches the typical
anatomical distribution of AD-associated changes [30-
32].

Fig. 2. Baseline pattern of reduced FDG uptake in all patients
(n = 36) as compared to non-demented elderly controls (n = 11);
(P < 0.005 uncorrected).
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Fig. 3. Baseline patterns of reduced FDG uptake in a) IGMCI (n = 9) and in b) CGMCI (n = 12), as compared to non-demented elderly controls
(n = 11); (P < 0.005 uncorrected).

There were no significant differences in baseline
brain FDG uptake between the respective CGs- and
IGs.

After six months, the AD subgroup of CGs (CGAD)
showed widespread bilateral declines in FDG uptake in
parieto-temporal and parieto-occipital cortices as well
as in left prefrontal cortex, while the AD subgroup of
IGs (IGAD) showed minor decline in FDG uptake in
two single clusters located in the lingual gyrus and the
left inferior temporal gyrus.

The CGMCI showed widespread bilateral occipito-
temporal (right more then left), parietal and prefrontal
decline in FDG uptake, while the IGMCI showed no
decline in FDG uptake (Fig. 4).

“Difference of differences” analyses revealed
strongest attenuated decline in FDG uptake in the
subgroup of aMCI patients in the IGs (IGMCI) in bi-
hemispheric cortical areas, including bilateral tempo-
ral, prefrontal- and anterior cingulate cortex (Fig. 5 a).
Clusters with main peaks surviving the p < 0.001 (unc.)
threshold were located in the left anterior temporal pole
and the left anterior cingulate gyrus (Table 4, Fig. 6).

The subgroup of AD patients in the IGs (IGAD)
revealed a more restricted attenuated decline in FDG
uptake in the right temporal- and posterior cingulate
cortex (Fig. 5 b), while none of these clusters survived
the p < 0.001 (unc.) threshold.

Correlation analyses between changes in normal-
ized FDG uptake (in those brain regions which
had showed the highest metabolic attenuation) and

changes in neuropsychological outcome parameters,
revealed a single significant correlation for total
MADRS score in the IGMCI (Pearsons correlation coef-
ficient: r = −0.61; p = 0.039 one-tailed), such that an
increase in FDG uptake in the left anterior cingulate-
and anterior temporal pole was associated with a
decrease in total MADRS score. However, after
eliminating the cognition-related MADRS item (con-
centration), which had primarily contributed to the
total MADRS score, only a weak non-significant cor-
relation remained (Pearsons correlation coefficient
r = −0.398; p = 0.144 one-tailed). Detailed longi-
tudinal outcome of secondary neuropsychological
outcome parameters (i.e. MADRS, Trail Making Test,
etc.) is described elsewhere [12].

DISCUSSION

We used FDG-PET to map effects of a newly devel-
oped multicomponent cognitive intervention on brain
energy metabolism in patients with aMCI and mild
AD. Upon entering the study, participants were ran-
domly assigned to intervention (IGs) or active control
groups (CGs). In both CGs, significant decline of FDG
uptake in AD-typical brain areas during a relatively
brief period of six months, confirmed that resting-state
FDG-PET is a sensitive marker of disease progres-
sion [33]. Participation in the cognitive intervention
program imparted cognitive benefits in the aMCI sub-
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Fig. 4. Relative decline of brain FDG uptake in aMCI and AD- CGs and IGs after six months; (p < 0.005 uncorrected).

R R

a b

Fig. 5. Attenuated decline of brain FDG uptake after six months a) in the IGMCI relative to the CGMCI, b) in the IGAD relative to the CGAD;
(p < 0.005 uncorrected).

group, which were reflected by an attenuated decline
in cerebral FDG uptake relative to that seen in the
respective active control group.

Upon entry in the study, the whole sample of
patients had significantly reduced FDG uptake relative
to a group of non-demented elderly control subjects.
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Table 3
Regions of significantly attenuated decline in brain FDG uptake after

six months in the IGMCI relative to the CGMCI

Location Talairach Peak P Cluster
and Tournoux z-value uncorr. extension

BA x y z

L, Ant. 38 −32 10 −42 3.39 0.000 152
Temporal
Pole

L, Ant. 32 −10 28 20 3.37 0.000 1036
Cingulate
Gyrus

Cluster extension represents the number of contiguous voxels sur-
passing the threshold of p < 0.001. Bold markings delineate a cluster
and the peak z-value within the cluster. Associated anatomic struc-
tures are indicated, along with designations of Brodman area (BA);
R = right, L = left.

Main differences were seen in brain regions typically
impaired in AD, including the bilateral temporo-
occipital association cortices, left temporal cortex,
bilateral posterior cingulate cortices and precuneus,
as well as in left prefrontal cortex (Fig. 2). This pat-
tern confirms previous FDG-PET results in aMCI or
mild to moderately diseased AD patients [31, 34, 35],
suggesting that our stringent clinical inclusion criteria
were effective in selecting a representative patient sam-
ple. Demographics indicated that the patient groups
had similar education background, Apolipoprotein E4
allele status and similar baseline cognitive function, as
assessed by MMSE and ADAS-cog scores at onset of
the intervention.

Longitudinal FDG-PET evaluation in both CGs
(AD and aMCI) after six-months revealed widespread
bilateral decline in metabolism throughout AD-typical

cortical areas (Fig. 4), consistent with the progression
of the clinical scores of cognitive function (MMSE and
ADAS-cog). Peaks in the declining FDG uptake over-
lapped with the pattern of hypometabolism at baseline
relative to FDG uptake in the non-demented control
group, consistent with an on-going disease process
during only six months, as reported in previous PET
studies with one-year follow-up [9, 35]. In those one-
year follow-up studies, FDG uptake was normalized to
the global mean value, which we have shown to result
in spurious detection of metabolic changes, which
arise from bias due to undetected but real declines
in metabolism [36]. Instead, we normalized regional
FDG uptake to that measured in brain regions defined
a posteriori to be unaffected, relative to the results
in the non-demented elderly control group [23]. The
a posteriori method is more sensitive than the global
mean approach in detecting disease-related metabolic
disturbances in mild-to-moderate stages of neurode-
generative disorders [24, 25], especially in studies on
dementia [23, 26–28].

In contrast to the widespread six month declines in
FDG uptake seen in both CGAD and CDMCI (Fig. 4),
we saw in the IGAD discrete decline with two single
significant clusters located in the lingual gyrus and the
left inferior temporal gyrus, while the IGMCI showed
no decline at all (Fig. 4). The latter finding strongly
suggests positive effects of the cognitive intervention
program on brain energy metabolism in the MCI sub-
group. The relative preservation of normalized FDG
uptake during six months especially in the IGMCI con-
curs with our clinical findings showing a significant
change in global cognitive status, which seemed to be

Fig. 6. Overlay image on transaxial slices of an averaged MRI data set of 152 healthy subjects, showing peak clusters of attenuated decline of
brain FDG uptake after six months in the left anterior cingulate cortex and the left anterior temporal pole in the IGMCI relative to the CGMCI.
Radiological convention (Left is Right); set at >30 contiguous voxels passing the significance threshold p < 0.005 uncorrected.
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driven by performance stabilisation in the IGMCI, con-
trasted with declining performance in the CGMCI (see
Table 2). Given the progressive nature of AD and its
prodromal stage aMCI, the present suggestion of cog-
nitive stabilization may emerge as a beneficial effect
of the cognitive intervention.

In order to test more objectively for time-
dependent effects of the cognitive intervention on
brain metabolism, we made bidirectionally contrasted
“difference of differences” analyses of the FDG-PET
results in the aMCI and AD subgroups of the IGs and
CGs. These SPM-based approaches revealed attenu-
ated metabolic decline during six months of cognitive
intervention mainly in the IGMCI subgroup. Instead,
at the same statistical threshold the opposite contrasts
revealed no attenuation of declining metabolism in the
CGMCI relative to the IGMCI (or the respective AD
subgroups), supporting the real presence of an atten-
uating effect on FDG decline in aMCI patients which
had received the cognitive interventions.

The effect of attenuated metabolic decline was more
widespread and pronounced in the IGMCI than in the
IGAD (Fig. 5 a,b), which is in line with the results from
the clinical cognitive parameters (MMSE, ADAS-
cog.), showing significant changes only in the aMCI
subgroup (Table 2). As mentioned before, changes in
clinical cognitive parameters seemed to be attributed
primarily to cognitive decline in the CGMCI, raising
the question about whether there were a greater per-
centage of aMCI subjects with prodromal AD in the
control group who may have deteriorated over the 6
month follow-up. This possibility can be denied. Group
comparisons of IGMCI and CGMCI relative to elderly
non-demented control subjects at baseline, revealed for
both MCI subgroups a similar distributional pattern
of FDG hypometabolism, involving AD-typical brain
regions (see Fig. 3). The latter finding strongly sug-
gests an inclusion of aMCI patients in a preclinical AD
stage and is in line with our stringent MCI-diagnosis
inclusion criteria. Furthermore, a number-needed-to
treat (NNT) analysis in the aMCI subpopulation indi-
cated effectiveness of the cognitive intervention, as
improvement by means of 4-point change on ADAS-
cog occurred only in the IGMCI, whereas cognitive
decline appeared in both IG- and CGMCI [12].

In the aMCI subgroup we were able to map the
peak areas of metabolic attenuation to the left ante-
rior temporal pole and anterior cingulate cortex (ACC).
The latter structure belongs to the fronto-limbic net-
work and is well-known for its role in emotional and
motivational control [37] as well as in attentional pro-

cessing [38], [39], [40]. To explore if mood-related
effects might have lead to the observed PET effects, we
performed an additional correlation analysis between
the changes in normalized FDG uptake in the left
anterior cingulate- as well as left anterior tempo-
ral pole, and the changes in MADRS score in the
IGMCI. This analysis revealed a single significant cor-
relation for total MADRS score in the IGMCI, such
that an increase in FDG uptake in the left anterior
cingulate- and superior temporal gyrus was associ-
ated with a decrease in total MADRS score. However,
after eliminating the cognition-related MADRS item
(concentration), which had primarily contributed to the
total MADRS score [12], only a weak, non-significant
correlation remained. Therefore, mood-specific effects
might not have led to the observed attenuating effects
on brain metabolism. However, we cannot rule out
that cognition-related mood stimulating effects (i.e.
increased concentration) of the intervention might have
to some extent contributed to the observed PET effects.

Probably due to the limited patient number and the
restricted variance of clinical scores in this relatively
short time period of six months, correlation analy-
ses between FDG uptake changes and performance
changes in the global cognitive domains (MMSE,
ADAS cog) did not show any significant correlation
(data not shown).

We feel that the specific linkage between neuropsy-
chological and neurobiological outcome remains to be
established in future studies in larger patient popula-
tions.

Overall, our findings strongly suggest a positive
short-term effect of the cognitive intervention program
on brain energy metabolism in aMCI patients, which
may manifest in cognitive benefits. We modelled our
study on an earlier FDG-PET follow-up study inves-
tigating effects of a 14-day healthy longevity lifestyle
program on cognition and cerebral energy metabolism
in a group of non-demented subjects with mild age-
related memory complaints [11]. In that study, the
intervention group had after two weeks a 5% relative
decrease in normalized FDG uptake in the left dorso-
lateral prefrontal cortex, which the authors interpreted
to reveal an effect of training on cognitive efficiency of
a brain region involved in working memory. Unlike in
that study, we selected patients with objective cognitive
impairment, suggesting that our findings of attenuated
declines relate to moderation of a pathological pro-
cess. In the only other FDG-PET study of cognitive
training in AD patients [10], there was a six-month
decline in resting-state cerebral glucose metabolism,
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most notably in the temporo-parietal region, in a group
of AD patients who had only received social sup-
port. In that study, FDG-PET changes evoked by a
visual recognition task served as an indicator of ther-
apeutic efficacy in AD. The AD patients who had
received cognitive training with and without pharma-
cological treatment had a more distinct pattern of FDG
activations after six months, whereas the subgroup
with both interventions showed some improvement in
cognitive performance, as measured by the MMSE.
Despite diverse conceptual and methodological differ-
ences between that and the present studies, there is
agreement that FDG-PET can detect effects of inter-
vention on cerebral metabolism during six months
progression of impaired cognition.

LIMITATIONS

The relatively small number of participants in this
study limits its statistical power. Furthermore, this
study design reveals only group differences in FDG
uptake and cognitive scores, which may however be
offset by the benefits of the prospective setting, in
which the groups were well-matched for demograph-
ics and baseline metabolism. Direct result comparisons
between the AD and MCI subgroups might be con-
founded by differences in the intervention design and
should be interpreted with caution.

We allowed a more permissive statistical threshold
of p < 0.005 (uncorrected) for the visualisation of PET
results. However, application of the same permissive
threshold for the respective negative SPM t-contrasts
did not bear any significant results, which would have
indicated an increased risk of false positive results.
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Abstract. A randomized pilot experiment examined the neural substrates of response to cognitive training in participants with
mild cognitive impairment (MCI). Participants performed exercises previously demonstrated to improve verbal memory and an
active control group performed other computer activities. An auditory-verbal fMRI task was conducted before and after the two-
month training program. Verbal memory scores improved significantly and left hippocampal activation increased significantly
in the experimental group (gains in 5 of 6 participants) relative to the control group (reductions in all 6 participants). Results
suggest that the hippocampus in MCI may retain sufficient neuroplasticity to benefit from cognitive training.

Keywords: MRI, dementia, cognition, MCI, mild cognitive impairment, fMRI, functional MRI, cognitive training, hippocampus,
medial temporal lobe

INTRODUCTION

A fundamental goal in research on Alzheimer’s dis-
ease (AD) is to intervene early in the progression from
healthy aging to AD so that conversion to AD can
be significantly slowed or prevented. Mild cognitive
impairment (MCI) describes the transitional state in
conversion from healthy aging to dementia in which
there is cognitive (typically memory) dysfunction but
not functional disability [3]. Early intervention may
be important because brain changes leading to AD
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occur years before the diagnosis of AD [4, 5], by which
time pathology is so severe that treatment is difficult.
Epidemiologic studies suggest that enriching mental
activity may moderate the trajectory of the disease
because healthy older adults who participate in a vari-
ety of social and cognitive activities are less likely to
develop MCI and less likely to progress to dementia
[6–9]. Although some of these studies were prospective
and longitudinal [e.g. 7, 8, 10], the strongest evidence
supporting the claim that mental activity slows disease
progression would be a randomized intervention study
that alters both the key cognitive disability and the
neural system affected early in AD. There have been
several cognitive training programs for MCI partici-
pants [e.g. for a review see 11], but none has examined
brain changes in a randomized intervention study.
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Medial temporal lobe (MTL) regions, including the
hippocampus, are most commonly affected in MCI and
early AD [4, 12, 13]. These MTL regions are essen-
tial [14, 15] for consciously recollected memory [16,
17]. Demonstrating both memory improvements and
changes in the functioning of the MTL would thus
provide evidence that it is possible for interventions
to alter the brain system most affected by MCI and
AD.

The cognitive training program from Posit Science
involved adaptive games aimed at enhancing the speed
and accuracy of auditory verbal processing [18–20],
and has been demonstrated to improve memory perfor-
mance in healthy elderly and MCI participants [1, 2,
18, 21]. Although the mechanism by which perceptual
training could enhance MTL function is unknown, any
influence of training on explicit or declarative memory
likely involves MTL function.

Here, we examined the influence of this cognitive
training program on memory ability and brain function
in MCI participants in a random assignment design
with an active control group. For the neuroimaging
study, twelve participants with MCI (6 experimental,
6 active control) were recruited from a larger clinical
trial of MCI [21], and fMRI researchers were blind to
the assigned treatment conditions. An incidental repeti-
tion (versus novelty) fMRI paradigm was used because
such a paradigm reveals impaired MTL function in AD
[22], and is easy for memory-impaired participants to
perform. AD participants exhibit reduced MTL differ-
ences between novel and repeated items [22], which
indicates that MTL injury in AD reduces the typically
greater MTL response for novel than repeated items
during encoding. We used an auditory-verbal repeti-
tion paradigm to relate to the auditory-verbal nature
of the training program. Because we were examining
memory for verbal material, we expected any differ-
ence to be left-lateralized [23–25]; verbal memory has
been associated with left hippocampal volume both in
healthy aging and in mild AD [26, 27].

METHODS

Participants and procedure

Twelve participants provided informed consent as
approved by institutional review boards at UCSF
and Stanford University (neuropsychological data in
Table 1). Diagnosis of MCI has been described previ-
ously [28] and was made by the Memory and Aging
Center at UCSF according to recommendations of an

international consensus committee [29]. Participants
had to show evidence of cognitive decline based on
patient and informant report. In addition, they had to
be nondemented by DSM IV criteria and show no to
minimal impairment in complex daily activities. Partic-
ipants on acetylcholinesterase inhibitors were eligible,
but only if they had been on a steady dose for at least
two months. The two groups did not differ signifi-
cantly on age or mental status (MMSE). The control
group had significantly more years of education, but all
participants had completed at least a college education.

Participants were randomly assigned to experimen-
tal or control groups. The randomization sequence was
blinded from research personnel who enrolled partici-
pants or who administered cognitive tests. Participants
were told that the purpose of the study was to compare
the effects of two computer-based cognitive training
programs.

Cognitive training was performed in participants’
homes on study-provided computers. Participants were
contacted weekly to make sure they were progress-
ing through the training and to solve problems if
necessary related to computer difficulties and issues
of compliance. The experimental group completed a
computer-based, cognitive training program developed
by Posit Science Corporation (San Francisco, CA).
The program involved 7 exercises designed to improve
processing speed and accuracy in auditory process-
ing: (1) determine whether 2 sounds were sweeping
upward or downward; (2) identify a target syllable
when it interrupted a repeated, similar sounding syl-
lable; (3) distinguish between 2 similar sounds (e.g.,
“bo” and “do”); (4) match sounds on a spatial grid; (5)
distinguish between 2 similar sounding words (e.g.,
“rake” and “lake”); (6) follow a series of instructions
that increased in complexity; and (7) identify the pic-
ture that corresponded to the sentence. Each exercise
employed adaptive tracking methods to continuously
adjust task difficulty based on performance. Partici-
pants used the program for 100 minutes per day, 5 days
per week until either achievement of asymptotic perfor-
mance levels over a several day period or completion
of 80% of the training material in a given exercise.
Progress was monitored automatically through weekly
electronic data upload. The control group performed 3
types of computer-based activities to control for the
time intensity of the intervention and to keep partici-
pants “blind” as to their group assignment. Specifically,
participants were given weekly “assignments” that
involved listening to audio books, reading online news-
papers, and playing a visuospatially oriented computer
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Table 1
Baseline demographic and neuropsychological data and fMRI accuracy and reaction times

Experimental Control
Mean SD Mean SD Mean SD Mean SD p (raw) p (SS)
Raw SS Raw SS

Age 70.67 (10.58) 78.00 (7.92) 0.20
Education 16.67 (0.82) 18.33 (1.51) 0.04
MMSE 29.33 (1.21) 27.83 (2.32) 0.19
RBANS at baseline

List learning 20.50 (2.59) 84 (13) 21.83 (3.25) 88 (12) 0.45 0.51
Story memory 14.17 (3.87) 88 (14) 15.17 (3.19) 92 (11) 0.64 0.59
Figure copy 19.17 (0.75) 110 (6) 17.83 (2.48) 102 (16) 0.24 0.27
Line orientation 17.17 (2.48) 103 (11) 17.50 (1.87) 106 (10) 0.80 0.59
Picture naming 9.83 (0.41) 107 (9) 9.83 (0.41) 109 (5) 1.00 0.60
Semantic fluency 15.83 (3.76) 90 (14) 15.50 (5.05) 91 (18) 0.90 0.93
Digit span (forward) 10.00 (2.28) 99 (14) 11.50 (2.88) 112 (19) 0.34 0.19
Coding 36.33 (4.13) 90 (8) 34.17 (5.42) 94 (15) 0.45 0.48
List recall 1.33 (1.21) 79 (15) 1.17 (2.86) 77 (13) 0.90 0.87
List recognition 16.33 (1.37) 66 (17) 16.00 (2.45) 68 (27) 0.78 0.92
Story recall 4.67 (3.08) 78 (26) 7.17 (3.25) 93 (15) 0.20 0.21
Figure recall 6.83 (7.03) 81 (26) 9.17 (7.68) 84 (27) 0.60 0.79

Index Scores
Imediate memory 80 (6) 92 (9) 0.02
Visual constructional functioning 111 (14) 107 (17) 0.72
Language 94 (9) 97 (13) 0.66
Attention 94 (10) 104 (18) 0.23
Delayed memory 66 (13) 77 (22) 0.32
Total 85 (8) 94 (13) 0.18
Sum of index scores 443.83 (33.1) 477.33 (48.45) 0.19

fMRI
Visit 1

Accuracy (percent) 90.43 (7.46) 91.83 (5.35) 0.74
Novel reaction time (ms) 1072.48 (116.93) 1110.41 (253.14) 0.79
Repeated reaction time (ms) 830.43 (100) 750.84 (110.44) 0.28
Novelty effect (ms) 242.05 (33.05) 359.57 (199.44) 0.29

Visit 2
Accuracy (percent) 91.84 (6.27) 88.27 (8.15) 0.52
Novel reaction time (ms) 1098.44 (102.8) 1157.57 (185.41) 0.75
Repeated reaction time (ms) 699.53 (42.59) 716.48 (80.49) 0.87
Novelty effect (ms) 398.91 (99.67) 441.08 (146.27) 0.76

Note. Top of the table displays demographic and baseline neuropsychological test data (RBANS) for all subtests and index scores. Standard
scores (SS) are displayed next to the raw subtest scores and these characterize relative strengths and weaknesses of the participant. Normative
data were made available by the test author after the publication of the measure (Randolph, 2002, Test Supplement)1. Data from both pre and
post functional MRI task sessions are displayed on the bottom of the graph including accuracy and reaction time.

game (Myst) for 30 minutes each, for a total of 90
minutes per day, 5 days per week. Progress was mon-
itored through self-report. Training lasted an average
of two months across participants. In the beginning
of the training, there was a slight difference between
the groups in the way time on the task was structured
before the regular-length sessions (100 minutes) began.
Training for the experimental group lasted 100 min-
utes per session for 24 sessions; the length gradually

1 There was one participant in the experimental group who had a
history of temporal lobe epilepsy; however, the clinical staff deemed
that the illness was well controlled for a number of years and the
current memory decline was of recent onset and unlikely to be due
to the progression of the seizure disorder.

increased (20 minutes on the first day, 40 the second,
60, 80, then 100 on day five) for a total of 2200 min-
utes of training. In order to equate training time in the
control group and adjust for the graded onset in the
experimental group, training for the control group was
90 minutes per day for 24 sessions; the training session
length was fixed for a total of 2160 minutes of training.

MEASURES

Neuropsychological evaluation

The RBANS [Repeatable Battery for the Assess-
ment of Neuropsychological Status, 30] was admin-
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istered to evaluate whether training enhanced memory
ability. There were two parallel forms of this measure
and because the person conducting the assessments
was blind to the group status of participants, Form
A was used at time 1 and Form B was used at time
2. Because patients with MCI typically have poor
memory, we used the immediate subtests rather than
delayed memory subtests to avoid floor effects. Imme-
diate memory scores for list learning (sum of word list
learning trials) and story recall were averaged for each
session (hereafter referred to as the RBANS memory
score). Participants were impaired on memory tests,
but the control group scored higher than the experimen-
tal group on some measures (Table 1). There were no
group differences in the delay between pre- and post-
testing (M = 72 days, SD = 26, p = 0.13) or the delay
between the end of training and post-testing (M = 10
days, SD = 7, p = 0.44).

Functional neuroimaging evaluation

Participants underwent fMRI sessions before and
within 2 ½ weeks after finishing training. Each ses-
sion began with practice outside the MRI in which
the participants performed several trials in which
they were exposed to the repeated stimuli. Data
were collected on a 3 Tesla GE Signa scanner using
a spiral [31] acquisition sequence (TR 3000 ms,
TE = 30 ms; flip angle = 70, FOV = 24 cm; 64 × 64
matrix; 3.75 mm in-plane resolution, 22 contiguous,
axial, 5 mm slices, number of excitations = 1). In order
to achieve improved data collection within the MTL, a
spiral in/out sequence was used [32]. Clustered acqui-
sition was applied such that the scanner remained silent
when the words were presented, over the first 1500 ms
of the TR, and the images were collected during the
second 1500 ms in each of two 7 minute 21 second
runs (data from the first 9 seconds were not collected
to allow the MR signal to stabilize) (Fig. 1).

Word stimuli consisted of abstract and concrete,
auditorily presented nouns that were equalized for vol-
ume. Parallel but different word lists were used pre-
and post-training, each list consisting of 96 words for
the novel condition, and 2 words (one abstract and one
concrete) in the repeated condition. The forms were
equated for frequency, concreteness, and numbers of
syllables [33]. Words were classified as abstract if their
concreteness ratings were less than 400 and concrete
if their concreteness ratings were greater than 500.
Words that had more than one meaning but sounded
identical (e.g. pair, pare, pear) were excluded even if

Fig. 1. The design of the experiment was that words were presented
during periods when the MRI was silent so that participants could
hear them. The instructions were displayed visually and word stimuli
were presented auditorily.

both words resulted in the same response (e.g., son,
sun). Because the neuroimaging researchers were blind
to group assignment, the two lists were presented in
a fixed order for pre- and post-testing. Because the
study design involved the use of blocked trials, the
ratio of abstract to concrete words was 1 : 4 so that for
each block most nouns were concrete but there were
enough “catch” (i.e., abstract word) trials that partici-
pants needed to attend and make decisions about each
word.

Participants heard a series of auditorily presented
words and performed a right index finger keypress to
indicate whether or not each word was “touchable”
(concrete). A blocked design was used with 3 condi-
tions cycling 6 times in a pseudorandom order (novel,
repeated, sensorimotor control). Trials lasted 3 seconds
and there were 8 words in each 24-sec block. In novel
blocks, 8 words were presented once only. In repeated
blocks, there were 2 words, one abstract (2 times
per block) and one concrete (presented 6 times per
block) that were presented repeatedly in all repeated
blocks. In the sensorimotor control periods, partici-
pants pressed the keypress in response to the auditorily
presented command “press”. During the repeated and
novel word conditions, the visual command “Touch-
able?” was displayed, and during the sensorimotor
control condition the command “Press” was displayed
(Fig. 1).



A.C. Rosen et al. / fMRI of Cognitive Training in MCI 621

Functional MRI data were analyzed using SPM2
(Wellcome Department of Cognitive Neurology, Lon-
don, UK; SPM2) implemented in MATLAB (Version
6.5.1 Mathworks, Inc., Sherborn, MA). Functional
images were motion corrected, normalized into a
common stereotactic space (template from Montreal
Neurological Institute) and spatially smoothed with a
Gaussian filter (FWHM 6 mm). A model (a box-car
reference function, corresponding to the time course of
the novel, repeated, and control conditions convolved
with an estimate of the hemodynamic response func-
tion) was fit to the fMRI time series data from each
participant. Contrast images consisting of a weighted
linear combination of parameter estimates at each
voxel for the comparison of interest, the novelty effect
(i.e., novel-repeated word judgments) were computed
for each participant. Within-group and between-group
random effects analyses were conducted on these con-
trast images. A mask of the left hippocampus was
generated using the Wake Forest University pickat-
las [http://www.fmri.wfubmc.edu/cms/software#Pick
Atlas, 34, 35]. This mask was applied to perform
a small volume correction in the left hippocampus
(p < 0.05, family wise error corrected). In order to
explore whether any other region in the brain showed
a significant change due to treatment, we also per-
formed a more liberal whole-brain analysis, p < 0.001,
uncorrected, spatial threshold 5 voxels.

ANALYSES

The effect of training was examined in both the neu-
ropsychological and fMRI data by submitting each to
a mixed design ANOVA that tested for an interaction
of time (pre- and post-training as a repeated mea-
sure) and group (experimental and control groups as
a between subjects measure). Significant differences
were interrogated with post-hoc t tests. We hypothe-
sized that the experimental group would show a greater
increase in RBANS immediate auditory verbal mem-
ory scores than the control group. This prediction was
based on a prior finding of training-induced gains in
healthy older people [1, 2], and a trend towards gains
in MCI patients [21]. In the fMRI analysis, we hypoth-
esized that the experimental group would demonstrate
a greater increase in fMRI activation (novel > repeated
conditions) than the control group. We also examined,
via correlation analyses, whether there was any rela-
tion between changes in activation and either changes
in RBANS scores.

RESULTS

Training progress in experimental participants

All participants in the experimental group made
progress in the training program as measured by
improved performance on training tasks from the
beginning to the end of the program; improvements
varied across participants from 43% to 100% of the
stimulus content (M = 78.8%, SD = 26.2).

Neuropsychological change

The experimental group (pre-training M = 17.3,
SD = 1.9; post-training M = 20.0, SD = 3.3) showed a
greater gain in performance than the control group
(pre-training M = 18.5, SD = 2.9; post-training=17.4,
SD = 4.1; F (1,10) = 4.76, p = 0.054) (no main effect
of group or session). This trend toward an interaction
reflected significantly greater gain in memory perfor-
mance in the experimental group (M = 2.67, SD = 3.16)
than in the control group, who declined (M = −1.08,
SD = 2.78) in performance across sessions. Because
there was reason to expect based on previous studies
that the experimental group would have an advantage
over the control group, a one-tailed test of change
scores was performed (t (10) = 2.61, p < .027, Cohen’s
d = 1.38) (Fig. 2).

Brain function change

In the a priori region of interest in left hippocam-
pus, there was a significant interaction between group,
session, and activation in left anterior hippocampus
(peak Talairach coordinates −32, −13, −19) (Fig. 2).
This reflected a small but consistent gain in activation
in this region in the experimental group (5/6 partici-
pants exhibiting post-treatment gains in activation) and
a larger and consistent loss of activation in the con-
trol group (6/6 participants exhibiting post-treatment
declines in activation). Exploratory whole-brain anal-
ysis revealed a significant interaction between group,
session, and activation only in virtually the same loca-
tion (peak Talairach coordinates −30, −14, −21).
Pre-post changes in left hippocampal activation across
all participants tended to correlate positively with pre-
post changes in RBANS memory scores (r = 0.49,
p = 0.10, Cohen’s d = 1.14). Functional MRI pre-
testing occurred an average of 4 days away from
cognitive testing (SD = 11), and there were no dif-
ferences between the groups in this delay (p = 0.17).
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Fig. 2. Brain and behavioral differences between experimental and control groups before versus after intervention. The left panel depicts the
location in left hippocampus that showed a significant interaction between group and intervention, such that the experimental group showed
increased activation and the control group showed decreased activation for novel relative to repeated words after intervention (shown in bottom
right panel). Top right panel shows changes in memory performance before versus after intervention, with a gain in memory performance for
the experimental group and a loss in memory performance for the control group. Bars in histograms depict 95% confidence intervals.

Functional MRI post-testing occurred an average of
2 days away from the cognitive testing (SD = 5), and
there was no difference between the groups in this
delay (p = 0.73).

Behavioral effects in the MRI

Behavioral data from the scanner were lost on
two participants from the experimental group dur-
ing pretraining due to equipment error, and this left
4 experimental and 6 control subjects with complete
behavioral data. Behavioral data were available from
all 12 participants after training. There was no signif-
icant difference between the groups for either session
with respect to accuracy (means in Table 1). An
ANOVA of reaction times on the 10 participants with
complete data comparing session (pre-, post-training),
repetition (novel, repeated), and group (experimen-
tal, control) failed to detect any group differences,
but responses were faster for repeated (M = 746.8,
SD = 90.3) than novel words (M = 1120.5, SD = 168.2)
(main effect of repetition (F (1, 8) = 66.14, p < .001),

and there was an interaction between session and rep-
etition (F (1, 8) = 14.62, p < .005). The interaction
reflected a growth of the advantage for repeated rel-
ative to novel words from pre-training (M = 301 ms,
SD = 162) to post-training (M = 420 ms, SD = 133).
Importantly, there was neither a main effect nor an
interaction with group, which means that any activa-
tion differences between groups cannot be accounted
for by response-time or accuracy differences between
groups.

DISCUSSION

In a random-assignment, active-placebo experiment
with MCI participants, cognitive training positively
affected memory ability and memory-related left hip-
pocampal function. The small number of participants
in the study warrants a conservative interpretation of
the findings. In regards to MTL activation, the benefit
for the experimental group appeared to reflect less of
the continuing decline that was expected in MCI and
was evident in the MCI control group. The hippocam-
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pal changes in function were, however, consistent at a
single-patient level: There was virtually no overlap in
pre-post activation changes between the experimental
group (with 5/6 participants showing increased acti-
vation) and the control group (with all 6 participants
showing decreased activation and with all decreases
larger than the single decrease in the experimental
group). Thus, these findings suggest that despite pre-
sumed injury to the hippocampus in MCI that typically
leads to AD, the hippocampus in MCI retains sufficient
neuroplasticity to benefit from cognitive remediation

The behavioral and imaging findings are consistent
with and extend previous work in older adults and
participants at risk for dementia showing that men-
tal activity is associated with brain plasticity. MTL
chemistry was modified by prolonged cognitive train-
ing in a study of healthy older adults that demonstrated
changes in hippocampus using MR spectroscopy [36].
A longitudinal study found that self-reported histories
of higher life-span cognitive activity were associated
with a reduced rate of hippocampal volume atrophy
[37]. A small cohort of older adults (8 experimental,
9 control) with memory difficulty performed a vari-
ety of healthy lifestyle changes over the course of 2
weeks, including performing “brain teasers” and ver-
bal mnemonic memory training [38]. Improved verbal
fluency was associated with decreased dorsolateral pre-
frontal metabolism, but there was no improvement in
verbal memory.

Cognitive training in the present study appeared to
enhance hippocampal function despite the fact that
the training focused on auditory-verbal perception
rather than memory per se. The finding that increased
hippocampal activation was associated with better
memory performance on neuropsychological testing
is consistent with correlational evidence that increased
hippocampal fMRI activation in MCI participants is
compensatory [39]. Although it is expected that a gain,
or reduced loss of, memory function in MCI would be
associated with MTL plasticity, it is unknown as to why
this training program was associated with MTL func-
tional plasticity and not functional plasticity in auditory
neocortex. Both frontal and hippocampal regions, as
opposed to inferior parietal, superior temporal, and
anterior cingulate regions, have exhibited upregulation
in choline acetyletransferase activity in MCI relative to
healthy older adults, and thus both regions may be par-
ticularly amenable to intervention [40]. Also, although
MTL functional plasticity was observed, that plasticity
could reflect a functional benefit of primary, structural
plasticity in other brain regions; however, in this study

only MTL plasticity was robust enough to detect with
fMRI.

A question of interest is what psychological and
neural mechanisms translate training that focuses on
auditory perception to gains in auditory memory and
hippocampal function. One possibility is suggested
by animal studies of neuroplasticity showing that
degraded brain processing of perceptual inputs can
degrade the quality of mental representations, and that
perceptual training can improve the accuracy of higher
order mental representations [18, 41]. Improved audi-
tory representations of the words heard in the scanner
may have enhanced experience-dependent plasticity.
Several studies of aging have shown surprisingly
strong correlations between basic sensory and memory
declines (e.g. [42]). These could reflect a shared mech-
anism that is related to performance on both sensory
and memory tests, such as attention. Alternatively, it
may be that improved perceptual processing enhances
memory performance in that modality. Some studies
have found, for example, that cataract surgery improv-
ing vision also improves broader cognition [43]. We did
not observe training-related alterations of activation in
auditory temporal-lobe regions that could mediate per-
ceptual training, but this may reflect the limited sample
size.

There were several limitations to the current study
beyond the small sample. The study was conducted
prior to current MCI subtyping so it is uncertain how
many participants would now be classified as amnestic-
MCI. The baseline test scores suggest that the majority
of the participants had significant memory dysfunc-
tion, with low standardized scores on delayed tests
of memory, but average scores on visual construction,
language, and attention indices (Table 1). Overall, this
would be consistent with an amnestic-MCI subtype.
The present study was not designed to examine the
duration of benefits from cognitive training. In healthy
adults, gains achieved via cognitive training were sus-
tained over a 3-month no-contact period [1]. In the
present study, imaging occurred days to weeks after
training was completed, so benefits do not appear to
end immediately after training. It seems likely, how-
ever, that benefits from a cognitive training program
in the face of a degenerative brain disease would not
last long without continued application (as would be
the case with physical exercise or medications). We
attempted to match exact time spent training between
the groups, but the control group self-reported their
training times (in contrast automatic data download-
ing for the experimental group) so that training times of
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the control group may be less accurate. Future studies
should automatically track training times in all condi-
tions.

Because of the relatively small group of participants,
subtle individual differences may have an impact on
our results and we address these differences here. One
participant in the study had chronic, well controlled,
temporal lobe epilepsy, but this participant’s memory
performance and activation pattern were typical for the
treatment group and did not alter the overall outcomes.
Also, the control group was slightly but significantly
better educated than the experimental group. It is not
possible to know the impact of this difference in educa-
tion on the failure of the control group to benefit from
training because so few studies of cognitive training in
MCI have been conducted. A previous meta-analysis
of 19 studies (30 training groups) comparing healthy
older adults above and below 14 years of education (a
median split) failed to find an effect of education on
cognitive training outcome [44]. Education has also
been found to be unrelated to disease progression in
dementia, but is related to relatively higher cognitive
functioning [45]. Thus, the available evidence suggests
that the small but significant difference in education
between the two groups is unlikely to account for the
findings.

With the caveats noted above, however, the present
findings report that cognitive training in a random-
assignment, double-blinded, active-placebo design
was associated with less loss of memory ability and
growth of hippocampal activation in MCI. These
findings ought to motivate larger studies to more defini-
tively determine whether such cognitive training can
slow memory loss and functional hippocampal degen-
eration and extend a higher quality of life in MCI.
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Abstract. Here we describe methods for application of quantitative fluorodeoxyglucose positron emission tomography
([18F]FDG-PET) measures of brain glucose metabolism in multi-centre clinical trials for Alzheimer’s disease. We validated
methods and demonstrated their use in the context of a treatment trial with the PPAR� agonist Rosiglitazone XR versus placebo
in mild to moderate AD patients. Novel quantitative indices related to the combined forward rate constant for [18F]FDG uptake
(Kindex

i ) and to the rate of cerebral glucose utilization (CMRindex
glu ) were applied. Active treatment was associated with a sustained

but not statistically significant trend from the first month for higher mean values in both. However, neither these nor another
analytical approach recently validated using data from the Alzheimer’s Disease Neuroimaging Initiative suggested that active
treatment decreased the progression of decline in brain glucose metabolism. Rates of brain atrophy were similar between active
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and placebo groups and measures of cognition also did not demonstrate clear group differences. Our study demonstrates the
feasibility of using [18F]FDG-PET as part of a multi-centre therapeutics trial and describes new measures that can be employed.
It suggests that Rosiglitazone is associated with an early increase in whole brain glucose utilisation, but not with any biological
or clinical evidence for slowing progression over the period of study in the selected patient group.

Keywords: Rosiglitazone, PPAR�, Alzheimer’s disease, dementia, analysis, FDG PET

INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurode-
generative disorder characterised neuropathologically
by amyloid plaques, neurofibrillary tangles and neu-
ronal and synaptic loss [1]. A unifying explanation for
the aetiology and mechanisms of neurodegeneration in
sporadic AD has not yet been established. Abnormal
glucose metabolism accompanying systemic disorders
such as diabetes mellitus has been proposed to play a
contributory role [2].

Positron emission tomography (PET) with 2-
fluoro-2-deoxy-D-glucose ([18F]FDG), demonstrates
impairment of cerebral glucose metabolism that
precedes clinical expression and worsens with the
progression of AD. Characteristic and progressive
reductions in glucose metabolism relative to healthy,
age-matched controls have been reported for the pari-
etal, temporal, frontal and posterior cingulate cortices
in patients with mild to moderate AD [3–10]. Simi-
lar changes can be found in brains of people at risk
for both familial and sporadic forms of AD prior to
the onset of dementia, in pre-symptomatic carriers of
the mutations that cause early onset familial AD [11]
and in clinically normal carriers of the �4 allele of the
apolipoprotein E gene (APOE4), which predisposes
to developing late onset sporadic AD [12–17]. The
observed PET changes can be attributed to a reduc-
tion in glucose metabolism, the density or activity of
terminal neuronal fields or peri-synaptic glial cells, or
a combination of these mechanisms.

Post-mortem studies have shown that AD patients
have reductions in posterior cingulate cortical
mitochondrial activity [18] and reduced neuronal
expression of most of the nuclear genes encod-
ing electron transport chain genes and mitochondrial
translocases [19]. More recently, genetic evidence has
suggested that a variable length poly-T polymorphism
of the translocase of outer mitochondrial membrane 40
homolog (TOMM40) gene, just upstream of the APOE

gene on chromosome 18, accounts for the earlier age
of presentation of late-onset AD in carriers and non-
carriers of the ApoE �4 allele, long considered the
major late-onset AD susceptibility gene [20].

While these findings establish a rationale for the
association between regional reduction of cerebral glu-
cose metabolism and AD, it is not clear whether abnor-
malities of glucose metabolism are a cause or a conse-
quence of the core pathology of AD. Abnormalities of
glucose metabolism could contribute to the genesis of
the disease. There is indirect evidence that abnormal
insulin function or insulin resistance contribute to AD
pathology. AD patients have lower cerebrospinal fluid
(CSF) insulin concentrations, elevated plasma insulin
concentrations and reduced CSF:plasma insulin ratios
when compared with healthy controls [21]. Insulin is
transported into the brain by a saturable, unidirectional
process [22] and its uptake is modulated in diabetic
mice [23]. Hippocampal and other medial temporal
regions that support episodic memory encoding and
retrieval that are affected by the earliest neurofibril-
lary pathology in AD express insulin receptors and
insulin sensitive glucose transporters (GLUT4 and
GLUT8) [24–26]. Rodents treated with intrathecal
streptozotocin (which desensitises brain insulin recep-
tors) develop cognitive impairment [27, 28]. Infusion
of insulin while maintaining plasma glucose levels
constant (glucose “clamp”) was associated with an
acute, short-term cognitive improvement in patients
with AD, while infusion of glucose with constant
plasma levels of insulin (insulin “clamp”) did not have
the same effect [29]. Together, these findings suggest
that treatments augmenting brain insulin receptor func-
tion could improve cognition in patients with AD.

Rosiglitazone (RSG) is a peroxisome proliferator
activated receptor gamma (PPAR-�) agonist which
has been shown to ameliorate insulin resistance in
patients with type II diabetes mellitus [30, 31]. The
insulin sensitizing action of PPAR-� agonists leads to
induction of transcription of several genes involved
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in glucose and lipid metabolism including those that
code for the insulin sensitive glucose transporter
GLUT4 [32]. Chronic use of PPAR-� agonists also
increases the expression of GLUT1 [33], the primary,
insulin-insensitive glucose transporter of the blood-
brain barrier.

Tg2576 mice, a common preclinical model for
AD with impaired learning, showed better spatial
learning and memory abilities, similar to control wild-
type mice, when administered rosiglitazone during
behavioural testing [34]. A randomised, double blind
study of memory and cognition with rosiglitazone
or glyburine as add-on therapy to metformin in type
II diabetes patients reported cognitive benefits with
rosiglitazone [35]. A placebo controlled, double blind
study of 6 months showed improvements in cognitive
function in mild AD patients treated with rosiglita-
zone [36]. Post-hoc analysis of a 24 week, placebo
controlled, double blind study showed that mild-to-
moderate AD patients who did not carry APOE �4
allele exhibited cognitive and functional improvement
after 24 weeks of treatment with RSG extended release
tablets (RSG-XR) (8 mg) [37].

[18F]FDG-PET has been proposed as an end-
point for clinical trials in AD [3] because it offers
pharmacodynamic measures related to brain glu-
cose metabolism, which can be related directly to
synaptic function. Estimates of rates of change and
measurement variance suggest that [18F]FDG-PET
could provide substantially higher sensitivity for
detecting treatment effects than the clinical measures
used conventionally in proof-of-concept studies [3,
13]. Recent work has validated an approach for opti-
mising the sensitivity of longitudinal [18F]FDG-PET
observations based on the prior empirical definition
of a single cortical grey matter region of interest
showing maximum change with untreated progression
of disease in datasets from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) [10], but this has
yet to be applied in the context of a therapeutic trial.
Other novel measures also are possible.

Here we describe validation of novel measures of
brain FDG uptake suitable for use in a multi-centre
trial. We also apply an alternative recently well-
described measure [10] to distinguish the kinds of
results that are available from different methods. Both
are used in the contract of a a double blind, placebo con-
trolled, multi-centre study of the effects of a 12 months
course of RSG on the rate of decrease of cerebral glu-
cose metabolism (CMRglu) and cognitive performance
in patients with mild to moderate AD.

MATERIALS AND METHODS

Study design

This was a 12 months, parallel group, double blind
study with subjects randomised to receive either RSG
in the form of extended release (XR) or matched
placebo. The study was conducted at 14 centers in
3 countries including 2 Canadian sites, 4 sites in the
United Kingdom, and 8 sites in the United States.

Subjects in the active group were dosed with RSG-
XR 4 mg daily for the first month increasing to 8 mg
daily for the remaining 11 months of the study. Subjects
underwent 4 PET scans (baseline, 1 month, 6 months
and 12 months) and 3 MRI scans (baseline, 6 months
and 12 months) for PET registration and brain volumet-
ric analysis. Clinical behavioural scales were evaluated
at baseline, 1, 6 and 12 months. The 1 month scans
were acquired to test for acute medication effects on
brain imaging measurements independent of an AD-
slowing effect. A sub-group of patients consented to
APOE genotyping.

Recognising the novelty of FDG PET as an outcome
measure in AD treatment trials, this study was intended
as a hypothesis generating study and thus was powered
on feasibility rather than formal statistical consider-
ations. The primary outcome was 12-month cerebral
glucose metabolic rate changes in brain regions pref-
erentially affected by AD in the RSG-XR relative to
placebo groups.

Subjects

Eligible subjects included males and females
between 50–85 years of age who met the National
Institute of Neurological and Communicative Dis-
eases and Stroke/Alzheimer’s Disease and Related
Disorders Association criteria for mild to moderate
probable AD [40], had a Mini-Mental State Examina-
tion (MMSE) [41] score between 16-26 at screening,
and had a dedicated caregiver who was willing to attend
all visits, oversee compliance with protocol-specified
procedures and study drug use and provide ongoing
reports on the subject’s status. Patients living alone
or in a nursing home were not eligible. Subjects with
historical, physical or laboratory evidence of other neu-
rological or non-neurological medical conditions that
might influence the outcome or analysis of the PET
results were excluded. Thus, patients with history of
type I or type II diabetes mellitus or fasting plasma
glucose level >126mg/dL or HbA1c >6.2%, as well
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Table 1
PET study population demographics

A. Subjects who completed the baseline and 1 month PET scans

Placebo, N = 38 RSG-XR, N = 38 Total, N = 76

Age (yrs) [Mean, Range] 69.9 (52, 84) 72.2 (53, 85) 71.1 (52, 85)
Gender [N (%)]

Female 18 (47.4%) 17 (44.7%) 35 (46.1%)
Male 20 (52.6%) 21 (55.3%) 41 (53.9%)

Ethnicity
White 36 (94.7%) 36 (94.7%) 72 (94.7%)
Non-white 2 (5.3%) 2 (5.3%) 4 (5.3%)

Height (cm) [Mean ± SD*] 169.18 ± 11.49 168.61 ± 10.81 168.89 ± 11.09
Weight (kg) [Mean ± SD] 73.26 ± 15.51 74.73 ± 16.12 74.0 ± 15.73
BMI (kg.m2) [Mean ± SD] 25.45 ± 3.77 26.15 ± 4.12 25.8 ± 3.94

B. Subjects who completed the 12 months PET scans

Placebo, N = 29 RSG-XR, N = 31 Total, N = 60

Age (yrs) [Mean, Range] 69.6 (52, 83) 71.9 (53, 85) 70.8 (52, 85)
Gender [N (%)]

Female 15 (51.7%) 13 (41.9%) 28 (46.7%)
Male 14 (48.3%) 18 (58.1%) 32 (53.3%)

Ethnicity
White 28 (96.6%) 29 (93.5%) 57 (95.0%)
Non-white 1 (3.4%) 2 (6.5%) 3 (5.0%)

Height (cm) [Mean ± SD*] 168.48 ± 10.38 169.71 ± 10.67 169.12 ± 10.46
Weight (kg) [Mean ± SD] 70.44 ± 11.56 76.38 ± 15.76 73.51 ± 14.10
BMI (kg.m2) [Mean ± SD] 24.82 ± 3.62 26.42 ± 4.01 25.65 ± 3.90

*SD = standard deviation.

as patients on medications expected to directly affect
glucose metabolism were excluded from participation.

Eighty subjects meeting these selection criteria were
randomised equally to the active treatment (RSG-XR)
and placebo arms of the study. Subjects in the active
group were treated with RSG-XR 4 mg daily for the
first month and then with 8 mg daily for the remaining
11 months of the study. 76 subjects completed base-
line and 1 month scans (38 placebo, 38 RSG-XR), 70
(35 placebo, 35 RSG-XR) subjects completed the 6
month scan and 60 (29 placebo, 31 RSG-XR) com-
pleted the 12 months scan. The placebo and treatment
groups were well-matched for age, gender, ethnicity
and body habitus (Table 1A). Of the 80 randomised
patients, 59 consented to APOE genotyping. Thirty
nine of those consenting carried at least one APOE
�4 allele (24 placebo, 15 RSG-XR) (APOE4+) and 20
patients did not (6 placebo, 14 RSG- XR) (APOE4-).

Cognitive testing

MMSE
The MMSE [41] was performed by a qualified rater

to screen subjects for dementia severity. Scores range

from 0–30, with lower scores indicating greater cog-
nitive impairment; scores between 16–26 were used to
select subjects with mild-to-moderate severity.

ADAS-Cog
The ADAS-Cog was performed by a qualified rater,

who monitored cognitive performance throughout the
study. If the score for more than one question was
missing, a total score was not imputed.

CIBIC+
CIBIC+ assessments were performed by an inde-

pendent investigator who was not involved in any other
aspect of subject care or assessment and who did not
have access to other subject data for the study.

Imaging

PET scanning
Each subject had [18F]FDG-PET scans at baseline

and at 1, 6 and 12 months after initiation of treatment.
Subjects were requested to abstain from food and drink
from the night before the day of the scan. However,
scans were performed on patients who reported that
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they did not fast if their plasma glucose was <7 mmol/L
just before the time of radiotracer administration. The
scanning protocol consisted of 34 frames, starting
pre-injection through 60 minutes post-injection (see
Supplementary Material). Venous samples were drawn
at 10, 17.5, 25, 45 and 60 minutes post injection for
plasma [18F]FDG and glucose.

MRI scanning
MRI scans were performed at baseline and at 6

and 12 months after initiation of treatment. 3D T1
sequences were selected for measurements of brain
atrophy and co-registration of PET images. Soft-
ware corrections to normalise geometric distortions
across sites were made based on data from scanning
of a standard phantom across at each site. Accept-
able reproducibility of brain structural measures was
demonstrated with two serial 3D T1W scans (inde-
pendently reviewed) of a human volunteer at each site
before the start of patient scanning.

Data processing and analysis

Image reconstruction and pre-processing
Three-dimensional re-projection (3DRP) or Fourier

re-binning (FORE), combined with two dimensional
(2D) reconstruction or 3D ordinary Poisson ordered-
subsets expectation maximization (OP-OSEM), were
used for image reconstruction [1–-3]. All sites were
instructed to apply dead time correction, randoms
correction, normalisation, geometric correction, mea-
sured attenuation correction, scatter correction, axial
and transaxial ramp filters. In contrast to the image
pre-processing procedures subsequently developed in
ADNI [4], this study did not smooth the images
acquired on different imaging systems to a common
spatial resolution.

Dynamic PET images were corrected for frame-wise
subject head motion and registered to the correspond-
ing MRI via rigid body registration, with normalised
mutual information as cost function. The brain vol-
ume was extracted from the whole head MRI and
segmented to generate a grey matter map. The MNI152
template [5] and corresponding anatomical human
brain atlas [6] were nonlinearly warped onto each sub-
ject’s MRI brain image. The warped atlas was then
applied in conjunction with the grey matter map to
the PET dynamic in order to generate time activ-
ity curves (TACs) for the grey matter in the regions
of interest (ROIs). TACs were obtained for global

grey matter and the following bilateral ROIs: poste-
rior cingulate gyrus, parietal lobe, posterior temporal
lobe, frontal lobe, cerebellum and medial temporal
lobe (consisting of hippocampus, amygdala, medial
anterior temporal lobe and parahippocampal ambiens
gyrus). All rigid body image registrations, nonlin-
ear warps and MRI segmentation were performed
using SPM5b [http://www.fil.ion.ucl.ac.uk/spm]. The
brain extraction process was performed with FSL3.3.5
[http://www.fmrib.ox.ac.uk/fsl].

The results of brain image extraction and seg-
mentation were quality checked by visual inspection.
PET motion correction, PET-MRI co-registration, atlas
warp to subject’s MRI and subsequent PET alignment
and grey mask images were also checked by visual
inspection. Image quality control (QC) failures after
blinded review included scans with unavailable scan
and/or blood data in the measurement interval, scans
with faults at FDG injection (infiltration) or PET acqui-
sition and scans associated with incorrect blood data.
Five subjects were excluded from the subsequent anal-
ysis due to unacceptable image or data quality at the
baseline. Additional QC failures at individual time-
points of 1, 6 and 12 months included 1, 1 and 2 scans
respectively.

Data processing and analysis

The [18F]FDG-PET and MRI images were stored,
processed and analyzed by GSK investigators at the
GSK Clinical Imaging Centre, Hammersmith Hos-
pital, London, UK, as described below. Additional
information on image acquisition, reconstruction, pre-
processing and analysis methods is provided in the
Supplementary Material.

PET data
Since arterial sampling to define the input func-

tion for each subject and allow conventional kinetic
analysis for measurement of CMRglu from [18F] FDG-
PET was not considered feasible for a multi-centre,
AD protocol, we used two novel methods that were
applied after common initial processing steps. The pri-
mary analysis was performed using a method based
on principles of kinetic modelling (see 2.5.1.a). After
the study was completed, we added a secondary anal-
ysis using a recently proposed alternative analytical
method based on an empirically pre-defined statistical
region-of-interest derived from the Alzheimer’s Dis-
ease Neuroimaging Initiative.
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Analysis based on principles of kinetic modelling.
Conventionally, the cerebral metabolic rate for glu-
cose, CMRglu, would be estimated from dynamic
[18F]FDG-PET scans as

CMRglu = Ki

c
glu
p

LC

where Ki is the combined forward rate constant for
[18F]FDG, c

glu
p is the concentration of native glucose

in plasma and LC (the so-called “lumped constant”)
accounts for the kinetic differences between native glu-
cose and the deoxy analogue. However, in the present
study protocol it was not considered practical to obtain
arterial blood samples. In order to take into account
the delivery of [18F]FDG to the tissue and the concen-
tration of native glucose in plasma without a direct
measure of the arterial input function we therefore
defined a pragmatic index of the combined forward
rate constant as:

Kindex
i = c∗

t

c∗
p × t

where ct
* is the average concentration of radioactivity

in the tissue over the last 30 minutes of the 60 minute
scan calculated as the frame average time activity curve
of the last 6 frames of the PET dynamic, cp

* is the aver-
age plasma radioactivity calculated from the venous
blood samples collected within the last 30 minutes
of the scan and t = 45 minutes. A corresponding
index for the metabolic rate for glucose was then
calculated as

CMRindex
glu = Kindex

i × cglu
p

With these mathematical formulations, drug effects
arising from changes in systemic plasma glucose con-
centration (reflected in c

glu
p changes) can be considered

in addition to those arising from increased transport or
phosphorylation of FDG (Kindex

i changes).
The analytical approach is described further and data

supporting its validation are provided in the original
report. Results were obtained for grey matter globally
and for the following bilateral ROIs: posterior cin-
gulate gyrus, posterior temporal lobe, parietal lobe,
frontal lobe, cerebellum and medial temporal lobe
(consisting of amygdala, hippocampus, medial anterior
temporal lobe and parahippocampal ambiens gyrus).

Analysis based on an empirically pre-defined statis-
tical region-of-interest derived from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI). While
the analysis described above permitted us to charac-
terize the effects of treatment group, time and their
interaction on quantitative PET measurements in
anatomically-based ROIs, the statistical power of the
approach may be limited by inter-scanner variation
in absolute measurements, insensitivity to change
within ROIs that may not optimally conform to cluster
of voxels most characteristically associated with
twelve-month changes in subjects with probable AD
and by an inflated Type I error due to the simul-
taneous search over multiple regions (the multiple
comparisons problem). For these reasons, we also
used a complementary approach (developed recently
using data from ADNI) that may provide improved
statistical power for evaluation of treatment effects in
multi-centre AD treatment trials [10].

For this new approach, a pair of empirically pre-
defined ROIs was created based on an analysis of a
separate dataset of 69 mild probable AD patients from
ADNI’s training data for brain glucose metabolism.
A “spared ROI” consisting of the cluster of voxels
associated with 12-month increases (p = 0.0005) in
[18F]FDG uptake (clearly distinguishing them from
those voxels associated with regions in which there
is progression of neuropathology) and a second, “sta-
tistical ROI” (sROI) including voxels that showed the
most significant decrease (p = 0.0005) were defined.
These two pre-defined ROIs then were applied to each
image of interest and a single outcome was com-
puted as the ratio of relative glucose metabolism,
sROI/“spared”ROI. Application of this a priori defined
outcome has been found to improve statistical power
and, as a single hypothesis, is not subject to loss of
power from multiple comparisons when applied in
independent data sets [10].

In application of this approach for the current study,
we refer to the normalised ratio sROI/“spared” ROI as
CMRratio and characterized 12-month declines in the
placebo and RSG- XR groups for this single endpoint.
While pre-processing of the image data in the present
study was similar to the method as described origi-
nally, one difference was that a fixed 8 mm smoothing
kernel was used instead of a site-specific kernel
size used to obtain common empirically-determined
resolution. This could result in less power to detect
treatment effects [10].
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A voxel-wise analysis of 12 months change in the
entire dataset of parametric CMRindex

glu images from the
current study also was performed to re-assess the “face
validity” of the sROI.

MRI data
Estimates of changes in the normalised brain vol-

ume (NBV) (cubic millimetres) were obtained using
SIENAX [38, 39], which is part of the FSL software
package [http://www.fmrib.ox.ac.uk/fsl]. All struc-
tural MRI data were visually inspected both before
and after applying brain segmentation procedures.
Reasons for excluding a scan from the analysis
included insufficient contrast-to-noise, segmentation
failure, insufficient alignment between scans or differ-
ing acquisition parameters between scans. 3 subjects
were excluded from analysis due to unacceptable qual-
ity of the baseline scan. In addition, the number of
scans excluded for the 6 and 12 months were 5 and 2
respectively.

Statistical analyses
The difference between RSG-XR and placebo

change from baseline was tested for statistical signifi-
cance in the regional and global CMRindex

glu , Kindex
i , as

well as in CMRratio, NBV and clinical scale measures
across the four evaluation time-points.

A separate mixed effects model for repeated mea-
sures (MMRM) implemented in SAS 9.1 [http://www.
sas.com] was fitted to the primary endpoint of change
from baseline for each ROI and grey matter. Point
estimates and 95% confidence intervals (CI) for the dif-
ference were produced. The terms fitted in the MMRM
included the fixed categorical terms of treatment, visit,
treatment × visit interaction, and the fixed continu-
ous covariates of baseline, baseline × visit interaction
and repeated term visit. All p-values presented are for
two sided alternatives. The estimates for the absolute
change from baseline were re-expressed in percent-
age form and the differences between groups were
expressed as a difference in percentage points.

Similar analyses were undertaken for the MRI data
and the clinical scales.

RESULTS

76/80 subjects that enrolled in the study completed
the PET baseline and 1 month scans (38 placebo, 38
RSG-XR). The subjects were well matched in terms of

baseline MMSE scores (placebo 20.7, CI (19.8, 21.7),
RSG-XR 20.9, CI (19.7, 22.1)) and demographic char-
acteristics (Table 1A). 70/80 and 60/80 of the enrolled
subjects completed visits up to the 6 and 12 months
PET time points. The demographic characteristics of
the study populations were still well matched at 12
months (Table 1B).

Testing for treatment effects on brain glucose
metabolism in AD with a kinetic-modelling based
analysis

For the primary analysis, mean values of CMRindex
glu

and Kindex
i in subjects receiving a 12 months course

of RSG-XR were contrasted with those receiving
placebo for the pre-determined, anatomically-defined
cortical ROIs and for a global cerebral grey matter
ROI. Baseline CMRindex

glu and Kindex
i were not sig-

nificantly different, but the placebo group had mean
raw total grey matter values approximately 5.2%
higher than the RSG-XR group for CMRindex

glu (44.7

�g cm−3 min−1 placebo; 42.5 �g cm−3 min−1 RSG-
XR) and 7.7% higher for the mean raw Kindex

i

(53.1 10−3 mL cm−3 min−1 placebo; 49.3 10−3 mL
cm−3 min−1 RSG-XR).

Following an approximately 4.7% decrease for
the placebo group and a 1.5% increase for the
RSG-XR treated group over the first month, the
mean raw CMRindex

glu estimates were similar between

the two subject groups (42.8 �g cm−3 min−1 placebo;
43.6 �g cm−3 min−1 RSG-XR). The mean raw Kindex

i

estimates also were similar at 1 month (50.0 10−3 mL
cm−3 min−1 placebo; 51.8 10−3 mL cm−3 min−1

RSG-XR), reflecting a similar approximately 5.1%
decrease in the placebo measures and a 3.1% increase
in the RSG treated group. However, group differences
in changes from baseline in neither of the indices achi-
eved statistical significance (p = 0.23 for CMRindex

glu ;

p = 0.14 for Kindex
i , both uncorrected for multiple

comparisons).
Both placebo and RSG-XR groups showed

decreases in CMRindex
glu over the full 12 months

of observation (Fig. 1) (Table 2). Similar relative
changes were seen for Kindex

i in both groups (Fig. 2)
(Table 3). Although there was a consistently smaller
total decrease from baseline at each timepoint in the
RSG-XR group, the difference in decline relative to the
placebo group at best suggests no more than a trend (p-

http://www.sas.com
http://www.sas.com
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Fig. 1. Progression of decreases in mean raw values of CMRindex
glu

over 12 months (95% confidence intervals shown) by anatomically pre-specified
regions of interest (A. Cerebellum, B. Posterior cingulate Gyrus, C. Frontal lobe, D. Medial temporal lobe, E. Parietal lobe, F. Posterior temporal
lobe, G. Global grey matter).

Table 2
CMRindex

glu
(�g cm−3 min−1), adjusted 12 months mean change from baseline in ROIs and global grey matter with CI (95%)

and p-values (uncorrected)

RSG-XR Placebo Difference Difference Difference
(RSG-XR-Placebo) CI (95%) p-value

ROI
Post cing gyrus −2.480 (−5.3%) −6.369 (−13.5%) 3.889 (8.3%) (−0.844, 8.622) 0.11
Med temp lobe −1.591 (−5.0%) −4.020 (−12.5%) 2.431 (7.6%) (−0.856, 5.716) 0.14
Parietal lobe −3.296 (−7.5%) −6.331 (−14.3%) 3.036 (6.9%) (−1.276, 7.349) 0.16
Post temp lobe −3.056 (−7.4%) −5.853 (−14.2%) 2.798 (6.8%) (−1.047, 6.642) 0.15
Cerebellum −1.593 (−3.7%) −4.567 (−10.5%) 2.976 (6.8%) (−1.660, 7.609) 0.20
Frontal lobe −3.267 (−6.9%) −6.436 (−13.7%) 3.169 (6.7%) (−1.536, 7.873) 0.18
Global grey matter −2.758 (−6.3%) −5.724 (−13.1%) 2.964 (6.8%) (−1.296, 7.224) 0.17

Percentage change from baseline is given in parentheses. Abbreviations: CI, confidence interval; Cing, cingulate; ROI,
region of interest; RSG, rosiglitazone; Temp, temporal; Post, posterior; Med, medial.

values for the group differences in regional CMRindex
glu

changes over the 12 months ranged between 0.11 and
0.20).

In order to address directly any potentially con-
founding contributions of an acute medication-related
effect on PET measurements unrelated to changes in
disease progression, we also characterized and com-
pared rates of change of [18F]FDG-PET measures
between the 1 and 12 months follow-up scans for
the two treatment groups. Rates of decline for the
placebo and RSG-XR groups were almost identical for

CMRindex
glu between the 1 and 12 months observations

(−3.982 �g cm−3 min−1 [9.1%] decrease for placebo-
treated and −3.556 �g cm−3 min−1 decrease [8.1%]
for RSG-XR treated subjects between the 1 and 12
months visits).

In an exploratory pharmacogenetic analysis, we
characterized and compared grey matter ROI PET
changes in the APOE4 carrier and non-carrier sub-
groups (Table 4). Over the full 12 months of the
study, there was smaller mean decrease in CMRindex

glu

in the APOE4− (3.2%) than in the APOE4+ (6.2%)
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Fig. 2. Progression of decreases in mean raw values of Kindex
i over 12 months (95% confidence intervals shown) by anatomically pre-specified

regions (A. Cerebellum, B. Posterior cingulate gyrus, C. Frontal lobe, D. Medial temporal lobe, E. Parietal lobe, F. Posterior temporal lobe, G.
Global grey matter).

Table 3
Kindex

i (10−3 mL cm−3 min−1), adjusted 12 months mean change from baseline in ROIs and global grey matter with CI
(95%) and p-values (uncorrected)

RSG-XR Placebo Difference Difference p-value
(RSG-XR-Placebo) CI(95%)

ROI
Post cing gyrus −3.662 (−6.6%) −7.789 (−14.1%) 4.127 (7.5%) (−1.611, 9.864) 0.16
Post temp lobe −4.276 (−8.9%) −7.236 (−15.0%) 2.962 (6.1%) (−1.636, 7.558) 0.20
Med temp lobe −2.416 (−6.4%) −4.511 (−12.0%) 2.096 (5.6%) (−1.704, 5.898) 0.27
Parietal lobe −4.736 (−9.2%) −7.620 (−14.7%) 2.884 (5.6%) (−2.356, 8.124) 0.28
Frontal lobe −4.580 (−8.3%) −7.524 (−13.6%) 2.942 (5.3%) (−2.876, 8.760) 0.32
Cerebellum −2.842 (−5.6%) −4.793 (−9.4%) 1.953 (3.8%) (−3.387, 7.291) 0.47
Global grey matter −4.058 (−7.9%) −6.687 (−13.1%) 2.629 (5.1%) (−2.491, 7.749) 0.31

Percentage change from baseline is given in parentheses. Abbreviations: CI, confidence interval; Cing, cingulate; ROI,
region of interest; RSG, rosiglitazone; Temp, temporal; Post, posterior; Med, medial.

Table 4
Adjusted 12 months mean change from baseline in global grey matter for CMRindex

glu
(�g cm−3 min−1) or the CMRratio (a unitless

ratio) with CI (95%) and p-values (uncorrected), for the subgroup of patients consenting to APOE4 genotyping

APOE4 Index RSG-XR Placebo Difference Difference Difference
status (RSG-XR-Placebo) CI (95%) p-value

Negative CMRindex
glu

−1.413 (−3.2%) −4.873 (−11%) 3.462 (7.8%) (−6.551, 13.473) 0.49
CMRratio −0.0562 (−5.0%) −0.0145 (−1.3%) −0.0417 (−3.7%) (−0.0880, 0.0047) 0.08

Positive CMRindex
glu

−2.753 (−6.2%) −4.184 (−9.5%) 1.429 (3.2%) (−4.873, 7.731) 0.65
CMRratio −0.0344 (−3.1%) −0.0689 (−6.1%) 0.0345 (3.1%) (0.0060, 0.0629) 0.02

Percentage change from baseline is given in parentheses. Abbreviations: CI, confidence interval; RSG, rosiglitazone.

group for the RSG-XR group in contrast to similar
declines for the placebo group (11% APOE4−, 9.5%
APOE4+), but in neither genetic subgroup did

the difference between active and placebo groups
achieve statistical significance or show a meaning-
ful trend (APOE4- difference between subgroups =
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A B

Fig. 3. Rendering of location of voxels with significant decrease in glucose metabolism (red) overlaid on surface of reference brain (grey).
Figure A shows voxels significant for 12 months change in CMRindex

glu
, p < 0.0005 uncorrected. Figure B shows voxels significant for 12 months

change in ADNI training sample, p < 0.0005 uncorrected.

3.462 �g cm−3 min−1, p = 0.49; APOE4+ difference
between subgroups = 1.429 �g cm−3 min−1, p = 0.65).
The analysis was limited by small sample sizes
and placebo subject imbalance in the two genetic
subgroups.

Testing for treatment effects on brain glucose
metabolism in AD with an empirically pre-defined
statistical region-of-interest derived from the
Alzheimer’s Disease Neuroimaging Initiative
(ADNI)

We first assessed the “face validity” of the sROI
derived from the ADNI cohort for our study popu-
lation. Voxel-wise analysis of the combined placebo
and active groups in our study confirmed significant
12-month declines in regional CMRindex

glu (Fig. 3A) in
an anatomical distribution similar to the ADNI patients
[10] (Fig. 3B). Overlap between the thresholded masks
was identified in regions including the precuneus and
in the posterior cingulate, posterior temporal, and pari-

etal cortices, which all have been described previously
as showing decreases in CMRglu with the progression
of AD [5, 7].

We then characterized and compared sROI/spared
ROI (CMRratio) declines in the RSG-XR and placebo
groups. Rates of decline in the CMRratio for the
placebo and RSG-XR groups were similar between
the baseline and 12 months observations (−0.0465
(−4.2%) RSG-XR; −0.0602 (−5.4%) placebo; dif-
ference between groups 0.0137 (1.2%), CI (−0.0061,
0.0335), p = 0.17).

Unlike either CMRindex
glu or Kindex

i , the mean raw
baseline CMRratio value for the RSG-XR group
(1.12) was minimally different from that for the
placebo group (1.09). Similar changes in CMRratio
were observed over the first month for both groups
with no evidence for a short-term increase in brain
glucose metabolism in the RSG-XR-treated sub-
jects (one month decrease from baseline: −0.0060
(−0.5%) placebo; −0.0075 (−0.7%) RSG-XR; differ-
ence between groups −0.0015 (−0.2%), CI (−0.0147,
0.0117), p = 0.82).
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Fig. 4. Adjusted mean change from baseline in normalized brain
volume (NBV) (95% confidence intervals shown).

Measures of the mean decrease in CMRratio from
baseline at 6 months showed smaller mean declines
in the RSG-XR group relative to placebo, but group
differences did not approach statistical significance
(−0.0298 (−2.7%) placebo; −0.0254 (−2.3%) RSG-
XR; difference between groups 0.0044 (0.4%), CI
(−0.0097, 0.0185), p = 0.54).

Overall, the mean CMRratio change over all time
points was smaller for the RSG-XR group than
for the placebo group, but the differences again
failed to suggest even a trend favouring the active
treatment group over the 12 months of observation
from baseline (change, −0.0265(−2.4%) RSG-XR;
−0.0320(−2.9%) placebo; difference between groups,
0.0055 (0.5%), CI (−0.0072, 0.0183), p = 0.39].

Exploratory pharmacogenetic analysis of the sub-
group consenting to APOE genotyping demonstrated
a smaller decrease in CMRratio from baseline over the
full 12 months of the study in the RSG-XR group
relative to placebo treatment for APOE4+ subjects
(difference between groups in change from base-
line 0.0345, p = 0.02) (Table 4). There was a trend
for a larger decrease from baseline in the APOE4−
subgroup subjects treated with RSG-XR relative to
placebo (difference between groups in change from
baseline −0.0417, p = 0.08).

6- and 12-month decreases in whole brain volume

Whole brain volume changes were assessed at base-
line, 6 and 12 months for the two treatment groups.
A progressive decrease in brain volume over the
study period was measured for both groups (Fig. 4).
Although the mean decrease in brain volume was
lower for the RSG-XR group than for placebo-treated
subjects at 12 months, the difference was neither statis-
tically significant nor did it approach a level suggesting
any trend (Table 5). Absence of a treatment effect on
whole brain volume measured using SIENAX was con-
firmed in a separate analysis of the baseline and 12
months data with SIENA (data not shown).

Clinical outcome measures

The probable AD patients in the two treatment
groups did not differ substantially in their baseline
ADAS-Cog scores (placebo mean 19.4, CI (16.9, 21.9);
RSG-XR mean 21.3, CI (18.9, 23.7)). Both ADAS-
Cog and CIBIC+ measured progressive decreases in
performance from baseline over the 12 months of the
study for both treatment groups (Table 6 ). The ADAS-
Cog results favoured placebo (difference between
RSG-XR and placebo groups of 2.18 points) and the
CIBIC+ results favoured the RSG-XR group (differ-
ence between RSG-XR and placebo groups of 0.1
points), but differences for neither test reached statis-
tical significance.

Exploratory pharmacogenetic analysis did not show
a significant treatment difference or meaningful trend
in either genetically-defined subgroup (Table 6).

Plasma glucose

There were no consistent or significant differences
in plasma glucose levels between the two groups
at any of the time points. The mean glucose con-
centrations (CI 95%) were 0.859 ± 0.033 mg mL−1

(baseline) and 0.855 ± 0.050 mg mL−1 (12 months)
for the placebo group and 0.861 ± 0.033 mg mL−1

Table 5
Normalised brain volume (NBV) (mm3), adjusted mean change from baseline with CI (95%) and p-values (uncorrected)

Timepoint RSG-XR Placebo Difference Difference Difference
(months) (RSG-XR-Placebo) CI (95%) p-value

6 −10792 (−0.8%) −5821 (−0.4%) −4972 (−0.4%) (−25516, 15573) 0.63
12 −11567 (−0.8%) −23790 (−1.7%) 12223 (0.9%) (−7450, 31897) 0.22

Percentage change from baseline is given in parentheses. Abbreviations: CI, confidence interval; RSG, rosiglitazone.
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Table 6
Twelve month change from baseline in clinical scales for the total study group and for APOE4 allele subgroups

(95%) and p-values (uncorrected)

Clinical scale/ RSG-XR Placebo Difference Difference Difference
patient group (RSG-XR-Placebo) CI (95%) p-value

Total group
ADAS-Cog 7.62 5.44 2.18 (−1.68, 6.04) 0.26
CIBIC+ 4.86 4.96 −0.10 (−0.70, 0.49) 0.74
APOE4− patients
ADAS-Cog 10.26 7.5 2.76 (−5.01, 10.53) 0.48
CIBIC+ 5.04 5.43 −0.39 (−1.71, 0.93) 0.56
APOE4+ patients
ADAS-Cog 5.06 4.05 1.01 (−4.23, 6.26) 0.70
CIBIC+ 4.62 4.65 −0.03 (−0.92, 0.85) 0.94

with CI Percentage change from baseline is given in parentheses. Abbreviations: CI, confidence interval; RSG,
rosiglitazone.

(baseline) and 0.878 ± 0.039 mg mL−1 (12 months)
for the RSG-XR group.

DISCUSSION

Multiple independent observations have shown that
AD is associated with progressive reductions of oxida-
tive metabolism of glucose in the brain [3–10] and both
epidemiological and preclinical studies together sug-
gest that impairment of insulin signalling and glucose
metabolism could contribute to the genesis or progres-
sion of AD [2]. Here we have evaluated new measures
for quantitative assessment of brain FDG uptake using
PET that are applicable to multiple centre trials. We
have done this while also evaluating a novel therapeutic
hypothesis. Pilot studies have suggested that treatment
with rosiglitazone, an insulin sensitising PPAR� ago-
nist, improves cognition in AD [36] (but that effect
could be limited to APOE4- subjects [37]).

The primary method of analysis proposed here is
based on tracer kinetic principles with venous blood
samples and is a straightforward extension of estab-
lished methods. An advantage of the method is that
it allows estimates for both Ki and CMRglu to be
extracted. These measures should be sensitive to global
as well as to regional changes in brain metabolism.
Limitations arise from the loss of statistical power with
multiple comparisons (as several ROIs are assessed
simultaneously) and any variance introduced from
detection differences between scanners [47].

We therefore also employed an alternative method
recently validated using data from ADNI patients
undergoing serial [18F]FDG-PET assessments [10].
This method both employs a single, pre-specified
ROI (sROI) selected to optimise power to detect a

therapeutic effect and normalises individual subject
level data using a second ROI not expected to show
significant disease-related changes. Acceptable over-
lap of the sROI with the region of greatest change
for subjects in the current study demonstrated “face
validity” for its application to this population. How-
ever, a limitation is that the method is not sensitive
to effects of any intervention that leads to similar
changes across all regions of the brain (due to the
notmalisation involved). This method was developed
after the initiation of this study and is complementary
to the primary approach in this work.

While data only suggested a trend for a therapeutic
response, the increases in mean Kindex

i and CMRindex
glu

from the first month of treatment suggest early and sus-
tained effects of RSG XR to enhance cerebral glucose
metabolism in AD patients. However, there was no evi-
dence from [18F]FDG-PET, MRI or clinical measures
for slowing of the progression of disease over the 12
months of observation. This outcome is consistent with
the results of completed Phase III randomised con-
trolled trials using clinical endpoints in larger samples
of probable AD patients [44–46].

Our results highlight the value of employing com-
plementary analytical approaches. Relative trends
for changes over time were similar for CMRindex

glu and

Kindex
i and CMRratio measures except over the first

month of treatment, which we hypothesise to reflect
short-term metabolic effects of RSG-XR treatment
apparently independently of secondary effects on rates
of progressive neurodegeneration. The differences in
trends for CMRindex

glu and Kindex
i relative to CMRratio

that were observed over the first month are to be
expected if RSG-XR has similar effects on glucose
metabolism across the entire brain: CMRratio normal-
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isation demonstrates relative changes in CMRglu with
respect to a reference region that is less affected by
the disease, while CMRindex

glu and Kindex
i should be

sensitive to uniform global changes in glucose trans-
port and phosphorylation. The relative increase in
CMRindex

glu approached a trend to an increase over the
first month, suggesting a possible short-term effect
of RSG-XR to partially reverse impairments of brain
glucose metabolism in AD. This evidence suggest-
ing reversible components of pathologically reduced
abnormal brain metabolism in AD is important to test
further in future studies.

The exploratory pharmacogenetic elements of this
study were not consistent between analyses using
the two PET analytical approaches, but confidence in
either specific outcome is limited because of the lim-
ited study power. A smaller change in the CMRratio
was found for the group of APOE4+ subjects treated
with RSG-XR. However, this direction of effect is
opposite to that suggested by earlier clinical data [37].
More consistent with the latter, the mean decrease in
CMRindex

glu was lower in the APOE4− patients on active
treatment, although the result did not approach statis-
tical significance. Further post-hoc analyses exploring
possible drug effects for patients with specific geno-
types E3/3 relative to E3/4 showed similarly negative
results. We believe that discrepancies are due to the
small sample sizes of the exploratory pharmacoge-
netic analyses and the unexpected subject imbalance
in the placebo treated group. While the small numbers
prevent any strong pharmacogenetic inference, these
results overall give confidence that genetic heterogene-
ity between the study active treatment and placebo
populations is not masking a large treatment effect.

While the primary objectives of our methods and
pilot applications related to FDG PET, we also applied
volumetric MRI as an additional, secondary outcome
measure. Whole brain atrophy measured from serial
MRI scanning has become a well-established tool in
Alzheimer’s disease research [48]. Neuronal dystrophy
and loss together likely contribute most to the decrease
in brain volume with disease progression. The SIENA
software used in our study as a measure of changes in
brain volume over time is robust enough to be applied
even to data coming from different MRI scanners (and
thus having differences in contrast [49]). Although the
absolute estimates are different, the relative loss of
volume assessed by SIENA is correlated with that mea-
sured using other methods [50]. Previous work (albeit
using a different image analysis algorithm) suggests
that a study with 40 patients per treatment arm (as in

the current study) should be able to detect a 40% or
greater change in the rate of neurodegeneration over
12 months [51]. As neither a significant difference nor
a trend was found, we conclude that it is unlikely that
RSG-XR has a large effect on neurodegeneration in
patients with mild-to-moderate, probable AD over the
course of a year.

A major outcome from the current work relates to
the piloting of more robust methods for PET in multi-
centre therapeutic studies. There also were important
pharmacological outcomes, although we recognise
their limitations. As indicated above, the most signifi-
cant limitation is the small number of subjects overall
and the even smaller number of subjects included in
the post-hoc pharmacogenetic analyses. We also were
limited by not having applied current state of the art
image-standardization and quality-assurance methods
for the PET data acquisition (which were set out after
initiation of our study [10]). Nonetheless, the lack of
even a trend to a difference in rates of changes between
treated and placebo groups in the PET quantitative
indices after the first month and in the other study
end points for the study duration, argues that RSG-XR
treatment does not have a major effect on neurodegen-
eration in AD over the observed treatment period.

Further confidence in our conclusion derives from
the consistency of conclusions from the two different
methods applied to analysis. Patient selection dif-
ferences between this and previous trials also could
account for differences in outcomes between this PET
study and the earlier small clinical study [36]. Patients
in the study of Watson et al. had a higher median
MMSE, but these investigators also suggested that
there was no evidence for differences in cognitive
responses between patients with established AD and
MCI. However, well-powered, randomised, controlled
trials of RSG-XR also have failed to find evidence for
slowing of the clinical progression of AD [44–46].
A final limitation of our study arises from the fact
that RSG is a substrate for P-glycoprotein [52]. Our
study does not rule out possible effects of highly CNS
penetrant PPAR� agonist on rates of neurodegenera-
tion.

An intriguing element of our work outside of
the methods evaluation has been its role in test-
ing a novel metabolic hypothesis for the treatment
of AD [2]. While failing to demonstrate an effect
of RSG-XR on neurodegeneration, our results sug-
gest partial reversibility of deficits in brain glucose
metabolism in Alzheimer’s disease. The concept that
there are reversible components even with established
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disease should motivate future work using more
CNS-penetrant metabolic modulators, potentially
applied in patients for longer periods and at even ear-
lier stages in the disease. Preclinical results continue to
suggest that metabolic modulation could alter progres-
sion or even reverse neuropathological change in AD
[53]. The consistency of the negative Phase III clinical
trials of RSG-XR [44–46] with results reported here
provides new evidence supporting use of [18F]FDG-
PET and MRI measurements in exploratory Phase II
studies to screen out treatments unlikely to show clin-
ical efficacy in follow-on Phase III studies. We believe
that our work has demonstrated feasibility and antic-
ipate that future trials of new treatments directed at
slowing the progression of AD will benefit from the
inclusion of multiple imaging (and other) biomark-
ers able to add value as specific, mechanistic tests of
therapeutic hypotheses.
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Abstract. Background: A brain atrophy and lesion index (BALI) based on high-field magnetic resonance imaging (MRI) has
recently been validated to evaluate structural changes in the aging brain. The present study investigated the two-year progression
of brain structural deficits in people with Alzheimer’s disease (AD) and mild cognitive impairment (MCI), and in healthy control
older adults (HC) using the BALI rating.
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Methods: T1-weighted high-resolution anatomical imaging data using 3 Tesla MRI at baseline (AD = 39, MCI = 82, HC = 58)
and at 24-months were obtained from the Alzheimer’s disease Neuroimaging Initiative database. Lesions in various brain
structures, including the infratentorial and basal ganglia areas, and the periventricular and deep white matter and global atrophy,
were evaluated and combined into the BALI scale.

Results: Mean progression of brain deficits over two years was evident in all diagnostic groups (p < 0.001) and was statis-
tically greater in MCI-AD converters than in the non-converters (p = 0.044). An increase in the BALI score was significantly
associated with cognitive test scores (p = 0.008 for the Mini-Mental State Examination MMSE and p = 0.013 for the Alzheimer’s
Disease Assessment Scale-Cognitive Subscale ADAS-cog) in a model that adjusted for age, sex, and education.

Conclusion: The BALI rating quantified the progression of brain deficits over two years, which is associated with cognitive
decline. BALI ratings may be used to help summarize AD-associated structural variations.

Keywords: Alzheimer’s disease, aging, atrophy, cognition, lesion, visual scale

INTRODUCTION

Brain structural changes in older adults are com-
monly revealed on magnetic resonance imaging (MRI)
[1] and such changes in otherwise healthy individ-
uals commonly are related to reduced information
processing speed and decreased executive capability
[2]. Compared with age-associated changes in healthy
individuals, brain structural changes in Alzheimer’s
disease (AD) can involve more profound gray mat-
ter atrophy and white matter deficits [3, 4]. These are
often concordant with �-amyloid accumulation and/or
chronic ischemia and small vessel disease, and are
related to worse intellectual function [4, 5]. Reflecting
how often more than one pathological disease process
is commonly present in older adults, many brain struc-
tural changes do not present in isolation, but commonly
are associated with each other [6–8].

The importance of considering all types of brain
deficits in combination so as to better understand
disease expression is increasingly recognized. This
requires evaluation of structural changes of the whole
brain and their cumulative effect. Even so, the overall
impact of multiple brain structural changes on cogni-
tion in aging and in AD remains poorly understood, and
in this context the evaluation of longitudinal change is
paramount. Previous studies have attempted to quan-
tify presumed pathological changes in several localized
regions [9] and many have used visual rating scales [3,
10–12] based on T2-weighted imaging or proton den-
sity imaging that are sensitive to white matter lesions.
More recently, high-field strength MRI (i.e., 3T and
higher), using high-resolution T1-weighted imaging
has also allowed for visualization of brain abnormi-
ties in greater detail [13, 14]. To capture the range of
relevant structural changes, a semi-quantitative brain

atrophy and lesion index (BALI) based on high-field
MRI has been developed [15]. The BALI approach
adapts existing visual rating scales and summarizes
various common types of brain structural changes in
the aging brain in both supratentorial and infraten-
torial regions [15]. To date, BALI ratings have been
validated using several independent datasets and been
found to be useful in describing global structural vari-
ability [15]. Even so, it is not yet understood whether
this tool can be used to evaluate the progression of
brain structural changes and their relation to cognitive
decline, a topic of considerable clinical and research
interest [16–18].

The objectives of the present study were to investi-
gate the progression of brain structural changes using
BALI in people with AD, people with mild cognitive
impairment (MCI), and a matched group of otherwise
healthy control subjects (HC), and; to examine the rela-
tionship between BALI change and cognitive change.
To accomplish these objectives, anatomical imaging
data from the Alzheimer’s Disease Neuroimaging Ini-
tiative were evaluated. A BALI score was constructed
for each subject based on T1-weighted MRI at baseline
and at 24-months follow-up.

SUBJECTS AND METHODS

Subjects

Data used for the present analysis were obtained
from the Alzheimer’s Disease Neuroimaging Initia-
tive (ADNI) [19]. The ADNI was launched in 2003
by public organizations, private pharmaceutical com-
panies, and non-profit organizations. The primary goal
of ADNI has been to test serial neuroimaging and other
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biological markers in the progression of MCI and early
AD in order to aid in more effective treatments [19].
Subjects have been recruited non-randomly from over
50 sites across the U.S.A. and Canada, with a goal of
recruiting 800 adults, including 200 cognitively nor-
mal older individuals, 400 people with MCI, and 200
people with early AD and to follow them for 2–3 years
[19–21].

Before making them available for public access, all
study scans were checked for quality control, so that
subjects with structural abnormalities and/or having an
image with common scan artifacts were not included
in the dataset. The present analysis is restricted to
all the data from subjects who had 3T MRI (about
20% of the total sample) at both baseline and two-year
follow-up (AD = 39; MCI = 82; HC = 58 from 30 sites

at baseline). At the 24-months follow-up, 13 AD, 29
MCI, and 12 HC subjects had dropped out, were lost to
follow-up, or had poor quality images. The high reso-
lution (1.2 mm thickness) 3D T1WI using a MP-RAGE
sequence were evaluated to generate BALI scores [20].
The quality of all images downloaded from ADNI web-
site was satisfactory and therefore no further selection
criteria were imposed for the present analyses.

Imaging evaluation and scoring

Aging-associated changes in the BALI include
ratings of the severity of hypointensities in the infraten-
torial (IT), deep white matter (DWM), periventricular
(PV) and basal ganglia (BG) (Table 1). Ratings were
also used to reflect gray matter lesions and the extent

Table 1
Rating schema of the brain atrophy and lesion index

Category Description Rating

0 1 2 3 4 5

GM-SV lesions in grey
matter and small
vessels

absence punctuate foci
in grey matter
or multiple
small vessels
in subcortical
areas

beginning of
confluent
foci in grey
matter or
diffuse small
vessels in
subcortical
areas

large confluent
lesions in
grey matter

– –

PV lesions in
periventricular
regions

absence “caps” or
pencil-thin
lining

smooth “halo” periventricular
abnormal
signal
intensities
extending
into the deep
white matter

– –

BG lesions in basal
ganglia and
surronding areas

absence one focal lesion more than one
focal lesions

large confluent
lesions

– –

IT lesions in
infratentorial
regions

absence one focal lesion more than one
focal lesions

large confluent
lesions

– –

DWM lesions in deep
white matter

absence punctuate foci beginning of
confluent
foci

large confluent
areas

large confluent
white matter
areas
involving all
cerebral
lobes

complete
confluent
white matter
disease

GA global atrophy no atro-
phy

mild atrophy moderate
atrophy

severe atrophy most severe
atrophy
presetned
especially in
the medial
temporal
lobes

most severe
atrophy
presented in
the medial
temporal
and cerebral
cortex

other
lesions

neoplasm, trauma,
deformation

nothing any one kind any two kinds more than two
kinds

– –
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of dilatation of small vessels (i.e., small and well-
margined symmetric hypointensities; GM-SV) and
global atrophy (GA). An “other lesions” category was
included to allow for ratings of neoplasm, trauma,
and deformity. The grading scheme followed the
BALI construction [15] to adapt existing rating scores
that address localized structural changes [3, 10–12]
(Table 1). Specifically, a scale was assigned for each
category based on the severity of deficits, with higher
scores indicating greater severity (Fig. 1). To the exist-
ing DWM rating, scores of “4” and “5” were added, to
describe large confluent WM areas involving all cere-
bral lobes and complete confluent lesions. Similarly,
two more levels (i.e., 4 and 5) were included to evalu-
ate progression of global atrophy, where “4” indicated
most severe atrophy present, especially in the medial
temporal lobes, and “5” indicated the most severe atro-
phy present in the medial temporal and cerebral cortex
(Table 1).

At each time point, the scans were reviewed sep-
arately and the total BALI scores were calculated by
summarizing the ratings of all seven categories. Rat-
ings were completed independently by two trained
radiologists. Baseline and follow-up images were rated
in random order, with the raters blind to demographic
data, diagnosis, scan time, and cognitive test results.
Inter-rater correlation coefficients (ICC) for BALI total
scores were evaluated on a randomly selected sample
of 20% of subjects in each diagnostic group at both
baseline and follow-up.

Clinical tests

Clinical tests and ratings of cognitive functioning
at both baseline and follow-up were obtained from
the ADNI clinical dataset. These included the Clin-
ical Dementia Rating scale (CDR) and scores on
the Mini-Mental State Examination (MMSE) and the
Alzheimer’s Disease Assessment Scale – cognitive
subscale (ADAS-cog). The ADNI protocol required
two initial visits. The first was a screening visit (at
which time MMSE and CDR testing were performed),
followed by a baseline visit (at which time the ADAS-
cog and other clinical tests were performed). The 3T
MRI scans were to be performed within 42 days after
the screening visit and within 14 days of the baseline
visit. The follow-up scans were designed to be com-
pleted within 14 days of the 24 months follow-up visit
(at which time clinical tests including the ADAS-cog,
MMSE, and CDR were performed) [21]. For this study
sample, the baseline MMSE and CDR were completed

on average 40.2 ± 19.2 days ahead of the 3T MRI
scans, while the ADAS-cog was completed 5.6 ± 10.7
days ahead of the MRIs. Follow-up cognitive testing
was conducted on average 2.6 ± 10.3 days ahead of the
MRI scans.

Diagnostic categorization of the subjects and clas-
sification of conversion between diagnostic groups
were both made by the ADNI site physicians in
accordance with the criteria of the National Insti-
tute of Neurologic and Communicative Disorders and
Stroke/Alzheimer’s Disease and Related Disorders
Association (NINCDS/ADRDA), and were reviewed
by ADNI clinical monitors [21]. Analyses involving
follow-up data have taken into account information
about disease conversion for diagnostic categorization.

Statistical analyses

Demographic characteristics across diagnostic
group were examined using Kruskal-Wallis nonpara-
metric tests for interval data and Chi-Square tests for
ordinal data. A general linear model of repeated mea-
sures with unbalanced design was used to test the
differences in the BALI total score and the cognitive
testing scores, with time as within-subject factor and
diagnostic-categorization as the between subject fac-
tor. All multivariate analyses were adjusted for age,
sex, and education level. The main effects of time and
diagnosis and their interactions were tested. Relation-
ships between BALI scores at baseline and at follow-up
were tested using correlation analyses. The effect of
the BALI on cognitive testing scales was evaluated
using multivariate linear regression analysis, adjusted
for age, sex, education level. Similarly, multivariate
linear regression analysis was used to examine the
association between the change scores (i. e., follow-
up - baseline) of the BALI and the cognitive tests. All
analyses were performed using SPSS©15.0 software
package and codes developed using Matlab© R2007.
Significance level was set at p < 0.05.

RESULTS

In general, demographic characteristics were simi-
lar across diagnostic groups. Subjects with MCI were
more likely to be men (p = 0.002; Table 2), otherwise
there were no statistical differences in age (p = 0.37)
or in education (p = 0.84), although subjects in the
MCI group appeared to be slightly younger, especially
the non-converters (Table 2). As expected, a signifi-
cant difference in cognitive ratings and performance
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0 1 2 3

IT (%) 1.6 / 0.8 2.4 / 2.4 83.2 / 84.0 12.8 / 12.8
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2.4 / 5.6 34.4 / 23.2 32.8 / 36.8 23.2 / 26.4

0.8 / 4.8 38.4 / 32.8 41.6 / 28.8 19.2 / 33.6
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GA (%)
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Fig. 1. Example images showing subscore ratings for each category. White arrows indicate where the deficits are located. Percentage of subjects
having each score at baseline and at two-year follow-up were given (i.e., baseline/follow-up).

was evident at baseline and at follow-up among the
diagnostic groups even when adjusted for age, sex,
and education level. (F = 99.1 for MMSE, F = 92.1 for
ADAS-cog; ps < 0.001). There was no significant time

by diagnosis interaction associated with the two-year
decline (p > 0.05), despite the noted differences in the
timing of administration of the ADAS-Cog and MMSE
in relation to the MRI. Note that in this subsample of
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Table 2
Characteristics of the subjects in different diagnostic groups

Group Alzheimer’s disease Mild cognitive impairment Health control p*

Conversion Stable

Sample size baseline 39 58
follow-up 26 31 22 46

Female (%) baseline 59.0 29.0 40.9 62.1 0.002
Education

(years)
baseline 14.7 ± 2.4 15.7 ± 2.7 14.9 ± 2.8 15.4 ± 2.7 0.844

Age (years) baseline 75.7 ± 9.4 74.2 ± 8.2 72.9 ± 7.0 76.0 ± 5.1 0.369
MMSE (/30) baseline 23.0 ± 2.1 26.4 ± 1.8 27.6 ± 2.0 29.3 ± 0.9 0.001

follow-up 18.3 ± 6.1 22.8 ± 3.6 27.9 ± 2.6 29.1 ± 1.1 <0.001
ADAS-cog baseline 18.6 ± 6.8 13.8 ± 3.4 9.1 ± 4.0 5.3 ± 2.5 <0.001

(/70) follow-up 27.8 ± 12.7 17.0 ± 6.5 10.2 ± 4.6 5.6 ± 2.7 <0.001
#CDR (0–3) baseline 0.7 ± 0.2 (0.5) 0.5 ± 0.0 (0.5) 0.5 ± 0.0 (0.5) 0(0) <0.001

follow-up 1.2 ± 0.6 (1) 0.8 ± 0.3 (1) 0.5 ± 0.1 (0.5) 0 ± 0.1 (0) <0.001
BALI (/25) baseline 11.2 ± 3.1 10.7 ± 2.8 9.5 ± 2.6 9.9 ± 2.4 0.072

follow-up 12.4 ± 2.7 12.0 ± 2.7 9.9 ± 2.1 11.0 ± 2.4 0.001

Note: Data are presented as mean ± standard deviate, otherwise as indicated. AD: Alzheimer’s disease. MCI: Mild Cog-
nitive Impairment. HC: healthy control subjects. MMSE: Mini-Mental Status Examination. ADAS-cog: Alzheimer’s
Disease Assessment Scale-cognitive subscale. CDR: Clinical Dementia Rating. BALI: Brain Atrophy and Lesion Index.
p*: Diagnostic group differences were examined using uni-variate Kruskal-Wallis nonparametric tests for interval data
and Chi-Square tests for ordinal data. For the baseline comparisons, means of the AD, pooled MCI, and HC groups were
compared. For the follow-up data, means of the pooled AD and converter MCI, non-converter MCI, and HC groups were
compared. # Median value is presented in brackets.

people with 3T scans, none of the AD patients were
re-classified as having MCI; likewise, only one of the
healthy controls progressed to a diagnosis of MCI.
Within the MCI group, most (31/53) had progressed
to a diagnosis of AD by follow-up (Table 2).

The overall inter-rater agreement rate for BALI rat-
ings was high (ICC = 90.8%). Brain structural deficits
were common in all groups (Table 2) and on aver-
age increased (showed worsening) in each diagnostic
group. This worsening of scores over time, with sig-
nificant differences between diagnostic groups per-
sisted when the analyses were adjusted for age, sex, and
education (Ftime = 49.1, p < 0.001; Fdiagnosis = 3.62,
p = 0.030) but without a significant time-diagnosis
interaction. Note that whereas subjects with AD
and MCI-AD converters showed the highest BALI
values, the mean difference in BALI between the non-
converters and health controls was not statistically
significant (p > 0.05). Overall, the MCI-AD converter
group showed a greater increase in the BALI (i.e., more
brain structural deficits) than did MCI non-converters.
The BALI scores at baseline and follow-up were highly
correlated (r2 = 0.78, p < 0.01), although a few MCI
non-converters and HC subjects showed a decrease in
BALI over the two-year period. The maximum BALI

score at baseline was 16 (0.64 of the total score) and 18
(0.72) at follow-up, showing no ceiling effect, despite
average disease progression.

Given mean worsening in both structure (BALI
scores) and function (MMSE, ADAS-Cog) the rela-
tionship between the two is of interest. The BALI
score was significantly related both to MMSE at base-
line (regression coefficient B = −0.310; t = −2.71; p =
0.008) and at follow-up (B = −0.725; t = −3.5;
p = 0.001) and to ADAS-cog at baseline (B = 0.612; t =
2.521; p = 0.013) and at follow-up (B = 1.26; t = 3.02;
p = 0.003), in a multivariable linear regression adjusted
for age, sex and education. The change in BALI
between baseline and follow-up was also associated
with the change in MMSE (i.e., �MMSE; B = −0.226;
t = −2.176; p = 0.031). By contrast, change in the
BALI was not significantly associated with the change
in the ADAS-cog (p = 0.25). Of the 30 MCI sub-
jects who showed a worsening in MMSE (i.e.,
MMSE(follow-up–baseline) < 0), 25 (83%) also showed a
worsening in BALI (i.e., BALIfollow-up−baseline > 0); the
BALI scores of the remaining 5 people did not change.
Similarly, of the 23 MCI people who showed a stable or
improved MMSE, 15 (66%) had a stable or improved
BALI (X2 = 14.2, p = 0.007).
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DISCUSSION

In this secondary analysis of 3T MRI data, sev-
eral common types of brain structural changes in AD,
MCI and healthy controls could be quantified in a
Brain Atrophy and Lesion Index (BALI) score, to
evaluate overall brain deficits and their relationship
to cognitive function. Over two years, people in each
diagnostic group, on average, experienced increasing
atrophy and more structural brain lesions. Cognitive
test scores worsened in the AD group, and in most
people with MCI, but were relatively stable in healthy
controls and in a minority with MCI. In AD and in
the people with MCI who by two years had progressed
to AD, structural brain changes as indicated by the
BALI score, and brain function as measured by the
MMSE deteriorated in parallel. The accumulation of
brain structural deficits in association with cognitive
decline corresponds to lessons from large prospective
neuropathological studies [6, 7] and supports the use
of BALI to quantify whole brain changes in AD, MCI
and normal aging [15].

It is of clear clinical and public health significance
to understand the relationships between structural
brain changes and changes in cognitive functioning
as they occur in the development of AD, recogniz-
ing that AD involves multiple brain changes, including
atrophy, white matter lesions, and vascular changes
[8, 22]. Methods of collectively studying the cumu-
lative impact of these many structural deficits have
been sought [6, 7] and BALI ratings appear to fill
this need. In particular, the BALI rating is easily
accessible because it can be based on T1-weighted
high-resolution imaging, the most routinely acquired
sequence in MRI investigations. While many studies
seek to establish the relationship between specific cog-
nitive abilities and specific types of brain deficits, most
cognitive tasks require the integrated functioning of a
variety of neural networks. BALI ratings can serve to
describe global structural status in a manner that allows
for global cognitive dysfunction to be related to the
accumulation of brain structural deficits.

Here, people with AD and those with MCI who pro-
gressed to AD showed both cognitive and structural
decline. The BALI allows us to demonstrate the asso-
ciation between brain structural changes and cognitive
decline using a cumulative index. Similar findings
have been reported in earlier studies that were typi-
cally based on individual structural measures [18]. For
example, recent serial MRI studies have suggested hip-
pocampal atrophy or ventricular enlargement is predic-

tive of cognitive decline and/or AD conversion [9, 16,
17, 23]. The rate of change of white matter damage has
also been used to predict cognitive decline [18, 27]. It is
also worth noting that while most people in the study
sample had stable or greater brain deficits over two
years, a small number of stable MCI and HC subjects
did have a decreased BALI. Whereas, most people with
brain structural worsening also had cognitive worsen-
ing, some did show improved cognitive test scores,
possibly in keeping with the concept of cognitive
reserve [28]. Importantly however, of those who con-
verted to AD, none showed an improvement in BALI.

Our data must be interpreted with caution. Rating
scales have inherently low precision with respect
to volumetric measurements. For example, voxel/
volume-base morphography can often reveal quan-
titative atrophy changes of about 1% per year [9],
whereas with BALI a minimum increment of any
domain including atrophy is one point. In other words,
assigning a precise value using a rating scale may not
be as easy as visualizing an apparent deficit. Even
so, in practice, valid visual rating scales are particu-
larly beneficial and welcome in clinical settings when
evaluation time is a concern [29]. The scoring system
utilized in this study has been adapted from existing rat-
ing scales and been validated by previous research [15].
Furthermore, the relatively high inter-rater reliability
suggests that the BALI ratings can be consistently per-
formed by different raters with training of the method.

To now construction of the BALI has not consid-
ered the assignment of relative weights to different
BALI components, even though these clearly can
affect cognition differently (e.g. medial temporal atro-
phy [30]). The algorithms for determining appropriate
weights for BALI components are yet to be estab-
lished. There may in fact be inherent benefit to a scale
without weights, as weights for individual BALI items
may vary across datasets, targeted outcome measures,
follow-up durations, and study focus. In short, while
weighting might improve prediction in a given dataset,
it can impair generalizability. This needs to be evalu-
ated.

Several other caveats also apply to our study; among
these the fact that cognitive evaluations were limited
to the MMSE, ADAS-cog, and CDR. Both MMSE and
ADAS-cog can have ceiling effects with HC and MCI
subjects that make sensitivity to change an issue for
longitudinal studies. The number of people in whom
the CDR increased (indicating worsening cognition
and function) and/or converted to AD over two years
was also relatively low, further limiting the sensitivity
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to detect the association between cognitive decline
and brain deficit progression. Here, in the subjects
limited to those with 3T data, only one healthy con-
trol progressed to MCI or AD. In addition, while the
time difference between MRI scans and the cogni-
tive assessments were within a few days for all of the
follow-up tests and for the baseline ADAS-cog, base-
line MMSE and CDR were completed approximately
40 days in advance of the baseline imaging acquisition.
Clearly it would have been preferable to have baseline
clinical testing that was closer in time to the initial
MRI scan. Lastly, we lack the knowledge of treat-
ment effects in the AD and MCI groups, and therefore
cannot identify whether any improvement in cogni-
tion and/or brain structure was related to treatment.
Despite these limitations, the overall brain deficits as
measured by BALI were related to the global cognitive
assessment scales used in this study, at both baseline
and follow-up. In the future, large-scale serial MRI
research involving multiple follow-ups over longer
terms and more detailed clinical assessments would
be particularly valuable. Better understanding the rela-
tionships between structural and functional changes
can help improve clinical management and preclinical
strategies for AD [31].

In summary, the present study suggests that signif-
icant brain changes and cognitive changes can occur
within two years in people with MCI and AD and in
otherwise healthy elderly people. The BALI provides
a readily available means to evaluate brain structural
changes and their relation to cognitive decline as well
as conversion to AD from MCI.
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Abstract. The Alzheimer research community is actively pursuing novel biomarker and other biologic measures to characterize
disease progression or to use as outcome measures in clinical trials. One product of these efforts has been a large literature
reporting power calculations and estimates of sample size for planning future clinical trials and cohort studies with longitudinal
rate of change outcome measures. Sample size estimates reported in this literature vary greatly depending on a variety of factors,
including the statistical methods and model assumptions used in their calculation. We review this literature and suggest standards
for reporting power calculation results. Regardless of the statistical methods used, studies consistently find that volumetric
neuroimaging measures of regions of interest, such as hippocampal volume, outperform global cognitive scales traditionally
used in clinical treatment trials in terms of the number of subjects required to detect a fixed percentage slowing of the rate
of change observed in demented and cognitively impaired populations. However, statistical methods, model assumptions, and
parameter estimates used in power calculations are often not reported in sufficient detail to be of maximum utility. We review
the factors that influence sample size estimates, and discuss outstanding issues relevant to planning longitudinal studies of
Alzheimer’s disease.

Keywords: Sample size, clinical trials, Alzheimer’s disease, biostatistics

INTRODUCTION

There is increasing interest in the potential utility
of biomarkers as outcomes in clinical trials. For exam-
ple, the joint industry/NIH funded Alzheimer’s Disease
Neuroimaging Initiative (ADNI) was created expressly
to investigate cerebrospinal fluid and volumetric neu-
roimaging measurements as diagnostic biomarkers of
early Alzheimer’s disease (AD) and as potential end-
points for monitoring clinical trial treatment effects
[1]. ADNI has recruited and followed longitudinally
approximately 200 AD cases, 400 mild cognitively
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California, San Diego 9500 Gilman Dr. M/C 0948, La Jolla, CA
92093-0948. Tel.: +858 677 1550; Fax: +858 622 5845. E-mail:
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impaired (MCI), and 200 age-matched cognitively
normal controls [2]. Additional novel biomarker end-
points, including MR spectroscopy [3] and FDG-PET
[4] have been proposed and are being actively pursued.
The hope is that biomarkers will allow monitoring of
treatment effects at earlier stages of disease, before
traditional cognitive and functional endpoints are mea-
surable. It is also becoming apparent that biomarker
measurements, particularly volumetric neuroimaging
measures, are substantially more precise than tradi-
tional cognitive and functional measures, to the point
that clinical trials using volumetric neuroimaging mea-
sures may be possible with a tenth or less of the
sample size of current trials. Freely accessible ADNI
data has provided a natural laboratory for explor-
ing these issues. While this literature has consistently
described the relative improvement in statistical power
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of imaging outcomes relative to cognitive outcomes,
there is little consistency across reports in estimated
sample size requirements for each particular outcome
measure. To characterize these discrepancies, we have
reviewed the ADNI power calculation publications
with an eye to the influence of statistical methods on
sample size projections.

LITERATURE REVIEW METHODS

Articles were identified based on a search of pub-
lished papers listed on the ADNI website (adniinfo.
org /Scientists /ADNIScientistsHome/ADNIPublicatio
ns.aspx) as of February 4, 2011. All papers containing
search terms “power” or “sample size” were reviewed
for reported sample size calculations by one of the
authors (MCA). Of 143 papers searched, 17 contained
abstractable reports of previously unpublished ana-
lytic sample size calculations [5–21]. These papers
report required sample size for a future clinical trial to
observe a stated treatment effect, with the magnitude
of the treatment effect described in terms of percentage
slowing of disease progression relative to placebo. An
additional six papers reported on sample sizes required
for various analyses (e.g., detection of correlations,
differences between dementia types, or the presence
of atrophy) using a non-analytic sample-reduction
method in which subjects were randomly discarded
from the pilot data set until it was no longer possible
to reject the hypotheses in question [22–27]. The
remaining search hits were all due to papers reporting
retrospective power calculations, papers that only
reported relative gains in sample sizes, and papers that
cited previously published estimates.

Among the 17 papers that presented prospective ana-
lytic calculations, most reported sample size required
to detect a 25% reduction in the observed rate of change
with 80% power. To facilitate comparisons across pub-
lications, sample size estimates based on a different
percentage reduction were recalculated to a 25% reduc-
tion using the formula n25 = (k/25)2nk, where k equals
the percentage used in the original report. Sample
size estimates for power other than 80% (typically
90%) were standardized to 80% using the formula
n0.8 = (z�/2 + z0.2)2np/(z�/2 + z1−p)2, where in this case
the subscript p indicates the power of the trial expressed
as a probability. The characterization of effect size as
a fixed percent reduction in observed rate of change is
useful for comparing power calculations across stud-
ies, but is not intended to serve as a model for research

practice. In practice, effect sizes used in trial design
should always be determined based on the plausibility
and clinical significance of the hypothetical outcomes
under consideration [28].

RESULTS

Tables 1 and 2 summarize reported sample size
estimates for trials in AD and MCI. Table 1 sum-
marizes estimates of sample size required to detect a
25% reduction in mean rate of decline on the stan-
dard cognitive outcome for AD treatment trials, the
AD Assessement Scale - Cognitive Subscale (ADAS-
Cog) [29]; Table 2 summarizes estimates of sample
size required to detect a 25% reduction in atrophy
rate for a likely MRI outcome, hippocampal volume.
Reported sample size estimates for each measure are
widely divergent. The differences in estimates may be
explained by a number of factors, which we review in
sequence below.

Trial design

Trial design, i.e. the length of the trial and the
frequency of assessment, has a direct influence on sta-
tistical power. All other things being equal, longer
trials, and to a lesser extent trials with finer assess-
ment intervals, result in more precise estimates of rate
of decline per arm and require fewer subjects to detect
treatment effects. For example, Hua et al. [13] report
a 6-fold decrease in required sample size for a 2-
year compared to a 6-month long AD treatment trial
using change on ADAS-Cog as the outcome variable
(Table 1). Relatively noisy outcome measures, such as
global cognitive scales represented here by the ADAS-
Cog, experience more gain in precision and power by
increased trial length or assessment frequency com-
pared to relatively less noisy outcome measures such
as volumetric imaging. For example, using change in
hippocampal volume as the outcome measure, Hua et
al. report only a 36% increase in sample size required
for a 6-month compared to 2-year trial (Table 2). The
influence of trial design on statistical power varies with
different analysis plans. Within limits, longer trials
and increased sampling frequency are associated with
improved power for trials designed to detect changes
in trajectory of disease under treatment, although there
are diminishing returns with longer trials as dropout
rates increase and linearity assumptions implicit in
most statistical analysis plans become less tenable.
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Table 1
Sample size required to detect a 25% reduction in annual rate of change for ADAS-Cog scores in AD and

MCI (80% power and two-sided � = 0.05)

Paper Trial design AD MCI

Yrs (#Obs) ROC n/arm ROC n/arm

Aisen et al. (2010)a 1(n.s.) 4.3 407 1.1 4099
Beckett et al. (2010)a 2(5) 4.37 – 1.05 375
Chen et al. (2010)a 1(2) 3.8 [353, 505]b 1.0 [4026, 4219]b

Fleisher et al. (2009)a 1(n.s.) n.s. [474, 612]c – –
2(n.s.)d – – n.s. 854

Ho et al. (2010)a 1(2) 3.29 583 2.43 1183
Holland et al. (2009) e 1(3) 4.08 624 1.19 4167

2(5) 4.84 324 1.44 1232
Hua et al. (2010)a 0.5(2) n.s. 1371 n.s. 16645

1(2) n.s. 483 n.s. 8212
1.5(2) – – n.s. 1381

2(2) n.s. 215 n.s. 1013
Landau et al. (2009)f 1(3) 3.8 312 1.0 2175
McEvoy et al. (2010)e 2(5) – – 1.47 978
Nestor et al. (2008)a,d 0.5(2) 4.8 769 1.2 9500+
Schuff et al. (2009)d,g 0.5(2) n.s. 557 n.s. 3484

1(2) n.s. 609 n.s. 6985
1(3) n.s. 426 n.s. 6241

Yrs (#Obs) = length of trial in years (number of evenly spaced observations); ROC = annual rate-of-change;
n.s. = not specified; – = not applicable (scenario not investigated in the manuscript). Superscripts: a analysis
plan or longitudinal statistical model not fully specified; b ranges reflect different values for nested subsets
of the data; c range reflects values from two cited reports; d N/arm in table adjusted from values reported
in manuscript to reflect 25% effect size and 80% power, see Methods for details; e linear mixed effects
model with random slopes and intercepts assumed; f model assumptions alternatively cited as linear mixed
effects with random-intercepts only and linear mixed effects with random slopes and intercepts; g random-
intercepts only model assumed.

Trials designed to detect acute, symptomatic treatment
effects are unlikely to benefit from longer observation
or increased frequency of sampling.

Magnitude of effect size

Effect size, the minimum treatment effect a trial
is powered to detect, directly influences sample size
requirements. For the power calculations reviewed
here, the effect size is calculated as a percentage of
the assumed mean rate of decline under the placebo
condition. The various ADNI power calculation papers
used different estimates of the placebo rate of decline
in their calculations, and this explains to some degree
the differences in required sample size reported. For
example, for MCI treatment trials using the ADAS-
Cog as the endpoint (Table 1), effects sizes used for
power calculations range from 25% of 2.1 points per
year [10] to 25% of 1.0 points per year [8, 14]. The sam-
ple size estimate in the former (1183 for a 1-year trial)
is substantively smaller than the sample size estimates
in the latter (4000+ and 2175 for a 1-year trial). Several
papers did not report the effect size powered for [9, 13,
19], and we can only speculate on the extent to which

differences in sample size projections reported in these
papers are attributable to differences in assumed effect
size. However, in general, when defining effect size
as a percentage reduction in mean rate of decline, a
smaller assumed mean rate of decline under the null
hypothesis translates to smaller effects sizes powered
for and larger required sample size.

Target population of planned clinical trial

A critical factor when setting the effect size for
power calculations is the issue of defining the target
population of the planned future clinical trial. For the
most part the power calculations reviewed here used
estimates of mean rate of decline within the ADNI
cohorts as the assumed trajectory of disease under the
placebo condition. The implicit assumption is that sub-
jects recruited in future trials will look much like the
subjects recruited into the ADNI cohort study, a rea-
sonable assumption given that the ADNI recruitment
network and methods parallel those used by many
multicenter trials [5]. The differences in effect size
(Tables 1 and 2) used by the various studies may fol-
low in part from random variability in data obtained
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Table 2
Sample size required to detect a 25% reduction in annual rate of hippocampal atrophy in AD and MCI

(80% power and two-sided � = 0.05)

Paper Trial design AD MCI

Yrs (#Obs) Atrophy rate n/arm Atrophy rate n/arm

Aisen et al. (2010) a 1(n.s.) n.s. 99 n.s. 208
Beckett et al. (2010)a 1(n.s.) (116 mm3) – (80 mm3) 202
Holland et al. (2009)b 1(3) 3.42% 111 2.10% 235

2(5) 3.28% 67 1.96% 179
Hua et al. (2010)a 0.5(2) n.s. 114 n.s. 143

1(2) n.s. 68 n.s. 125
1.5(2) n.s. – n.s. 117

2(2) n.s. 84 n.s. 103
Leung et al. (2010)a 1(2)c1 4.57% 78 2.86% 196

1(2)c2 4.58% 170 3.68% 285
McEvoy et al. (2010)b 2(5) – – 1.93% 186
Schuff et al. (2009)d,e 0.5(2) 3.3% (53.5 mm3) 346 2.0% (37.7 mm3) 709

1(2) 4.4% (72.0 mm3) 189 2.6% (47.5 mm3) 522
1(3) n.s. 191 n.s. 503

Wolz et al. (2009)a 1(2) 3.85% 67 2.34% 206
2(3)f 3.37% 46 2.25% 121

Yushekevich et al. (2010)a 1(2) – – 2.04% 220g

Yrs (#Obs) = length of trial in years (number of evenly spaced observations); Atrophy Rate reported as
% change/year, or when indicated in parenthesis, reported in units of (mm3/year); n.s. = not specified;
– = not applicable (scenario not reported in the manuscript). Superscripts: a analysis plan or longitudinal
statistical model not fully specified; b linear mixed effects model with random slopes and intercepts
assumed; c1 measurement by multiple-atlas propagation and segmentation-hippocampal boundary shift
integral (MAPS-HBSI); c2 measurement by Surgical Navigation Technologies; d random-intercepts only
model assumed; e N/arm in table adjusted from values reported in manuscript to reflect 25% effect size and
80% power, see Methods for details; f Atrophy rates adjusted to % change/year, rates in original manuscript
given as % change/2 years; g N/arm in table calculated directly from MCI atrophy rate, N/arm presented
in original manuscript was for disease-specific treatment effect adjusted for normal age-related atrophy.

when the ADNI data were accessioned. Differences in
effect size may also follow from differences in statis-
tical methods used to calculate mean rate of decline,
or differences in inclusion/exclusion criteria applied to
the ADNI sample prior to estimation.

Regarding the effect of varying inclusion criteria,
McEvoy et al. [17] describe the effect of inclusion
criteria intended to enrich the study population for
subjects more likely to have the underlying neurode-
generative process that is the target of most planned
therapies. For example, restricting recruitment to MCI
subjects with baseline MRI atrophy patterns consis-
tent with AD resulted in a cohort with mean trajectory
of decline on the ADAS-Cog of 2.3 points per year
compared to a mean decline of 1.5 points per year
in the unrestricted cohort; sample size requirements
correspondingly dropped by over one-half using this
inclusion criterion, from 978 per arm to 458 per arm
[17]. Similarly, restricting recruitment to subjects with
the APOE �4 risk allele increased the mean rate of
ADAS-Cog decline to 1.7 points per year and reduced
the required sample size to 774 persons per arm [17].
A limitation of trials with restrictive inclusion criteria

is that findings only generalize to the subpopulation
examined.

Statistical analysis plan and assumptions

Power calculations are specific to the analysis plan of
the planned trial. Sample size formulas for two-group
comparisons under normality assumptions are of the
form:

n/arm = 2(z1−�/2 + z1−�)2�2
d/�

2 (1)

where � is the treatment effect size under the alter-
native, �2

d is the within group variance of the outcome
measure being compared across treatments, and z1−�/2
and z1−� are the usual quantiles of the standard nor-
mal distribution, with � equal to the type I error rate
of a two-sided test, typically set to 0.05, and (1 - �)
equal to the power of the trial, typically set to 0.8 or
0.9. Treatment effect � and variance �2

d are defined
in terms of the outcome measure to be used in the
planned trial. For example, for a trial with two obser-
vations per subject and outcome measure of change
from baseline to followup, � is the change in the
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treatment group minus the change in placebo, and �2
d

is the variance of change scores (e.g., Meinart [30],
equation 9.14). In this example �2

d can be estimated
as the variance of change from baseline to follow-
up observed in two-wave pilot data of comparable
duration to the planned trial. For a trial with multiple
observations per subject and outcome measure of least
squares slope of longitudinal trajectories, � is the dif-
ference in expected slopes in treatment versus placebo
and �2

d is the within arm variance of least squares
slopes [31]. In this example �2

d can be estimated from
the variance of least squares slopes observed in pilot
data of comparable design to the planned trial. These
are examples of two-stage “summary measures” anal-
yses which require only the assumption that summary
measures (i.e., change scores or least squares slopes)
are independent, identically distributed asymptotically
normal random variables. Several of the ADNI power
calculation papers (Tables 1 and 2) use summary mea-
sures power formulas, although the exact statistical
analysis and model assumptions used were not always
stated in complete detail.

Several of the power calculation papers used for-
mally parameterized longitudinal models and analysis
plans as the basis of their power calculations. For
example, McEvoy et al. [17] based power calculations
on a linear mixed effects model analysis assuming
longitudinal trajectories of decline are linear within
subject and that the distribution of slopes and inter-
cepts describing these trajectories is bivariate normal.
Sample size requirements given this assumed model
have been derived [32]. For a balanced design (with all
subjects observed at the same time points), the required
sample size per arm is:

n/arm = 2(z1−�/2 + z1−�)2

×
(

�2
b + �2

e/�(ti − t̄)2
)
/�2 (2)

where �2
b and �2

e are parameters of the linear mixed
effects model, and �(ti − t̄)2 is the “design term”,
where ti indexes the times at which measures are made
and t̄ is the mean of the times. For example, for a
12 months trial with observations at baseline, month
6 and month 12, �(ti − t̄)2 in units of years equals
(0 − 0.5)2 + (0.5 − 0.5)2 + (1 − 0.5)2 = 0.5. Here � is
the difference in mean rate of decline in treatment ver-
sus control, and the parameters �2

b and �2
e from the

mixed effects model are the person to person variabil-
ity in random slopes and the residual error variance of
model [32]. �2

b and �2
e can be estimated by fitting a lin-

ear mixed effects model to pilot data representative of
the trial’s target population. For balanced design pilot
data, estimates by formula (2) are algebraically iden-
tical to estimates by the power formula for a summary
measures analysis comparing the mean of least squares
slopes of treatment to the mean of least squares slopes
of controls (e.g. [33]).

An alternative mixed effects model power formula
is:

n/arm = 2(z1−�/2 + z1−�)2
(

�2
e/�(ti − t̄)2

)
/�2

(3)

This formula is appropriate assuming a mixed
effects model in which the subjects have random inter-
cepts but identical rates of decline within arm (or
equivalently, a marginal model with compound sym-
metric covariance structure [34]). Formula (2) results
in smaller sample size projections, but can be anti-
conservative when the common within arm rate of
decline assumption does not hold. Formulas (1), (2),
and (3) assume equal sample size per arm. Some trials
use unequal allocation ratios to increase the likelihood
of assignment to the active treatment arm and make the
trial more attractive to study participants (e.g., [35]).
Unequal allocation trials are slightly less efficient and
require a modest adjustment in total sample size [36].

Several of the papers reviewed here reported sam-
ple sizes using formula (3), either in lieu of [19],
or in addition to [11, 17], formula (2). Sample size
estimates derived using the random-intercepts model
and formula (3) were generally smaller than estimates
using the mixed effects model with random intercepts
and random slopes and formula (2). Taken together
these observations underscore the importance of model
selection when powering trials.

Differences in the image processing methods

For volumetric imaging outcomes in particular, sam-
ple size estimates can vary depending on the method
of image analysis used. Image processing can be based
on manual tracings [33], semi-automated methods and
fully automated methods (e.g., [17]). Even though
each of these methods is measuring the same struc-
ture, they may have different signal-to-noise properties
depending on the relative precision of the methods.
For example, Leung et al. [16], calculated hippocam-
pal volume change by two different image processing
methods and calculated samples size requirements for
each outcome measure. While both methods led to
sample size estimates that were considerably smaller
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than estimates typical of global cognitive measures like
the ADAS-Cog, they found that required sample size
for the more efficient image processing method was
between 32–54% smaller than the less efficient method
(see Table 2). Characterizing the relative performance
of various imaging technologies and processing tech-
niques [10, 12, 13, 15, 16, 21, 23, 24], will be an
important outcome of the ADNI exercise.

DISCUSSION

The results above suggest that the wide divergence
of sample size estimates calculated from ADNI data
can be explained by multiple factors beyond differ-
ences in trial design and target population, including
differences in power calculation algorithms used, and,
for neuroimaging outcomes, differences in the signal-
to-noise profile of the different image processing
algorithms. Additional factors relevant to power cal-
culations for AD trials, and general recommendations
for improved reporting of power calculations, are dis-
cussed below.

Sensitivity analysis

The validity of a power calculation is dependent in
large part upon the accuracy of the (assumed known)
parameter values used in its calculation. In practice
these values are almost always calculated from pilot
data, as is the case in the ADNI papers reviewed here,
and hence contain some degree of random variabil-
ity. The practical consequence of this randomness is
potentially significant, especially when the pilot study
used for parameter estimation is small. Several of the
reviewed papers reported statistical tests or confidence
intervals to characterize the variability inherent in sam-
ple size estimates ([10, 11, 13, 15–17, 21, 26, 27],
see also [6]). For example, McEvoy et al. [17] used a
bootstrap procedure to calculate 95% confidence inter-
vals around sample size estimates based on ADNI
data. They found that even with the relatively large
ADNI pilot data set these confidence intervals can be
large [17], demonstrating the importance of confidence
interval calculation as a sensitivity analysis when pow-
ering trials.

Treatment target (disease-specific versus
non-disease specific)

Some age-related cognitive decline and brain atro-
phy is experienced even within cognitively normal

elderly. This is potentially relevant to the design of
trials, as treatments that target the Alzheimer neu-
rodegenerative process specifically may have no effect
on non-Alzheimer related decline, and non-Alzheimer
related decline may comprise a substantial fraction
of the total decline that the sample size calcula-
tions described in Tables 1 and 2 are powered to
detect. ADNI includes an age-matched, cognitively
normal healthy control cohort from which the potential
influence of non-treatment responsive age-associated
decline can be estimated. We illustrate this with sam-
ple power calculations for hypothetical trials of MCI
subjects powered to detect a 50% slowing of dis-
ease progression as measured by various neuroimaging
measures (Tables 3 and 4 , adapted from [32]).

Table 3 summarizes estimated sample size require-
ments assuming a treatment that is effective at slowing
both disease-specific atrophy and non-disease-specific
age-associated atrophy. Table 3 is analogous to esti-
mates summarized in Table 2 except that effect size is
set to 50% slowing of progression. Power calculations
are by formula (2) with parameter estimation using lon-
gitudinal ADNI data [32]. Ventricular volume was the
most efficient outcome measure under this scenario,
requiring an estimated 83 subjects per arm to detect
a difference in rate of atrophy equal to one half the
rate of atrophy observed in the ADNI pilot data. Mid-
temporal cortical thinning, whole brain atrophy, and
right hippocampal atrophy were slightly less efficient
as potential endpoints (Table 3).

Table 4 summarizes samples size requirements to
detect a 50% slowing of disease-specific atrophy,
where disease-specific atrophy is defined as the atro-
phy experienced by MCI subjects that is above and
beyond the atrophy experienced by age-matched cog-
nitively normal ADNI subjects, and the effect size � is
calculated as 50% of the difference between the normal
and MCI rate of atrophy. For trials powered to detect a

Table 3
Sample size required to detect a 50% slowing of overall atrophy
(trial of 12 months, with observation at 0, 6 and 12 months, equal

allocation to arms, and 90% power)

Outcome variable MCI �2
b �2

e n/arm
mean slope

Whole braina −3345 1613 2168 90
Ventriclesa 1975 1033 1183 83
Left hippocampusa −34.118 27.974 15.943 115
Right hippocampusa −34.188 28.952 19.432 93
Left mid-temporal cortexb −0.022 0.006 0.013 84
Right mid-temporal cortexb −0.020 0.012 0.013 94
a volume in mm3; b cortical thickness in mm.
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Table 4
Sample size required to detect a 50% slowing of disease-specific atrophy, defined as atrophy
above and beyond that experienced by age-matched non-impaired elderly (trial of 12 months, with

observation at 0, 6 and 12 months, equal allocation to arms, and 90% power)

Outcome variable Non-impaired Disease specific �2
b �2

3 n/arm
annual decline annual decline

Whole braina −1724 −1625 1613 2168 384
Ventriclesa 1201 772 1033 1183 544
Left hippocampusa −17.141 −16.977 27.974 15.943 376
Right hippocampusa −16.427 −17.761 28.952 19.432 425
Left mid-temporal cortexb −0.009 −0.013 0.006 0.013 252
Right mid-temporal cortexb −0.009 −0.011 0.012 0.013 319
a volume in mm3; b cortical thickness in mm.

slowing of disease-specific atrophy (Table 4), middle
temporal cortical thinning was the most statistically
efficient outcome measure, requiring 252 (left mid-
temporal cortex) to 319 (right mid-temporal cortex)
subjects per arm to detect a difference in rate of atrophy
equal to one half the rate attributable specifically to the
Alzheimer degenerative process. Ventricular volume,
the most efficient outcome for detecting non-disease-
specific atrophy (Table 3), was the least efficient
volumetric outcome for detecting Alzheimer’s disease-
specific atrophy (Table 4).

Which sample size algorithm is most appropriate
for a given trial? Table 3 is appropriate for treatments
presumed to target both non-specific age-associated
atrophy and Alzheimer’s disease-associated atrophy.
Table 4 is appropriate for treatments presumed to target
only Alzheimer’s disease-associated atrophy. Table 4 is
conservative if you presume that some age-associated
atrophy observed in cognitively intact elderly is due
to a preclinical Alzheimer’s disease neurodegenera-
tive process, in which case sample sizes intermediate
between Tables 3 and 4 would be sufficient. Further
examples and discussion of this issue can be found in
references [8, 11, 15–17, 21, 32].

Minimum reporting standards for power
calculations

As noted above, a number of the ADNI publications
did not report the magnitude of treatment effect being
powered or did not explicitly state the statistical anal-
ysis plan upon which power calculations were based.
We suggest that, as a minimum standard for report-
ing power calculation findings, these two items be
reported. Estimates of minimum sample size require-
ments are of little utility to readers if the algorithm
used for power calculations and the methods for calcu-
lating parameter estimates used in those calculations

are not reported. Furthermore, if the power calcula-
tion formula and parameter estimates are published
(e.g., McEvoy et al. [17]), then outside investigators
can use this information to inform sample size cal-
culations for alternative designs (e.g., longer trials or
trials with greater sampling frequency) or alternative
treatment effect sizes.

Additional considerations

Consideration of several additional issues can
greatly improve the value of power calculation reports.
Power calculation estimates are valid only if implicit
model assumptions are true. Pilot data (e.g., ADNI
data) can be used to test these implicit assumptions,
and describing diagnostics to justify the proposed
analysis plan and power calculation algorithm would
greatly improve power calculation reports. As dis-
cussed above, parameters used in power calculations
are estimated with some uncertainty, and a sensitivity
analysis (reporting confidence intervals around sam-
ple size estimates) is also an important qualification of
power calculation findings. Detailed descriptions of the
cognitive and demographic characteristics of the pilot
data increases the utility of power calculation reports
as well. Covariate adjustment was not discussed in this
review, but may be a means of improving the efficiency
of clinical trials and deserves further consideration [9].
Finally, we have also not addressed pragmatic issues
such as adjusting sample size calculations to accom-
modate study subject dropout or loss to follow-up [13],
which may vary as a function of the research protocol
requirements of the various measurement methods.

CONCLUSIONS

We emphasize that we have focused exclusively on
statistical issues in comparing published ADNI power
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calculation papers. A number of issues beyond sta-
tistical considerations are critical to planning clinical
trials. Not the least of these is establishing the rel-
ative feasibility and practical significance of a given
percentage slowing of progression on cognitive versus
proposed volumetric imaging measures. The current
Food and Drug Administration standard for approving
Alzheimer treatments is demonstrated effectiveness in
slowing of cognitive and functional decline. The util-
ity of neuroimaging outcomes, e.g., to demonstrate
biological effect in phase 2 trials, or, ultimately, the
acceptance of these biomarker measures as outcome
measures for phase 3 trials, is yet to be established
[37]. Nonetheless, the papers reviewed here con-
sistently demonstrate the potential utility of these
outcomes from the statistical efficiency perspective.
The increased statistical efficiency translates to shorter
trials with substantially smaller sample sizes, meaning
more drugs could be effectively tested for the same cost
in terms of dollars and human subject burden. Shorter,
smaller trials may also be amenable to adaptive trial
designs, which would open new avenues for potential
gain in trial efficiency.
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Introduction

Section 9: Vascular Co-morbidity and
Alzheimer’s Disease

Sandra Black and Allyson Rosen*

Since the first description of dementia related to senile
plaques and neurofibrillary changes by Alzheimer in
1907, there has been vacillation between thinking that
most cognitive impairment in older individuals was
related either to primary neurodegenerative disease or
vascular insults. In the last few decades, there has been
development of criteria for Alzheimer’s dementia and
its underlying pathology and multi-infarct/vascular
dementia, with the recognition that many elders harbor
both conditions. Accordingly, while AD and vascular
dementia have long been viewed as separate disor-
ders, there is now a growing appreciation that vascular
insults are an important comorbidity that contribute to
disability in AD. Furthermore, these comorbid disor-
ders may attack the same neural systems.

Knopman and Roberts describe various pathological
processes that comprise the major vascular risk factors
and review how they relate to AD, including hyper-
tension, diabetes, hypercholesterolemia and obesity.
They also comment on population autopsy evidence
suggesting that infarcts may be additive to AD pathol-
ogy and accelerate its clinical expression as dementia.
Quantifying ischemic lesions visible as hyperintensi-
ties on proton density/T2 weighted or FLAIR MRI
provides an important means to study and understand,
in vivo, the potential independent effects of covert
infarcts in the deep nuclei and white matter lesions
on cognition and expression of dementia in AD. Gao
et al. compare the sensitivity and utility of the major
methods for quantifying these lesions. They test how
well three expert rating scales, varying in complex-

∗Correspondence to: Allyson Rosen, E-mail: rosena@psych.
stanford.edu.

ity, compared to the results of automated, volumetric
quantification in group classification of AD versus
elderly controls, and in correlation to cognitive abil-
ities. They find the scales to be highly correlated with
each other and with the volumetrics, but the most
complex rating scale and the continuous volumetric
measures better predict cognitive function in differ-
ent domains. Finally, Bernardi et al. describe a form of
early onset, familial AD in which an amyloid-� protein
precursor (A�PP A713T) genetic mutation is associ-
ated with strokes, cerebral amyloid angiopathy and AD
pathology. This is important as it hints at mechanisms
whereby AD and cerebrovascular disease may inter-
act, as opposed to just being additive to each other.
This possible interaction may be occurring at the level
of the microvasculature with capillary obliteration by
amyloid deposition and toxicity, causing ischemia and
oxidative stress that may further drive the amyloid
cascade and tau hyperphosophorylation. Furthermore,
periarteriolar deposition of amyloid-�1-40, may inter-
fere with amyloid clearance, now thought to be a major
mechanism resulting in parenchymal amyloid accumu-
lation in sporadic AD. This can lead to microbleeds and
macrohemorrhages and also infarction as described in
the A713T mutation family reported by Bernardi et al.,
illustrating that AD is under-recognized as a risk fac-
tor and direct cause of stroke. The chapters in this
section clearly describe some of key issues in the rela-
tionship between vascular and parenchymal disease in
the context of dementia and its relationship with brain
degeneration in the elderly and particularly AD.
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Impact of Vascular Risk Factors on Brain
Structure

David S. Knopmana,b,∗ and Rosebud Robertsb,c

aDepartment of Neurology, Mayo Clinic, Rochester, MN, USA
bDepartment of Mayo Clinic Alzheimer’s Disease Research Center, Rochester, MN, USA
cDivision of Epidemiology, Department of Health Sciences Research, Mayo Clinic, Rochester, MN, USA

Abstract. The major vascular risk factors such as diabetes and impaired glycemic control, hypertension, obesity and hyper-
or dyslipidemia have been associated both with Alzheimer’s disease and vascular dementia. The purpose of this review is to
consider how vascular risk factors impact the expression of cognitive impairment in the elderly. The review will focus on how
vascular risk factors are associated with changes in brain imaging and neuropathological changes. Midlife diabetes mellitus,
hypertension and obesity are the most important vascular risk factors on the basis of their prevalence and associations with late-
life cognitive impairment. The basis for their relationships to changes in brain integrity could either be through microvascular
brain disease, Alzheimer pathology or both. Midlife vascular risk factors represent potentially modifiable conditions that could
mitigate disease in the future.

Keywords: Vascular risk factors, stroke, dementia, vascular dementia, cognitive impairment, diabetes, hypertension, obesity,
hyperlipidemia

INTRODUCTION

Stroke and cerebrovascular disease play important
roles in late-life cognitive decline, but their relation-
ship to Alzheimer’s Disease (AD), the most commonly
diagnosed etiology of late-life cognitive impairment
and dementia, has been enigmatic. Up until recently,
the pathophysiologies of the two conditions have been
regarded as distinct. However, “vascular” risk factors
have also been shown to be associated with AD, further
blurring the distinction between cerebrovascular and
Alzheimer-type clinical diagnoses. The purpose of this
review is to first consider the context in which cognitive
impairment of vascular origin is diagnosed, place it in
the context of clinical and pathological AD, and then

∗Correspondence to: Dr. DS Knopman, Department of Neurol-
ogy, College of Medicine, Mayo Clinic, 200 First Street SW,
Rochester, MN 55905, USA. Tel.: +507 538 1038; Fax: +507 538
6012; E-mail: knopman@mayo.edu.

to consider the evidence for the role of major vascu-
lar risk factors in late-life cognitive (after age 65 years)
impairment. This is an area of growing interest because
treatment of vascular risk factors, already important
in their own right, would gain increased urgency for
prevention of late-life cognitive impairment.

TERMINOLOGY

In order to avoid confusion, some conventions for
terminology should be clarified. Clinical diagnoses
and pathological diagnoses must have unique desig-
nations because of the lack of perfect correspondence
between the two. Hereafter, whenever we refer to
Alzheimer’s disease, we will specify whether we mean
clinically diagnosed dementia due to AD (AD*c) or
pathologically-defined AD (AD*p) based on the pres-
ence of neuritic plaques and neurofibrillary tangles in
isocortex. The term “vascular dementia” (VaD) will

mailto:knopman@mayo.edu
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refer to a clinical diagnosis of dementia in which CVD
is presumed to be the etiology, whereas cerebrovas-
cular pathology (CVP) refers to the pathologically
observed processes of infarction and ischemia. The
combination and possible interactions of CVP and
AD*p are ultimately of the most interest. The label
“Alzheimer’s disease with cerebrovascular disease” [1]
captures the overlap between the two, but doesn’t do
it in a very artful way. This review will focus on these
two etiologies of cognitive impairment and their com-
bination.

CEREBROVASCULAR DISEASE CAUSES
COGNITIVE IMPAIRMENT

Stroke is one of the most common neurological dis-
eases of advancing age. Strokes cause cognitive and
motor impairments both acutely and persistently. Sur-
vivors of stroke have a far higher rate of incident
dementia than age-matched peers [2–5]. A history of
stroke at any point in the past is a risk factor for the
development of cognitive impairment [6, 7], MCI [8]
and dementia [9, 10]. MR imaging in population-based
cohorts of elderly individuals has shown that 20% or
more have clinically silent infarcts [11]. The burden of
imaging-detectable cerebral infarction is even larger
than clinically overt stroke [10]. Prospective observa-
tional studies show that numbers of lacunar infarcts
are associated with risk for future cognitive impair-
ment and dementia [12, 13]. There is evidence that
the burden of macrovascular [14] as well as microvas-
cular pathology independently accounts for cognitive
impairment [15–17], even after taking AD*p into
account.

Despite this wealth of observation, CVP as a cause
of cognitive impairment may still be under-appreciated
for several reasons. It has been very difficult – both in
life with imaging and at autopsy neuropathologically –
to quantitate the burden of CVP. There is no validated
scheme for assigning different grades to CVP burden
though progress is being made [16, 18, 19] in develop-
ing pathological ratings that reflect increasing burden
of CVP pathology. Not only is there the problem of
properly accounting for the role of small but strategi-
cally placed infarcts versus the total burden of ischemic
pathology, but quantitating microscopic evidence of
infarction is prohibitively labor-intensive and there-
fore, most neuropathological examinations use only
qualitative estimates of CVP. There is a nagging con-
cern that current neuropathological methods may tend

to undercount ischemic lesions. Analyses that attempt
clinical-pathological correlations with CVP, AD*p and
their overlap are inherently more complex and require
larger numbers of subjects than ones that look at AD*p
alone.

WHERE VASCULAR DISEASE FITS IN THE
ALZHEIMER PATHOLOGICAL CASCADE

To talk about CVP and dementia, it is necessary
to put AD*p in perspective. While the focus of this
review is to highlight why AD*p cannot be consid-
ered in isolation from CVP, AD*p is nonetheless a
major neuropathologic process in late-life dementia
[18, 20]. The loss of neurons, synapses, dendrites,
axons in heteromodal association isocortices is the
proximate cause of cognitive impairment from AD*p
[18]. Neurodegeneration in AD*p is closely linked to
the formation of neurofibrillary tangles (NFT) in neu-
rons in heteromodal isocortex [21–23]. Modulators of
the AD*p neurodegenerative cascade that could have
either genetic or environmental bases affect the rate of
accumulation of brain pathology or the time when the
pathological changes express themselves clinically.

CVP could modulate the appearance of cognitive
impairment in conjunction with AD*p by one of sev-
eral mechanisms. If a certain volume of cortical or
subcortical grey matter undergoes infarction, there will
be a reduction in intact brain volume, loss of synapses
and reduced connectivity between remaining neurons,
and hence brain reserve. An increasing burden of CVP
would either accelerate the appearance of cognitive
impairment or increase its severity at a particular level
of AD*p. There is substantial evidence that as the bur-
den of CVP increases, the abundance of AD*p will be
less, for a given severity of dementia [14, 17, 24–29].
The interaction of CVP and AD*p might account for
the generally lower burden of AD*p for a given level of
cognitive impairment after age 75–80 yrs [18]. There
appears to be no interactive effect on dementia sever-
ity between the burden of cerebral infarcts and the
amount of AD*p [19, 30]. Conceivably, microscopic
CVP could accelerate the neurodegenerative process
in the AD*p cascade, but there is no direct evidence
that such an interactive mechanistic pathway exists.

CLINICAL-PATHOLOGICAL
CORRELATIONS

Postmortem studies of patients dying with dementia
that have compared clinical diagnoses with neu-



D.S. Knopman and R. Roberts / Impact of Vascular Risk Factors on Brain Structure 669

ropathological findings have shown that the clinical
diagnosis of VaD is very insensitive for predicting
CVP [31–33], and furthermore, AD*c is often associ-
ated with some degree of CVP [17, 34]. Problems with
the diagnosis of VaD raise questions about the validity
of the diagnosis, particularly when neuroimaging is
not available. The clinical mis-recognition of CVP
pathology in dementia patients has major implications
for understanding the role vascular risk factors in the
epidemiology of dementia. The presence of CVP in
AD*c means that epidemiological studies that claim
to study observations on risk factors for AD*c are
actually targeting a dementing illness that includes
some element of CVP. In other words, when an
epidemiological study asserts that a risk factor is
“associated with AD,” that really means “associations
with a dementing illness that mostly includes persons
with AD*p and some amount of CVP”, Conversely,
factors reported to be associated with VaD may not be
as specific for a dementing illness due only to CVP. An
“association with VaD” means that the associations
are with persons who have a higher burden of CVP
but probably have coexistent AD*p. Therefore, in the
absence of information about underlying pathology,
investigations of risk factors using epidemiologic
methods are limited in their inferences about the
underlying dementia etiology.

VASCULAR RISK FACTORS (VRF)

A number of mid-life risk factors that have been tra-
ditionally viewed as causing vascular disease including
the components of the metabolic syndrome –diabetes
and impaired glycemic control, hypertension, hyper-
or dyslipidemia and obesity – are associated with
an increased incidence of cognitive impairment and
dementia. This review focusses on individual vascular
risk factors and their impact on structural changes on
imaging and neuropathology.

DIABETES MELLITUS

Diabetes mellitus (DM) is a common condition from
middle age and beyond. By age 65 about 20% of the
population carries a diagnosis of DM, mainly type 2
diabetes [35, 36]. DM affects the kidney, heart, periph-
eral nerves and retina, in addition to the brain.

Alterations in midlife glycemic control and DM
almost certainly have greater consequences for cogni-
tive function than late-onset DM presumably because

of the longer duration of exposure, although a more
metabolically aggressive disease might also occur at
younger ages. A meta-analysis [37] observed that the
magnitude of risks for dementia were generally higher
when DM was diagnosed at midlife versus later life.

The evidence linking DM to late-life cognitive
impairment includes its associations with cognitive
decline in middle age [6, 38–42], cognitive decline in
later life, mild cognitive impairment [43, 44], AD*c
[45–53] and VaD [45, 54–56]. In general, associations
have been stronger for VaD than for AD*c. Not all
studies show an association between dementia and DM
[57], however, perhaps because of the age when DM
was ascertained.

The nature of the cognitive deficits associated with
DM provides some clues as to DM’s brain targets.
DM is associated with impairment of both amnestic
and non-amnestic cognitive functions, but the associ-
ation with non-amnestic dysfunction has been shown
to be of greater magnitude [43, 44]. Less amnestic and
greater non-amnestic cognitive dysfunction would be
more consistent with involvement of white matter path-
ways, basal ganglia or thalamus, which in turn are loci
expected to undergo infarction as a result of CVP.

DM is associated with structural brain changes that
can be detected on imaging [58–62]. In a metaanaly-
sis, the major changes on imaging associated with DM
were brain atrophy, lacunar infarcts and to a less extent,
white matter hyperintensities [63]. In the Atheroscle-
rosis Risk in Communities (ARIC) study that included
persons in late middle age (50–73 yr), there was a 4 to
7% increased risk of ventricular enlargement for each
10 mg/dL of fasting blood sugar elevation [58]. In the
Cardiovascular Health Study (CHS), DM was asso-
ciated with brain atrophy only in women. The CHS
population was 65 and older [64]. Perhaps the less con-
sistent associations in the CHS are a result of the older
age of the subjects.

Neuropathological studies of diabetics also show an
increased number of brain microinfarcts and lacunar
infarcts compared to non-diabetics [65–69]. Several
studies have shown that diabetics with dementia have
a lower burden of �-amyloid pathology [65–67]. Dia-
betics also appear to have an increased numbers of
neuritic plaques [50, 70]. In one of the studies, APOE
e4 carriage was needed to show the association [50].

DM could cause also brain injury through non-CVP
mechanisms. Hyperglycemia and impaired control of
insulin homeostasis might have a direct effect on brain
�-amyloidosis [71–74]. Insulin degrading enzyme
(IDE), an enzyme that is involved in insulin trafficking,
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is also a key enzyme that degrades �-amyloid. With
increases in peripheral insulin levels in midlife in type
2 diabetics, brain insulin levels could be raised [75].
Insulin might compete with �-amyloid for binding
to IDE; thus, elevated insulin levels would lead to
decreased �-amyloid clearance, and raised �-amyloid
levels in the brain.

Because most patients with DM are treated with
either oral hypoglycemic agents or insulin, it may be
very difficult to determine whether treatments alter
clinical-pathological correlations in DM. Severity of
DM is more likely to be associated with the use of
insulin, whereas hyperglycemia that doesn’t exceed
125 mg/dL might not be treated with medication at
all. Since more severe DM will almost always be
treated with insulin, the unique contributions of DM
severity and insulin use to structural and neuropatho-
logical changes may not be resolvable. With insulin
use, the impact of DM severity versus episodes of
hypoglycemia must also be considered in evaluating
dementia risk.

Based on imaging and neuropathological evidence,
microvascular disease is a very strong candidate
mechanism to account for the impact of DM on
late-life cognitive impairment. DM as a microvascular
disease could influence the course of AD*p by
decreasing the threshold at which AD*p produces
clinical effects, even if DM itself had no direct impact
on AD*p-mediated neurodegeneration. If this were the
case, then for a given level of cognitive impairment,
persons with diabetes should have less AD*p, which
in fact has been observed [65, 66]. An alternative
hypothesis is that the metabolic or ischemic injury
caused by DM facilitates �-amyloid pathology, tau
pathology or both. In this alternative model, DM
would be associated with more AD*p. The evidence
so far does not support this latter model.

HYPERTENSION

Hypertension (HT) affects a majority of middle-
aged and elderly populations [35]. While there are
various ways to represent abnormal BP such as his-
tory of hypertension, systolic BP, diastolic BP, pulse
pressure or mean arterial pressure, most of the data we
will cite simply used either history of hypertension,
systolic BP or diastolic BP. HT is a well-known major
risk factor for ischemic heart disease, peripheral vascu-
lar disease, chronic kidney disease and CVP, via both
ischemic and hemorrhagic mechanisms. HT in midlife

is associated with later life cognitive impairment and
dementia [76–78]. Associations are generally stronger
for VaD than AD*c [79–84].

Interpretation of the effects of HT in later life is
confounded by the rising prevalence of hypotension
in late-life. In late-life both HT and hypotension may
cause brain injury. Orthostatic hypotension becomes
common with advancing age, and hypotension is also
deleterious to the brain [85–87]. Even among nor-
motensives, there may be an admixture of borderline
hypertensives and hypotensives, making it quite dif-
ficult to identify the deleterious effects of HT in the
very elderly. Several studies have failed to show an
association of HT with poor cognition when assessed
in late-life [85, 86, 88–91].

Different classes of antihypertensive medications
have shown associations with lower rates of dementia
in observational studies [92–94]. Similarly, clinical tri-
als have demonstrated that treatment of persons with
HT with several classes of antihypertensive medica-
tions reduces the incidence of dementia [95–98]. It
is not clear which class or classes of antihyperten-
sive provides the greatest protective effects for the
brain. Duration of antihypertensive therapy also has an
impact on associations of hypertension with dementia;
especially in younger persons, those on antihyperten-
sive therapies for longer periods of time had reduced
rates of incident dementia [99]. Because therapy has
an impact on blood pressure measurements them-
selves and also appears to impact cognitive function,
naturalistic observations with either imaging or neu-
ropathology are confounded by treatment.

In imaging studies involving both middle-aged and
elderly persons, HT is more closely associated with
white matter hyperintensities (WMH) than atrophy
[58, 59, 100–106]. HT is the most consistent corre-
late of excess burden of WMH [104, 106, 107]. In the
cross-sectional findings of the ARIC study, HT was
not associated with increased ventricular volume, but
there were strong associations with increasing burden
of WMH [58]. In the longitudinal assessments of the
ARIC cohort, systolic BP measured cumulatively over
14 years was strongly associated with progression of
WMH. BP measurements from early years of follow-
up showed stronger associations with WMH burden
than later ones [108].

The effects of systolic versus diastolic BP on brain
structure may differ. In elderly subjects (age 72 ± 7
yrs) from the Rotterdam Scan study, systolic blood
pressure was not associated with brain atrophy. How-
ever, diastolic BP exhibited a J-shaped relationship to
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brain atrophy. Subjects with high and low diastolic
BP had greater brain atrophy than subjects with dias-
tolic BPs in the 65–74 mmHg range. In addition, in
a subset of subjects with BPs measured 20 years ear-
lier, those with elevated diastolic BPs in midlife but
who were not treated had greater brain atrophy than
non-hypertensives. Subjects with elevated diastolic BP
in midlife who were treated did not show any brain
volume loss compared to non-hypertensives. Both
elevated systolic and elevated diastolic BP were asso-
ciated with WMH burden. The association between
20-year change in diastolic blood pressure and sub-
cortical WMH was also J-shaped, indicating that both
declines and elevations in BP over time were related
to increasing burdens of WMH [109].

Several studies have found that midlife hyperten-
sion was associated with greater burdens of NFT and
neuritic plaques in late life [110, 111], but medication
effects make interpretation complex. Neuropatholog-
ical studies that have compared subjects with and
without antihypertensive medications have shown that
medicated patients had either less cognitive impair-
ment or less AD pathology than the un-medicated
hypertensive peers [111]. Persons receiving antihyper-
tensive therapy had less AD*p than normotensives.

Despite the likelihood that the effects of HT on the
brain are microvascular and are similar to that seen
in other microvascular beds such as in the heart or
kidney, the neuropathological evidence suggests that
HT has direct effects on AD*p that are independent of
infarction. These findings suggest that HT could alter
�-amyloid or abnormal tau production or clearance. A
final speculation is that of reverse causality: AD*p in
brainstem structures [21] might promote HT.

OBESITY

Rising levels of obesity across all age groups is a
major public health issue. Obesity is usually defined
by body mass index (BMI), but abdominal girth has
been shown to have greater predictive ability for dis-
ease outcomes such as heart disease [112]. Obesity
in midlife has been associated with later life cogni-
tive impairment [113–115]. This association persists
even when DM, HT and hyperlipidemia are included
in the analytic models. The observation suggests that
midlife obesity is associated with cognitive impairment
in some ways that are unique from the other related risk
factors. Similarly, obesity could promote microvascu-
lar disease by mechanisms that are distinct from DM

and HT. Various circulating factors released by adi-
pose tissue could play a role, perhaps by promoting
inflammation. Increased fat mass, particularly visceral
fat, elevates blood levels of inflammatory cytokines
such as TNF� and IL6. Elevations of circulating lev-
els of these factors could alter endothelial function,
which in turn could lead to insulin resistance [116].
Leptin, a hormone released by adipose tissue, reg-
ulates lean body mass, complements insulin action
in the peripheral circulation, decreases brain � sec-
retase levels, and modulates �-amyloid turnover. In
obesity, chronically elevated leptin levels result in lep-
tin resistance and an inability to regulate weight. In
the late-life, consistent with the decreased BMI that
occurs prior to dementia, leptin levels decrease and are
inversely associated with dementia [117]. Similarly,
adiponectin, a complement related protein produced
by adipose tissue, is a risk factor for coronary heart
disease. The associations with dementia are yet to be
determined.

Studies that have examined weight, body-mass
index or other measures of adiposity in late-life have
found either no association with dementia, or a pro-
tective effect [118–121]. Obesity may appear to be
a protective factor for impaired cognitive function in
late-life because of the competing effects of the asso-
ciations of weight loss with illnesses such as cancer.
Furthermore, some studies have shown that persons
destined to develop dementia lose weight in the few
years preceding the diagnosis. Persons with demen-
tia are highly likely to be thinner than non-demented
peers [118–121]. It is uncertain whether reverse causal-
ity could also be acting here, whereby subtle cognitive
or behavioral changes that occurred prior to dementia
altered dietary habits.

There were no significant associations between ele-
vated BMI and structural brain changes in either ARIC
[58] or an earlier analysis of the CHS [64] cohort. A
more recent study of a smaller number of CHS partici-
pants (mean age = 77 yrs) observed reductions in grey
matter volume in persons with high BMI (>30kg/m2),
even after controlling for DM [122]. In younger per-
sons there also is an association of obesity with reduced
brain volume [123–125]. To our knowledge, there are
no neuropathological studies that have assessed the
role of midlife obesity on neuropathology in late-
life. Because late-life obesity appears to be protective
for dementia, understanding the competing forces of
midlife and late-life obesity may be very difficult.

Whether obesity plays an independent role in the
genesis of dementia, AD*p or CVP, separate from DM
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and HT is not clear. Midlife obesity, to the extent that
it promotes DM and HT, has adverse effects on the
brain, regardless of whether these effects are direct or
indirect.

HYPERLIPIDEMIA

The relationship between elevated lipid levels and
dementia is uncertain, as many studies fail to show
associations between elevated LDL cholesterol or
triglycerides and dementia, cognitive impairment or
abnormalities on brain imaging. A few studies have
shown that midlife hypercholesterolemia was associ-
ated with later life MCI or dementia [84, 126, 127].
In contrast, the Framingham study failed to observe
an association between midlife cholesterol levels and
AD [128]. The ARIC study involving, mainly mid-
dle aged subjects, found that elevated LDL-C was not
associated with cognitive impairment [6]. When lipid
levels are measured in later life, the association is even
more uncertain [129]. Elevated levels of total choles-
terol were protective of dementia in late-life [130]. Low
levels of cholesterol were associated with dementia
[131, 132], as well as a number of serious systemic dis-
eases, in particular cancer and malnutrition, so that an
admixture of persons with high and low cholesterol in
epidemiological studies may obscure true associations
between high cholesterol levels and dementia in late-
life. Once again, processes that lower lipid levels and
potential survival biases compete with hyperlipidemia
and confound analyses.

Although hypercholesterolemia is a potent risk fac-
tor for cardiac disease, its impact on cerebrovascular
disease has been inconsistent. In neither Northern
Manhattan Study [133], ARIC [134] nor CHS [11]
was there an association between HDL-C or LDL-C
and either clinical strokes or infarctions on imaging.
Why elevated cholesterol is not as strongly linked to
cerebrovascular disease as it is to cardiovascular dis-
ease is a mystery that is beyond the scope of this
essay.

Cholesterol or triglyceride level have not been asso-
ciated with larger ventricular size or increased white
matter hyperintensities in the ARIC cohort [58]. In the
CHS cohort, high HDL and low LDL levels were asso-
ciated with progression of WMH [105]. A few studies
that investigated the relationship between lipid levels in
late life and neuropathology have claimed associations
between neuritic plaques and elevated HDL-C [135]
or total cholesterol and LDL-C levels [136]. There are
no studies of midlife lipid levels and neuropathology.

Given the biphasic nature of the relationship between
lipids and dementia, it may be midlife levels of HDL-C
or LDL-C that are most relevant.

It is not clear at this point what specific role hyper-
lipidemia plays in the development of dementia, AD*p
and CVP. Because of the multiple demonstrations of
either neutral or protective effects of hyperlipidemia on
cognition and brain structure, this risk factor does not
offer many insights into the mechanisms of cognitive
impairment.

VRF AND SOCIOECONOMIC STATUS

Late-life dementia due to AD*p is strongly asso-
ciated with educational attainment, occupation and
socioeconomic status (SES) [137, 138]. CVP and VRF
are also moderately strongly associated with SES [139,
140]. DM, HT, obesity, and heart disease itself are all
more likely in persons of low educational attainment,
the usual proxy for SES. Persons of lower SES are
more likely to have a poor diet, to be overweight, to
smoke, and to be sedentary, all of which contribute
to higher burdens of VRF. Perhaps, VRFs are asso-
ciated with cognitive impairment because they stand
for an array of dysfunctional health behaviors that are
more important than the VRFs themselves. It seems
likely that dysfunctional health behaviors in persons
with lower education or lower SES promote DM, HT,
and obesity. The description of the associations of
low intelligence test scores in childhood with late-
life VaD rather than AD*c [141] in a Scottish cohort
suggests that the impact of low education and low
SES on brain integrity might actually begin in child-
hood. It is possible that SES shares variance with
brain reserve, and as a consequence different levels
of brain reserve have an impact on the threshold for
the appearance of dementia for a given level of AD*p
or CVP.

CONCLUSIONS

VRFs, when present in midlife, exert a consistent
deleterious effect on late-life cognition and dementia.
For DM, HT and obesity parallel effects on subclin-
ical infarction, cognition and brain structure support
their distinct roles in the pathogenesis of late-life
cognitive impairment. These disorders might either
promote microvascular disease, AD*p or both. In con-
trast, while midlife hyperlipidemia may be associated
with late-life cognitive impairment, hyperlipidemia
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does not seem to alter brain structure and is not
clearly associated with an increased risk of stroke. The
dissociation raises some doubts on how relevant hyper-
lipidemia is for cognitive impairment. In later life, the
role of the VRFs is much more complex. For all four
conditions when measured in late-life, their associa-
tions with cognitive impairment are either attenuated,
neutral or reversed. The inverse of three of them –
hypotension, low cholesterol and triglyceride levels
and cachexia – are associated with serious systemic
illnesses that worsen survival. The relationship of SES
to VRF implies that the genesis of VRFs has its roots
in childhood social class, education and culture.

The evidence from imaging studies suggests that
treatment of VRFs in persons who already have late-
life cognitive impairment may be too late to be curative,
but there still could be lesser clinically important bene-
fits. Treatment of VRFs in persons with both AD*c and
VaD should be considered because of the etiological
overlap of AD*p and CVP in both.

However, VRF can be treated in midlife, and that
should be grounds for optimism. Public health ini-
tiatives to treat the VRFs in midlife are already
well-justified on the grounds of preventing cardiovas-
cular disease. Despite the cardiovascular imperatives,
rates of effective treatment of DM, HT, obesity and
hyperlipidemia are rather low [35, 36]. Perhaps fear
of cognitive impairment would spur more aggressive
attempts to treat VRF in midlife.
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Abstract. Purpose: Quantification methods for white matter hyperintensities (WMH) on Magnetic Resonance Imaging are
heterogeneous, deterring their application. This study compared three WMH rating scales, varying in complexity, and a volumetric
method, to evaluate trade-offs between complexity and clinical utility in differentiating dementia subgroups and in correlating
with cognition.

Methods: WMH were rated using the Fazekas, Age-Related White Matter Changes (ARWMC) and Scheltens scales, and
segmented by computational volumetry in 108 patients with Alzheimer’s Disease (AD), 23 with Mild Cognitive Impairment
(MCI) and 34 normal controls (NC). Global and hippocampal atrophy, age and education, were accounted for in correlations of
WMH with cognitive domains.

Results: Intra- and inter-rater reliability were high (intraclass correlation coefficients = 0.88–0.97) across rating scales.
WMH scores of all scales were highly correlated with volumes (Spearman r = 0.78–0.90, Ps < 0.001), as well as with each
other (Spearman r = 0.86–0.91, Ps < 0.001). The Fazekas scale showed significant separation between AD, MCI and NC using
non-parametric analysis, while the ARWMC and Scheltens’ scales, and WMH volumes demonstrated significant correlations
(standardized � = −0.19 to −0.24, Ps < 0.05) with cognitive domain scores using multivariate regression analysis, controlling
for age, education, global and hippocampal atrophy in patients with AD.
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Conclusions: This study suggests that the degree of complexity of WMH rating scales did not affect validation against WMH
volumes, but did vary in validation against cognition. The simplest scale performed best in separating cognitive subgroups, but
the more complex scales and quantification correlated better with cognitive measures, especially executive function. Hence the
best choice of scale depends on the particular application.

Keywords: White matter hyperintensity, scales, MRI, cognition, Alzheimer’s disease

INTRODUCTION

White matter hyperintensities (WMH) on brain T2
and proton density (PD) weighted or fluid-attenuated
inversion recovery (FLAIR) magnetic resonance
images (MRI) are frequent in the elderly [1, 2].
Although the etiology of WMH is not entirely known,
WMH are often thought to be induced by small vessel
disease and to potentially disrupt cortical-subcortical
networks. The degree of WMH varies considerably
across individuals from a single focus to extensive
involvement of the subcortical white matter. The extent
of WMH increases from normal aging to mild cognitive
impairment and to dementia [3, 4, 5], and WMH bur-
den negatively correlates with cognitive performance
in both healthy elderly and demented groups [4, 6].
However, the correlation between WMH and cogni-
tion has been inconsistent across studies. Some studies
suggested WMH load must reach a threshold before
neurobehavioral signs become manifest [7, 8] or must
involve a strategic location [9, 10]. Others comment
that WMH have little impact on cognition, especially
when taking into account other factors such as hip-
pocampal or general cerebral atrophy [11, 12].

Heterogeneity of quantifying methods of WMH
could contribute to these inconsistent findings [13, 14].
Varied rating scales and direct volume measurement
have been used in the assessment of WMH. Although
computer-assisted quantitative volumetric measures of
WMH are more objective and precise than the rating
scales, they are technically more demanding and time-
consuming. In comparison, WMH visual rating scales
are relatively quicker and easier to perform even on the
scans from varied modalities or qualities, and are more
commonly used in clinical and even research settings.
However, the specialized rating scales vary greatly in
the degree of complexity in regard to morphology, size,
number and anatomical distribution of WMH, which
leads to a variable range across scales. How discrepan-
cies between the various rating scales affect reliability
or validity of the scales has not been well-investigated,
though it is expected that a scale with smaller range

may have restriction for correlating with WMH vol-
umes or with cognitive measures. It is also unclear
how to determine which scales should be chosen for
studies in varied clinical and research settings. In par-
ticular, it would be useful to know which scale would
be the most suitable for measuring WMH in relation
to cognitive status and neuropsychological measures.

In this study, three commonly used rating scales,
differing in degree of complexity, were compared to
WMH volumetry in a population of normal elderly,
mild cognitive impairment (MCI) and Alzheimer’s
Disease (AD) subjects with mild to moderate dementia.
We used T2/PD MR images for rating and volume-
try of WMH, as these pulse sequences are sensitive in
detecting WMH than FLAIR, especially in the thala-
mus, and have been in use since the beginning of our
on-going longitudinal study of aging and dementia. We
also investigated how complexity of WMH quantifica-
tion techniques would affect differentiation between
cognitive subgroups and correlations with neuropsy-
chological test scores. We hypothesized that the more
comprehensive a scale is, the better it will correlate
with WMH volume and neuropsychological perfor-
mance, as well as distinguish dementia participants
from normal controls.

METHODS

Participants

Participants (n = 165) were recruited from the Sun-
nybrook Dementia Study, an ongoing observational
neuroimaging study of aging and dementia being con-
ducted at Sunnybrook Health Sciences Centre, an affil-
iated teaching hospital of the University of Toronto.

All subjects were eligible consecutive participants
in this longitudinal study described previously [10],
and included 34 healthy elderly controls (NC), 23
patients with MCI, and 108 possible (confined to those
with subcortical ischemic vasculopathy) and proba-
ble AD. All patients, who had to be fluent in English,
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underwent a standard neurological examination, rou-
tine biochemical screening, standardized MRI and
cognitive testing. Participants were excluded if the
MRI and neuropsychological testing were separated
by > 10 weeks, or MRI was technically inadequate
for volumetric analysis. Possible secondary causes
of dementia and concomitant neurological or psychi-
atric illnesses were exclusionary for both controls and
patients. For purposes of this study, which focused on
incidental WMH, possible AD with lacunar infarcts
was also exclusionary.

Dementia was defined significant decline in mem-
ory and at least one additional domain of cognitive
functioning, sufficient to interfere with occupational
or social function using Diagnostic Statistical Man-
ual for Mental Disorders-fourth edition criteria [15].
Possible and Probable AD met the National Insti-
tute of Neurological and Communicative Diseases
and Stroke/Alzheimer’s Disease and Related Disor-
ders Association clinical criteria [16]. Individuals with
cognitive impairment not meeting criteria for dementia
were designated as MCI according to the Petersen cri-
teria [17], included: 1) a subjective memory complaint;
2) relatively normal general cognition; 3) normal
activities of daily living; 4) an objective memory
impairment (e.g. performance ≥1.5 standard devia-
tions below that of age, gender, and education-matched
peers). The normal participants were community-
dwelling volunteers with no history of psychiatric
or neurological diseases or evidence of impairment
on cognitive testing. The protocol was reviewed and
approved by the institutional research ethics board, and
informed consent was obtained from all participants or
their substitute decision-makers.

All participants underwent cognitive testing of
multiple domains. Mini-Mental State Examination
(MMSE) [18] and the Mattis Dementia Rating Scale
(DRS) total score [19] were used to measure global
cognitive function. The California Verbal Learning
Task (CVLT) (the total acquisition score for the tri-
als 1–5 on this 16 word list learning test) [20] was
used to assess learning. Picture naming on the 30-item
Boston Naming Test (BNT) [21] provided a language
measure. Wisconsin Card Sorting Test (WCST) total
correct [22] and phonemic verbal fluency (FAS) [23]
were included as measures of executive function.

MRI methods

Imaging was performed on a GE 1.5 Tesla MR mag-
net (Signa, General Electric Medical Systems, Mil-

waukee, WI), using a standardized protocol including
T2/PD-weighted sequences (TR/TE/NEX = 3000/30-
80/0.5, field of view = 20 × 20 cm, matrix = 256 × 192,
slice thickness = 3 mm, scan time = 11.5 minutes)
and a T1-weighted 3D volumetric spoiled gradient
echo sequence (TR/TE/NEX = 5/35/1, flip angle = 35◦,
matrix = 256 × 192, and slice thickness = 1.2 mm for a
total 124 axial slices. Scan time = 10.5 minutes).

Imaging analysis

WMH were scored using three different rating
scales: A) Fazekas et al. [24] B) Age-related White
Matter Change (ARWMC) [25] and C) Scheltens et al.
[26] on axial T2/PD-weighted MR images. Briefly,
the original Fazekas scale rates periventricular WMH
(0–3 points) and deep white matter hyperintensities
(0–3 points) with a maximal score of 6. The ARWMC
scale rates the degree of white matter changes (0–3
points) in 5 regions of frontal, parieto-occipital, tem-
poral, infratentorial areas and the basal ganglia. Left
and right hemisphere WMH are rated separately and
added for a maximal score of 30. The Scheltens’ scale
rates overall (including both hemispheres) periventric-
ular WMH (0–6 points), deep WMH in the frontal,
parietal, temporal and occipital regions (0–24 points),
the basal ganglia including the putamen, globus pal-
lidus, caudate, thalamus and internal/external capsule
(0–30 points), and infratentorial areas including the
midbrain, pon, medulla and cerebellum (0–24 points).
The maximal score is 84.

WMH volumetry was performed using previ-
ously published techniques [10, 27, 28]. WMH were
extracted from the T2/PD MRI. Briefly, using a stan-
dardized protocol, trained observers selected “seed”
training voxels representative of brain, cerebrospinal
fluid (CSF) and hyperintensities on interleaved T2/PD
images. Using a k-nearest neighbours algorithm [29],
a fully segmented image was produced to classify
supratentorial tissues into brain parenchyma, CSF and
WMH. Further, WMH that were connected to lateral
ventricle were assigned to the periventricular WMH
automatically, WMH in the basal ganglia and thala-
mus were manually labeled as basal ganglia/thalamic
WMH, and WMH not labeled as the periventricular
or basal ganglia WMH were assigned to the deep
WMH compartment. Infratentorial WMH were not
included in the volume quantification, similar to the
Fazekas’ scale. For comparison purposes, therefore,
the WMH scores for the infratentorial regions rated
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in the ARWMC and Scheltens’ scales were excluded
from the analysis. Whole brain and total intracranial
volumes were obtained using the volumetric protocol
[10]. A general brain atrophy index was calculated
as the ratio of the whole brain volume (total brain
parenchyma) to the total intracranial capacity (total
brain parenchyma and CSF volumes). Medial tempo-
ral lobe atrophy was measured (by FG) as previously
described by using the thinnest medial temporal lobe
width on axial T1 images parallel to the long axis of
the hippocampus [30].

MR volumetry was done by R.H.S., Fazekas and
ARWMC WMH were scored by F.G. The Scheltens
WMH rating was performed by its originator, P.S. All
raters were blinded to any clinical information. Intra-
rater reliability for the three rating scales was tested
by F.G., and inter-rater reliability was tested by K.H.
and F.G. for Fazekas and ARWMC scales, and by P.S.
and F.G. for the Scheltens scale on 20 subjects with a
representative range of WMH.

Statistical analysis

One-way analysis of variance (ANOVA) with post-
hoc least square difference test was performed to
examine differences in age, education and neuropsy-
chological testing scores between NC, MCI and AD
groups. Sex frequency differences between groups
were examined by Chi-square test. Non-parametric
Mann-Whitney analysis was used to test differences
between Fazekas, ARWMC, Scheltens’ WMH scores,
and WMH volumes in the three cognitive subgroups,
because of the non-normal distributions of these WMH
measurements.

Spearman rank correlation was used to test the rela-
tionship between WMH scores and WMH volumes.
Linear regression analyses were used to determine the
correlation of WMH load with cognitive performance
after controlling for age, education, medial temporal
and global brain atrophy in the three groups separately.
To examine for a possible threshold effect of WMH
on cognition, analysis of covariance (ANCOVA), con-
trolling for age, education, medial temporal and global
brain atrophy, was used to compare neuropsycholog-
ical performance in the three subgroups with varying
degree of WMH, which were categorized into tertiles
of total WMH.

Intra-rater and inter-rater reliability for the three
rating scales was tested using intraclass correlation
coefficients analysis.

RESULTS

Demographic characteristics and cognitive
measures

The differences between age, sex, education and
cognitive measures across groups are given in Table 1.
Age was significantly different between the three cog-
nitive groups driven by the difference between NC and
AD (p = 0.002) in post-hoc comparison. (See Table 1).

Intraobserver agreement of WMH rating scales
and volumetry

Intraclass correlation coefficients of intrarater agree-
ment were 0.95 (ARWMC scale), 0.96 (Fazekas scale),
0.97 (Scheltens scale), and 0.99 (volume measure-
ment). Interrater agreements were 0.88 (Fazekas), 0.94
(ARWMC), and 0.89 (Scheltens).

Correlations between WMH rating scores
and WMH volumes

Spearman correlation coefficients between the
WMH rating scores of each scale and WMH volumes,
and the scores between the three rating scales can be
seen in Table 2. Scatterplots for the total Fazekas,
ARWMC and Scheltens scores with WMH volume
showed different ‘ceiling’ effects of the non-linear dis-
tributions, which were better described in quadratic
models indicated by higher R2 (See Fig. 1A–C). This
was most obvious for the Fazekas scale (R2 of linear
vs quadratic model: 0.77 vs 0.88) (See Figure 1A) and
least for the ARWMC scale (R2 of linear vs quadratic
model: 0.85 vs 0.87) (See Fig. 1B).

In addition, total WMH scores of all three rating
scales and total WMH volumes negatively correlated
with the general brain atrophy (r = −0.35 to −0.45, all
p < 0.01) and medial temporal lobe atrophy (r = −0.37
to −0.43, all p < 0.01).

Differences of WMH scores and WMH volumes
across groups

Table 3 shows the differences between the main
cognitive sub-groups in MRI measurements of WMH
rating scores, WMH volumes, general cerebral atro-
phy and medial temporal atrophy. In general, the AD
group had significantly more WMH than the NC group,
measured by all techniques with regard to both global
and regional WMH burden. AD group also had more
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Table 1
Comparison of demographic and neuropsychological test scores between cognitive subgroups

NC (n = 34) MCI (n = 23) AD (n = 108) F p-values

Sex, men/women 14/20 13/10 55/53 1.48a 0.447
Age, years 66.6 (8.6) 70.2 (6.8) 72.2 (10.2) 4.50 0.012 2

Education, years 14.5 (2.7) 14.3 (3.2) 13.6 (3.7) 1.27 0.283
MMSE 28.6 (1.3) 27.3 (2.4) 22.2 (4.7) 41.39 <0.0012,3

DRS 140.6 (2.8) 135.7 (6.7) 114.8 (14.2) 76.77 <0.0012,3

CVLT 50.8 (8.1) 35.3 (10.6) 18.9 (9.4) 160.60 <0.0011,2,3

FAS 47.8 (16.6) 40.7 (12.0) 26.7 (13.0) 34.94 <0.0012,3

WCST 46.8 (13.0) 44.3 (10.9) 33.9 (9.9) 21.65 <0.0012,3

BNT 28.3 (1.9) 25.8 (3.7) 19.4 (6.8) 34.95 <0.0012,3

Data are presented as mean (standard deviation) unless otherwise indicated. One-way ANOVA was used to test
differences for age, education and neuropsychological test scores, and x2 was used to test sex difference (a = Chi-
square value). Significant differences (all Ps < 0.01) between groups from the post hoc tests: 1NC vs MCI, 2NC vs
AD, 3MCI vs AD. Abbreviations: AD, Alzheimer’s disease; BNT, the Boston Naming Test; CVLT, the California
Verbal Learning Task, total scores of Trials 1–5; DRS, the Mattis Dementia Rating Scale, total scores; FAS, FAS
verbal fluency; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination; NC, normal controls;
WCST: Wisconsin Card Sorting Test (total correct).

Table 2
Correlations between WMH scores and WMH volumes, and between scores of WMH rating scales

Fazekas vs ARWMC vs Scheltens vs Fazekas vs ARWMC vs Scheltens vs
volume volume volume ARWMC Scheltens Fazekas

Total 0.82** 0.80** 0.78** 0.87** 0.91** 0.86**
PV 0.73** n/a 0.68** n/a n/a 0.71**
DWM 0.74** n/a 0.78** n/a n/a 0.54**
BG n/a 0.52** 0.28** n/a 0.52** n/a

Data are presented as the Spearman correlation coefficients. * Correlation is significant at the 0.05 level;
** Correlation is significant at the 0.01 level. n/a: data are not available. Abbreviations: ARWMC, Age-related
White Matter Change scale; BG, basal ganglia WMH; DWM, deep white matter hyperintensities; PV, periventricular
WMH.

WMH burden than the MCI in some measures from
the Fazekas and Scheltens scales. The Fazekas total
and periventricular scores were the only rating scores
that showed significant differences between NC and
MCI, and BG WMH volume was the only volumetric
measure to show a statistically significant difference
between NC and MCI.

Note that patients with AD are significantly older
than NCs in the overall sample (see Table 1).
The differences between NC and AD were re-
examined in an age-matched subsample of NC (n = 34,
age = 66.6 ± 8.6) and AD (n = 56, age = 67.0 ± 10.9).
Mann-Whitney U test demonstrated that the differ-
ences of global and regional WMH burden between
age-matched NC and AD groups (t2,88 = −0.20,
p = 0.84) remained across all rating scales and volume-
try (all p < 0.01).

Correlations of WMH with cognitive performance

The relationship between WMH measures and cog-
nition in the NC, MCI, and AD was analyzed after

adjusting for age, education, medial temporal and
global brain atrophy in linear regression analysis. The
standardized � was used to represent relationships,
as the square root of the standardized � represent
the percentage of variance in the dependent variable
accounted for by the independent variable. In the AD
group, the overall and basal ganglia ARWMC scores,
and the Scheltens periventricular WMH scores cor-
related with the Boston Naming Test (standardized
� = –0.21 to –0.23, all p < 0.05). The total, periventric-
ular and deep WMH volumes were also significantly
related to the Boston Naming Test (standardized
� = −0.19 to −0.24, all p < 0.05). The basal gan-
glia WMH volume was significantly related to FAS
(standardized � = −0.20, p<.05) and WCST (stan-
dardized �=–0.25, p < 0.01). In the MCI group, there
were no significant correlations between WMH mea-
sures and cognitive measures. In the NC group,
the total ARWMC score was significantly related to
WCST (standardized � = −0.52, p < 0.05). The Schel-
tens total, periventricular and deep WMH scores were
also significantly correlated with WCST (standardized
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Fig. 1. Scatter plots showing the correlations between the overall
WMH rating scores (y-axes) and total WMH volumes (x-axes). Each
marker represents one subject. They show that quadratic regression
models (curved fit lines) are better than linear regression models
(straight fit lines) for the correlations between Fazekas score vs
volume (A), ARWMC score vs volume (B) and Scheltens score
vs volume (C), indicating ‘ceiling’ effects of the rating scores in
reflecting increases of the WMH volumes.

� = −0.51 to −0.54, all p < 0.005). The Fazekas WMH
scores did not negatively correlate with cognitive per-
formance in the NC, MCI and AD groups.

To address possible threshold effects on cognition,
the total WMH volume or rating score was divided into

tertiles to categorize by severity for each quantification
technique, and compared using ANCOVA covarying
for age, education, medial temporal and global brain
atrophy. Boston Naming Test and CVLT scores were
significantly lower in the upper 3rd tertile (n = 37) of the
WMH volume (>16 cm3) compared to the 1st (n = 32)
or 2nd (n = 39) tertile group (p < 0.05) in the AD groups.
Visual rating scales did not show significant differences
between the severity groups of WMH in the AD group.
No significant differences were found from the rating
scales and volumetry in this analysis in NC and MCI
groups.

DISCUSSION

Correlations between the Fazekas, ARWMC and
Scheltens’ WMH rating scores and WMH volumes in
this memory clinic sample did not reveal the expected
hierarchy of correlations. That is, the more complex
scale did not correlate better with WMH volumetry,
taken as the gold standard. Rather, the total WMH
rating scores of the three scales with different degree
of complexity were all highly correlated with WMH
volumes. However, the three rating scales had more
ceiling effects compared to the WMH volume, con-
sistent with a previous report [31]. This was greatest
for the simple Fazekas scale compared to the more
complex scales (Fig. 1). The smaller the range of a rat-
ing scale, the more limited it may be for correlating
with cognitive measures in comparison to WMH vol-
umetry. In sub-regional analyses of the deep nuclei,
size of the correlation between the scales and vol-
umes was lower for the basal ganglia compared to
correlations for the periventricular and deep white mat-
ter regions. A major reason for this may be that the
anatomical region of the basal ganglia is not consis-
tently defined using the visual rating scales and the
volumetric measures. For example, if a hyperintense
lesion crossed the boundary between basal ganglia and
deep white matter, it could be assigned to the basal gan-
glia by one method and to the deep white matter by the
other. Nevertheless, this ‘head-to-head’ comparative
study showed that the complexity of the rating scales
had little impact on the strength of their correlations
with semi-automatic WMH volumes using a recog-
nized intensity thresholding technique. The present
study also showed consistent, good inter- and intra-
rater agreement of all WMH rating scales regardless
of complexity of the method, in keeping with reports
from the LADIS (Leukoaraiosis And Disability) and
other studies [31, 33].
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Table 3
Comparison of WMH scores, volumes and quantitative atrophy measurements between diagnostic subgroups

NC (n = 34) MCI (n = 23) AD (n = 108) p-values

Fazekas scores Total 1.2 (1.0) 2.0 (1.6) 2.6 (1.4) <0.0011,2,3

PV 0.6 (0.7) 1.0 (0.8) 1.5 (0.8) <0.0011,2,3

DWM 0.6 (0.6) 1.0 (1.0) 1.2 (0.8) 0.0012

ARWMC scores Total 2.4 (2.8) 4.4 (5.4) 5.3 (4.6) 0.0022

DWM 2.2 (2.5) 3.6 (4.4) 4.4 (3.9) 0.0052

BG 0.2 (0.6) 0.7 (1.4) 0.9 (1.4) 0.0192

Scheltens scores Total 5.4 (4.5) 7.6 (6.7) 9.9 (6.6) 0.0012

PV 2.1 (1.7) 2.3 (1.7) 3.2 (1.4) <0.0012,3

DWM 3.2 (3.2) 4.9 (5.3) 5.9 (4.9) 0.0102

BG 0.2 (0.9) 0.3 (0.8) 0.9 (1.8) 0.0212

WMH volume (cm3) Total 3.64 (2.99) 10.82 (14.33) 12.58 (12.18) <0.0012

PV 3.37 (2.77) 10.08 (13.83) 11.68 (11.55) <0.0012

DWM 0.21 (0.27) 0.54 (0.76) 0.63 (0.89) 0.0042

BG 0.07 (0.11) 0.20 (0.25) 0.27 (0.61) 0.0031,2

Brain atrophy index* 0.73 (0.03) 0.70 (0.04) 0.67 (0.04) <0.0011,2,3

Medial temporal atrophy** 13.10 (2.10) 10.10 (3.70) 7.10 (4.30) <0.0011,2,3

Nonparametric Kruskal-Wallis analysis was used for group differences in WMH score and WMH volume, and Mann-
Whitney U test was used to test differences between groups. ANOVA was used to examine group differences for the atrophy
measures. Data are presented as mean (standard deviation). Significant differences between groups 1NC vs MCI, 2NC vs
AD, 3MCI vs AD. *Brain atrophy index = total brain volume/total intracranial capacity; **Medial temporal atrophy = the
thinnest medial temporal width in mm. Abbreviations: AD, Alzheimer’s disease; ARWMC, Age-related White Matter
Change scale; BG, basal ganglia; DWM, deep white matter; MCI, mild cognitive impairment; NC, normal controls; PV:
periventricular.

WMH burden has been reported to be higher in
AD than in controls in previous studies using differ-
ent quantification techniques [3–5]. However, it has
been unclear whether simpler or more complex rat-
ing scales would better distinguish between NC and
AD, or dementia subgroups. Our study illustrated that
AD patients did show significantly more WMH than
the NC across all techniques. Since covariation for
age was not possible in non-parametric analysis, we
can not rule out that this difference was related to the
older age of the patients with AD. In an age-matched
subsample of our AD subjects, however, it remained
statistically significant, suggesting that WMH differed
by group membership and not by age alone. Ironically,
the simple ‘Fazekas’ scale was the only measurement
that differentiated MCI and NC. Although this was dif-
ficult to explain and contradictory to a previous report
[31], a simple scale may better categorize the severity
of WMH, and be more useful for quickly screening for
brain-behavior studies.

Associations of WMH with neuropsychological data
have been found across different methods in previous
studies on validity of visual rating scales and quantita-
tive WMH volumetry [32, 33]. It was argued that the
gain using a more complex rating scale or more sen-
sitive volumetric methods over a simple rating scale
for WMH, may not be justified [33]. However, these
studies used non-disabled, community-based subjects

with limited cognitive evaluations. The current study
included subjects with MCI and AD from a typical
specialist memory clinic in an academic setting, allow-
ing evaluation across a broader spectrum of cognitive
deficits. Also a more detailed cognitive assessment
was administered. In this context, as predicted, the
complex rating scales with the larger range correlated
better with cognition than did the simple scale. This
suggests caution in settling for the simpler, quicker
scales if the study goal is brain-behavior relationships.
For example, based on the findings from this study, to
study difficulties in language related to word finding
(e.g. BNT), it would be better to use a more complex
rating scale or volumetric measurement. To study exec-
utive functioning, volumetric analysis of WMH in the
basal ganglia may be the most sensitive. Although the
associations were modest, WMH still accounted for
significant variance in the dependent variables after
controlling for age, education, medial temporal and
global cerebral atrophy in multivariate regression anal-
ysis, estimated by standardized �. As WMH in certain
areas may be more correlated with executive function-
ing, an advantage of the complex scales is that they
facilitate such sub-analyses.

Given the relatively small sample size of sub-groups,
this study had limited ability to validate the WMH
scales with neuropsychological performance in the
sub-groups of NC and MCI subgroups.
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It is generally agreed that linear correlations between
WMH and cognitive measures are not robust. Some
studies have argued that this may be partially due to
a threshold effect, which means a significant accumu-
lation of WMH is necessary before cognitive deficit
becomes apparent [7, 8]. In this study, we re-classified
the total volume into three categories based on tertile
divisions. In so doing, we did find that subjects with the
highest severity of WMH volume, e.g. the 3rd tertile,
which was >16 cm3 and approximately 1% of intracra-
nial volume, had significantly lower performance on
certain cognitive domains such as CVLT and BNT on
ANCOVA, after adjusting for age, education, medial
temporal and global brain atrophy in patients with AD.
However, when we did this with the three WMH rating
scales, we did not find the same result, illustrating some
advantage of quantitative volumetry over rating scales.
This difference might be explained by the ceiling effect
of the rating scales compared to the threshold effect of
the continuous WMH volumetric measure. Under the
threshold effect, the lesion volume must reach a sig-
nificant amount before symptom or cognitive decline
manifests [7, 8]. However, the WMH rating score may
no longer increase with increases in WMH volume
beyond a certain threshold once the highest ordinate
value is reached (i.e. the ceiling effect illustrated in
Fig. 1). This may potentially make rating scales less
sensitive in correlation with cognitive data.

Acquisition and segmentation techniques that facili-
tate volumetric measure of all tissue compartments are
still the preferred approach to properly probe brain-
behavior correlations [28, 37–39]. They may also be
more reliable for longitudinal studies [40]. The advan-
tage of the rating scales is that they can be performed by
trained observers on scans obtained clinically, as long
as they include a T2 weighted or FLAIR sequence,
using standardized protocols, preferably compliant
with the Vascular Cognitive Impairment Harmoniza-
tion Criteria [35], and exemplified in the protocol
for the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) [36]. Processing pipelines have been devel-
oped by various groups to better measure WMH, as
exemplified by our group’s comprehensive pipeline for
accurate removal of head-from-brain, tissue segmenta-
tion parcellation, and detailed lesion analysis subtyped
as lacunar or incidental deep white or periventricular
hyperintensities, based on 3DT1 and PD/T2 at 1.5T or
at 3T (adding on a FLAIR) as well [28, 37–39]. This
multifeature semiautomatic approach requires editing
by a trained observer and averages 1.5 hours per scan.
The Fazekas scale can be done in 5 minutes.

In conclusion, this study illustrated that rating scales
have good concurrent and face validity and correlate
well with quantitative WMH volumetry. The results
suggest that the degree of complexity of WMH rat-
ing scales did not adversely affect correlations with
WMH volume but that they may be less useful in cor-
relations with cognition. The simplest scale performed
best in separating cognitive subgroups, but the more
complex ratings correlated better with cognition, espe-
cially executive function in the subjects with AD. This
study suggests that the best choice of scale depends not
only on the dataset and time available, but also on the
goal of the study, i.e. the particular application. Hence
the best choice of scale depends not only on conve-
nience on the particular application, but the setting and
questions being asked.

DISCLOSURE

None.

SOURCES OF FUNDING

We gratefully acknowledge financial support from
Canadian Institutes of Health Research (MT13129),
Alzheimer Society of Canada, Alzheimer’s Associa-
tion (USA) and L. C. Campbell Foundation, and salary
support from the Heart and Stroke Foundation Centre
for Stroke Recovery (FG, RS, FL, SEB), the Debo-
rah Ivy Christiani Brill Chair in Neurology, University
of Toronto (KH, SEB), and the Sunnybrook Research
Institute (SEB, AK).

REFERENCES

[1] Kertesz A, Black SE, Tokar G, Benke T, Carr T, Nicholson
L (1988) Periventricular and subcortical hyperintensities on
magnetic resonance imaging: ‘rims, caps, and unidentified
bright objects’. Arch Neurol 45, 404-408.

[2] de Leeuw FE, de Groot JC, Achten E, Oudkerk M, Ramos
LM, Heijboer R, Hofman A, Jolles J, van Gijn J, Breteler MM
(2001) Prevalence of cerebral white matter lesions in elderly
people: a population based magnetic resonance imaging study.
The Rotterdam Scan Study. J Neurol Neurosurg Psychiatry
70, 9-14.

[3] Barber R, Scheltens P, Gholkar A, Ballard C, McKeith I,
Ince P, Perry R, O’Brien J (1999) White matter lesions on
magnetic resonance imaging in dementia with Lewy bodies,
Alzheimer’s disease, vascular dementia, and normal aging.
J Neurol Neurosurg Psychiatry 67, 66-72.

[4] Burns JM, Church JA, Johnson DK, Xiong C, Marcus D,
Fotenos AF, Snyder AZ, Morris JC, Buckner RL (2005) White
matter lesions are prevalent but differentially related with cog-
nition in aging and early Alzheimer disease. Arch Neurol 62,
1870-1876.



F.-Q. Gao et al. / White Matter Hyperintensity Assessment and Cognition 687

[5] Yoshita M, Fletcher E, Harvey D, Ortega M, Martinez O,
Mungas DM, Reed BR, DeCarli CS (2006) Extent and distri-
bution of white matter hyperintensities in normal aging, MCI,
and AD. Neurology 67, 2192-2198.

[6] Schmidt R, Fazekas F, Offenbacher H, Dusek T, Zach E, Rein-
hart B, Grieshofer P, Freidl W, Eber B, Schumacher M (1993)
Neuropsychologic correlates of MRI white matter hyperin-
tensities: a study of 150 normal volunteers. Neurology 43,
2490-2494.

[7] Boone KB, Miller BL, Lesser IM, Mehringer CM,
Hill-Gutierrez E, Goldberg MA, Berman NG (1992) Neu-
ropsychological correlates of white-matter lesions in healthy
elderly subjects. A threshold effect. Arch Neurol 49, 549-554.

[8] DeCarli C, Murphy DG, Tranh M, Grady CL, Haxby JV,
Gillette JA, Salerno JA, Gonzales-Aviles A, Horwitz B,
Rapoport SI (1995) The effect of white matter hyperintensity
volume on brain structure, cognitive performance, and cere-
bral metabolism of glucose in 51 healthy adults. Neurology
45, 2077-2084.

[9] Damian MS, Schilling G, Bachmann G, Simon C, Stöppler
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Late Onset Alzheimer’s Disease with
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Phenotype of the A�PP A713T Mutation
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Abstract. The amyloid-� protein precursor (A�PP) gene located at chromosome 21 q21 was the first gene identified in which
mutations cause autosomal dominant early-onset Alzheimer’s disease (ADEOAD). However, a majority of mutations within
the A�PP gene can cause also inherited forms of diseases such as Alzheimer’s disease (AD) associated with cerebral amyloid
angiopathy (CAA), cerebral haemorrhage, or both defining AD-A�PP related as a complex disease. We previously studied a
large family in which neuropathology showed CAA, stroke and AD lesions due to the A�PP A713T mutation whose phenotype
presented with clinical AD and subcortical ischemic lesions at Magnetic Resonance Imaging. Aim of this clinical and molecular
study was to search A�PP gene mutations in 59 patients affected by AD with cerebrovascular lesions (CVLs) presenting a
family history of dementia. Analysis of A�PP gene evidenced that three out of these 59 affected subjects carried the A713T
mutation unusually presenting with late onset. Pathogenicity of this mutation was confirmed and the clinical AD phenotype
with CVLs seems to be a distinctive feature at least in the southern Italian population. Moreover, being prevalence of this
mutation worldwide very low, we assessed the possibility that a common founder among patients carrying the A�PP A713T
mutation could exist in southern Italy. Molecular findings here provided, evidence that mutated patients are related and share a
putative common ancestor. Identification of the A713T mutation in patients with this specific phenotype suggests that genetic
epidemiology in large cohorts of familial late onset AD with CVLs would increase the probability of identifying A�PP mutations
still underestimated.
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INTRODUCTION

Several studies indicate that Alzheimer’s disease
(AD) is frequently associated with multiple cere-
brovascular lesions (CVLs) in cognitively impaired
patients [1]. AD and vascular dementia (VaD) share
some features which often occur together [2] mak-
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ing differential diagnosis difficult and problematic in
determining which disease plays the major role [3].
Furthermore, vascular risk factors (VRFs), such as
diabetes mellitus, hypertension, hypercholesterolemia,
smoking and atrial fibrillation may also affect cognitive
functions since they are associated with the occurrence
of VaD and also AD, even though conflicting results
are still reported [4].

Neuropathological data from AD cases indicate
that there is considerable overlap between cerebrovas-
cular pathology and different degrees of vascular
lesions such as cerebral amyloid angiopathy (CAA),
microvascular degeneration and infarcts [5]. Current
data indicate that CAA [6], the autosomal dominant
early-onset Alzheimer’s disease (ADEOAD) [7, 8]
and hereditary cerebral haemorrhage with amyloido-
sis (HCHWA) [9] can be caused by mutations in the
amyloid-� protein precursor (A�PP) gene. We have
previously reported that the A�PP A713T mutation is
associated with AD and subcortical ischemic lesions at
Magnetic Resonance Imaging (MRI) in a large family
(T. family) in which neuropathology exhibited CAA,
stroke and AD lesions [10].

The aim of this study was to investigate mutations in
the A�PP gene in a group of patients affected by AD
with CVLs and a family history of dementia.

PATIENTS AND METHODS

Recruitment and selection of participants

Fifty nine consecutive unrelated subjects affected
by AD with CVLs (42 females and 17 males; aver-
age age at onset 67.7 ± 7.9 years, range 46–84 years)
were selected from a group of 1120 demented out-
patients recruited from 1995 to 2005 at the Regional
Neurogenetic Centre (southern Italy).

Inclusion criteria were a family history of demen-
tia and a neuroradiological evidence of white matter
lesions (WML) at MRI or white matter hypodensities
at Computed Tomography (CT), evaluated according
to the Wahlund scale [11], applicable to rate white mat-
ter lesions at both MRI and CT. The following scores
were assigned to white matter lesions: 0, no lesions;
1, focal lesions; 2, beginning confluence of lesions; 3,
diffuse involvement of the entire region [11].

To compare the APOE E4 allele frequency between
the group of patients and controls, 319 age-matched,
unrelated, cognitively healthy subjects (mean age
66.6 +7.4; MMSE 26 ± 3.7) were recruited from the
same population.

The frequency of VRFs in the patient group was
compared to another control group constituted by sub-
jects from general population aged over 65 from the
same ethnic and geographic background as reported in
previous epidemiological studies [12].

Informed written consent was obtained from all the
individuals participating in the study or from their legal
guardians.

Clinical assessment

All patients underwent a detailed clinical assessment
comprising medical history, physical and routine lab-
oratory examinations, including serum folate, vitamin
B12, thyroid function and syphilis serology.

VRFs such as hypertension, hypertrygliceridemia,
hypercholesterolemia, cardiopathy and diabetes were
also systematically evaluated. Family history and
genealogical data were obtained over at least three
generations.

The neuropsychological evaluation was performed
by the Mental Deterioration Battery [13] including
MMSE, 15 Rey’s words Test and 15 Rey’s words recall
Test, Corsi Span, Babcock story, Token test, Phonolog-
ical verbal fluency, Semantic verbal fluency, Drawing
Copy and Drawing copy with hallmarks, Attentive
Matrices, Raven Progressive Matrices and Winsconsin
Card Sorting Test. A standardized behavioral assess-
ment was performed.

The NINCDS-ADRDA [14], Mc Keith [15], Lund-
Manchester group criteria [16] and NINDS-AIREN
criteria [17] were used to make differential diagnosis.
No cases with past history of psychiatric illnesses such
as schizophrenia, major depression or bipolar disorder
were identified and patients were considered affected
by AD according to DSM-IV (Diagnostic and Statisti-
cal Manual of Mental Disorders) criteria [18].

Hachinski score was measured [19] in each case,
to differentiate vascular dementia from degenerative
forms of the dementia.

MRI and CT were obtained in 34 and 25 patients,
respectively.

Genetic screening

Genomic DNA was extracted from blood buffy-
coats using standard phenol-chloroform procedures.
Coding exons (3–12) of Presenilin 1 (PSEN1) and Pre-
senilin 2 (PSEN2) genes and exons 15–18 (exons with
highest mutation frequency) of the A�PP gene were



L. Bernardi et al. / Late Onset Alzheimer’s Disease with Cerebrovascular Lesions as a Distinctive Phenotype 691

amplified using specific primers previously described
[7, 20, 21]. Sequencing was performed in both direc-
tions using the Big Dye kit (Perkin Elmer) and an
ABI310 automated sequencer.

Apoliprotein E (APOE) genotype, H1/H2 Micro-
tubule associated protein tau (MAPT) haplotypes and
Prion protein (PRNP) Met129Val polymorphism were
assessed as previously reported [22–24].

To determine whether the A�PP A713T mutation
had been inherited from a common ancestor, haplotype
analysis on the only one affected subject per family
(CAR patient, GIG patient, PAO patient and T. Family
proband) was performed. Five adjacent microsatel-
lite markers, from the p-telomeric end, D21S1256,
D21S221, D21S1268, DSi16 and D21S1253, as pre-
viously reported for the A�PP V717L (located on
the same exon, gene and chromosome of the A�PP
A713T mutation) [25] were selected. Each marker
was amplified by PCR with one fluorescent labelled
primer using standard conditions for microsatellites.
The PCR products were assessed on the ABI Prism
Genetic Analyzer (Applied Biosystems) and analyzed
with Genescan version 3.0 and Genotyper software
version 2.1.

Statistical analyses

Significant differences (p < 0.05) in APOE E4 allele
frequency between the patient group and the control
group of 319 cognitively healthy subjects were evalu-
ated and compared using the chi-square test.

Significant differences (p < 0.05) in frequency of
VRFs between the patient group and the control
group reported in previous epidemiological studies
[12] were evaluated and compared using the chi-square
test.

To investigate the association between the APOE E4
allele and VRFs in patients, the Spearman rank corre-
lation test was performed assuming the presence of at
least one APOE E4 allele and the presence of a single
specific risk factor or presence of at least one risk factor
or presence of more than one risk factor. All statistical
analyses were performed using SPSS 11.5.

RESULTS

Sequencing of exon 17 of the A�PP gene revealed
the previously reported A713T heterozygous muta-
tion (275329 G > A, Genebank accession number

D87675.1) [10, 26] in three of 59 (5%) unrelated
patients (A�PP plus patients), 2 females and 1 male,
age of onset 72–82 years. None of the previously
reported, nor novel PSEN1 and PSEN2 mutations were
detected in any of the patients.

CAR patient

A farmer aged 72 years at onset presented symp-
toms of memory loss, loss of interest in daily living
activities, temporal and sometimes spatial disorien-
tation. His medical history was unremarkable except
for hypertension. His father as well as his paternal
uncle died with a clinical picture of dementia. One
brother died at age 65 following a stroke. One sister
had epileptic seizures and died at age 30 (Fig. 1A).
At age 74 years the patient was moriatic, presented
with environmental dependence syndrome, insight was
absent. Neurological examination evidenced grasp-
ing and palmo-mental reflexes. Neuropsychological
assessment revealed a MMSE of 16.7; impairment
of long term verbal memory (Babcock story 6 nv
12.15 ds 3.09) and of short term spatial memory
(Corsi test 2 nv 4.35 ds 0.84); difficulties with ver-
bal abstract reasoning, abstract thinking and critical
judgment (he was untestable); and reduction of ver-
bal fluency (phonemic verbal fluency 14.4 nv > 17.35).
MRI flair sequences showed bilateral small WML in
the subcortical periventricular area. SPECT imaging
showed hypoperfusion of bilateral parieto-temporal
lobes with prominent frontal and cerebellar hypoper-
fusion in the left hemisphere.

Memory impairment, critical thinking and attention
deficits worsened together with dressing apraxia and,
occasionally prosopoagnosia and episodes of urinary
incontinence.

Three years later the patient was bedridden with
severe rigidity of all limbs. Death occurred at age 77.

GIG patient

A housewife aged 84 years was examined because of
behavioral and cognitive deterioration with onset fol-
lowing a car accident which occurred two years prior to
the examination. Family history reported that her liv-
ing brother showed memory disturbances and her sister
had episodes of stroke; her mother died with dementia
characterized by memory disturbances and delusions
(Fig. 1B). Personal history included hypertension since
the age of 54 and several Transient Ischemic Attacks
occurred from the age of 64 years. During hospitaliza-



692 L. Bernardi et al. / Late Onset Alzheimer’s Disease with Cerebrovascular Lesions as a Distinctive Phenotype

Onset 75

I

A B

C

I

* *

*

*

II

IIIII

I

II

Death 80

Stroke
Death 65

Onset 72
Death 77

3 2 23

Aucte myocardial
infarction

Affected by vascular disease

Affected by dementia

APP mutation carrier

Onset 82

Onset 73

Death 85
Stroke

Fig. 1. A, B, C: pedigrees of CAR, GIG, PAO families. Probands are indicated with an arrow.

tion following the car accident the woman developed
delirium with loss of consciousness. confusion, and
spatio-temporal disorientation.

At home, the clinical picture of dementia became
evident. The patient was unaware, manifested mem-
ory loss, she was unable to dress and to recognize
relatives; progressively, apathy and loss of interest in
doing housework, spatial and temporal disorientation
worsened.

Neuropsychological evaluation at age 84 years
revealed a MMSE = 14.5; memory disturbances (Rey’s
words short term 24.2 nv 28.53; Rey’s words long term
0; Babcock story 0; Corsi test 2 nv 4.35 ds 0.84) diffi-
culties with verbal abstract reasoning, abstract thinking
and critical judgement (Attentive Matrices 26.25 nv
31; Raven’s Progressives Matrices 12 nv 18.96),
apraxia (drawing copy untestable) and reduction of
verbal fluency (she was untestable). Blood chem-
istry investigations were normal. CT scan revealed
temporo-parietal atrophy, periventricular white mat-
ter hypodensities. Echo-Doppler of cerebral arteries
showed diffuse atheromatosis.

Cognitive functions became severely impaired, she
developed lack of personal hygiene, motor imper-
sistence, stereotypies, agitation, sundowning, sleep

disturbances and urinary incontinence. She was placed
in a nursing home and died at age 85 years.

PAO patient

Female at age 73 years manifested symptoms of
a progressive cognitive deterioration. Family history
showed that the patient’s mother died with a clinical
picture of dementia and presented prominent mem-
ory disturbances and one sister exhibited memory and
behavioral disorders (Fig. 1C).

The medical history revealed that at age 68 years the
patient presented with ischemic heart disease, hyper-
tension, elevated serum cholesterol and triglyceride
levels. Subsequently, insidious changes of mood and
personality, memory loss and delusions together with
irritability and sleep disturbances were noticed by
family members. Neurological examination was nor-
mal, she presented with severe cognitive impairment.
(MMSE 8.7) MRI showed bilateral temporo-parietal
cortical atrophy associated with WML. Over time,
in addition to worsening of cognitive functions, the
patient developed aggressiveness, agitation, and bad
language. Insight was absent. She is still alive. Clinic
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Table 1
Summary of clinical, demographic and genetic characteristics of A�PP plus patients

Patient/ Family VRFs Age at Current Insight Symptoms First Hachinski APOE PRNP APLO
Gender history of onset age or at onset evaluation score TAU

vascular (years) age at
disease death*

(years)

CAR/M + Hypertension 72 77* No Memory loss,
spatial and
temporal
disoriented

MMSE 16.7; CDR
2; ADL 4/6;
IADL 3/8

6 3/3 M/V H1H2

GIG/F + Hypertension 82 85* No Delirium MMSE 14.5; CDR
2; ADL 4/6;
IADL 1/8

6 3/3 M/M H1H2

PAO/F + Hypertension,
ischemic heart
disease, Hyper-
cholestrolemia,
Hyper-
trygliceridemia.

73 77 No Memory loss,
insidious
chenge of mood
and personality,
delusion

MMSE 8.7; CDR
3; ADL 5/6;
IADL 2/8

5 2/3 M/M H2H2

and genetic characteristics of A�PP plus patients are
summarized in Table1.

Characteristics of patients without AβPP mutation
(AβPP negative)

Characteristics of patients without the A�PP muta-
tion (A�PP negative) are summarized in Table 2 and
Table 3.

VRFs were differently represented in the A�PP neg-
ative group: 36% (20 patients) were completely free,
39% (22 patients) presented with only one VRF and
25% (14 patients) showed two or more. However, no
correlation was found between the APOE E4 allele and
the number of VRFs (data not shown).

Table 2
Summary of clinical and neuroradiological

characteristics of A�PP negative patients

Variable Mean
value ± SD or %, (No.)

MMSE 14.6 ± 6.3 (55)
ADL 4.7 + 1.7 (52)
IADL 3.2 + 2.3 (52)
CDR 1.6 + 0.9 (56)
Hachinski score 3.3 + 2.4 (56)
Memory loss 96% (54)
Dis.space/time 45% (25)
Apathy 43% (24)
Depression 30% (17)
Apraxia 36% (20)
Aphasia 21% (12)
Other symptoms < 16%
WML rate 1–2 (Wahlund scale)

APOE E4 allele frequency was however, signifi-
cantly different (p = 0.000) between A�PP negative
patients compared to the group of 319 cognitively
healthy controls (data not shown).

The prevalence of VRFs was not significantly differ-
ent when compared to general population aged over 65
from the same ethnic and geographic background, as
already reported in previous epidemiological studies
[12] (data not shown).

Haplotype analysis

A common shared DNA haplotype was identified
among patients carriers of the A�PP A713T muta-
tion thus suggesting that this mutation occurred in
a putative common ancestor (Table 4). It is remark-
able that PAO patient showed an allelic pattern for
the D21S1256 marker different from that of the other
patients. This microsatellite marker is the marker most
distant from the A�PP gene and it is possible that a

Table 3
Vascular and genetic risk factors of A�PP

negative patients

Variable % (No.)

Family history of vascular diseases 39% (22)
Family history of cerebrovascular disease 29% (16)
Hypertension 39% (22)
Hypertriglyceridemia 9% (5)
Hypercholesterolemia 38% (20)
Cardiopathy 16% (9)
Diabetes 14% (8)
APOE E4 allele carriers 54% (30)
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Table 4
Haplotype analysis of the four patients with the A�PP A713T mutation

Affected subjects

Marker Position1 on CAR GIG PAO T. family
chromosome patient patient patient proband

D21S1256(*) 18 244 527 1, 4 1, 1 2, 4 1, 6
D21S221(*) 25 686 727 2, 1 2, 1 2, 1 2, 1
D21S1268(*) 26 113 710 1, 1 1, 1 1, 2 1, 1
A713T 26 185 966 A, G A, G A, G A, G
DSi16(*) 26 190 618 1, 2 1, 2 1, 1 1, 2
D21S1253(*) 26 356 282 1, 2 1, 4 1, 2 1, 5

*Microsatellite markers used in a previous study [25]. Bold and italic represent shared
alleles.; 1Distance (bp) from the p-telomeric end.

single recombination event has occurred in this region.
Unfortunately, we cannot estimate the exact number of
generations separating them from the putative common
founder because of the limited number of available
family members.

DISCUSSION

We investigated A�PP gene mutations in a selected
group of 59 patients exhibiting both AD and cere-
brovascular lesions. The relationship between AD and
vascular lesions is currently under debate [1] and the
model offered by A�PP gene mutations which pro-
duce either pure AD or HCHAW or CAA could be an
interesting starting-point for better understanding this
field. Almost all patients studied presented clear symp-
toms of AD at onset although apathy and depression
were also evident as it occurs in Subcortical Ischemic
Vascular Dementia (SIVD) [27]. However, a clear
and complete dysexecutive syndrome, as expected in
SIVD, was absent.

The VRFs were widely represented in the group
of A�PP negative patients, although not significantly
different from the control group of the general popu-
lation as reported in previous epidemiological studies
[12]; moreover, when comparing the group of A�PP
negative patients with the 319 cognitively healthy con-
trols, the APOE E4 allele strongly correlated with AD.
In contrast with another study, where an interaction
between APOE E4 allele, hypertension and WMLs was
reported [28], we did not observed a similar interaction
in these patients.

We detected A�PP A713T in three patients (A�PP
plus) apparently unrelated at least over three genera-
tions. All patients presented with the same symptoms
at onset: memory loss, absence of insight, behavioral
and personality changes, mainly apathy. Interestingly,

hypertension, widely recognized as the most impor-
tant risk factor for WML in the population [29], was
ascertained in all A�PP plus patients in contrast to the
previously reported T. family where neuropathology
clearly demonstrated that the WML were due to CAA
[10].

Whether in A�PP plus, WML were due to hyper-
tension or CAA or both, could not be determined since
neuropathology was not available. In these patients,
WML seemed to correlate with onset rather than with
hypertension [30].

It is of note that A�PP plus presented with a clear
late onset ranging from 72 to 82 years and a short
duration (3–5 years) while in the T. family onset was
earlier (range 52–68 years) and disease duration ranged
from 3 to 14 years. We assessed the possibility that
specific genetic modifiers of age at onset in demen-
tia [31–33], could explain this variability. However,
neither the MAPT haplotypes, nor the PRNP poly-
morphism accounted for the differences (Table 1) and
the only one APOE E2 allele did not correlate with
the later onset. Variability of age at onset is widely
recognized as an important biological feature which
probably depends on other genetic and environmental
factors. In our cases, it is also possible that a large span
of onset for the A�PP A713T mutation could exist and
that, by chance, we are observing the two extremes of
the same probability distribution.

Although A�PP plus patients show some pheno-
typic variability when compared to the T. family, we
tested the hypothesis that a common ancestor, link-
ing all apparently unrelated cases, exists since they
belong to a genetically isolated area (Calabria region)
in which a founder effect has been confirmed for sev-
eral other AD gene mutations [34] and illnesses [35].
Despite a genealogical reconstruction was not possi-
ble, a common shared DNA haplotype was identified
among patients carrying the A�PP A713T mutation
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Reggio
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Vibo Valentia

Catanzaro

Crotone

Cosenza

Fig. 2. On the left: geographic map showing Italy with the Calabria region highlighted. On the right: geographic map indicating the location of
the Province relative to the Calabria region; � symbol indicates the countries of origin of the four patients carrying the A�PP A713T mutation.
The name of the countries are not reported to protect family confidentiality.

thus suggesting that this mutation segregates from a
putative common ancestor.

The prevalence of the A�PP A713T mutation world-
wide is very low, while it was found to be 5% in this
study. Except for the T. family [10] and the patients of
the present study, only one paper reports the mutation
in one patient having early onset FAD of unknown ori-
gin and with amyloid angiopathy restricted, however,
to a few meningeal and parenchymal blood vessels
[26]. Although neuropathology in this study was not
performed, we speculate that the pathological fea-
tures could be the same as those already described in
the T. family, since both groups of the A�PP A713T
patients descend from a common putative ancestor,
share the A�PP genotype, clinical characteristics and
geographic background (Fig. 2).

The neuropathological differences between the two
previous papers [10, 26] could be due to differ-
ent genetic backgrounds and/or environmental factors
possibly acting in concert in apparently unrelated pop-
ulations.

We speculate that the A�PP A713T mutation could
act as the A�PP A692 G mutation identified in patients

with haemorrhage, dementia or both, leading to an
increased secretion of both amyloid �142 and amyloid
�140 as demonstrated in vitro [36] and also compatible
with the increased risk of AD pathology and vascular
amyloid deposition observed in humans [37].

Finally, it is possible that the A�PP mutation fre-
quency has been underestimated: almost all reported
A�PP mutations were associated with early onset [38]
while the identification of our late onset patients sug-
gests that further epidemiological studies using large
cohorts of familial late onset AD with CVLs could
increase the probability of detecting A�PP mutations.
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Introduction

Section 10: Neuroimaging in the Context
of Alzheimer’s Disease

Allyson C. Rosen and David Kennedy

The purpose of this section is to place the individ-
ual neuroimaging techniques in the larger context of
how they can relate to one another and to the care and
evaluation of patients with Alzheimer’s disease (AD).
The first article by Smith in this section briefly sum-
marizes the current status of the use of neuroimaging
techniques in the context of early diagnosis of AD.
As with most technologies, within the next few years
many of the limitations we may admit to in this vol-
ume will likely have been addressed. However, it is
essential that anyone using these techniques be aware
of these limitations and appropriate uses.

One current direction of development is to auto-
mate quantification of pathology. There are substantial
advances being directed to make imaging techniques
previously utilized only in select labs available to any-
one with a computer and the resources to implement
the analysis programs. Hippocampal volume decline is
one of the most consistently reported imaging findings
in AD so that a logical first approach in examining this
process of using imaging in diagnostic decision making
is to use hippocampal volume to discriminate diagnos-
tic status between two obviously different populations,
AD versus normal elderly. As with many techniques
that extend clinical work, Mak et al. begin with an
expert manually defining hippocampal volume as the

∗Correspondence to: Allyson C. Rosen, E-mail: rosena@psych.
stanford.edu.

gold standard. They compare these results to some of
the most commonly used, automated, approaches. A
more extensive comparison of hippocampal volumet-
ric techniques is also described in Boccardi et al. earlier
in this volume.

Another fruitful approach is to compare a given
structure using different imaging modalities, and this is
particularly useful with respect to white matter regions.
Di Paola, Spalletta, and Caltagirone review approaches
to describing the integrity of the corpus callosum, a
structure whose degeneration in AD is increasingly
being studied, particularly in the context of vascular
disease and AD [e.g., 1]. The authors compare infor-
mation from high resolution T1 images and diffusion
methods to study Wallerian degeneration. Wallerian
degeneration, or anterograde degeneration, is a process
that occurs when an axon degenerates after damage
disconnects it from a cell body. The importance of con-
nectivity between brain regions is a direction in which
the field of neuroimaging is moving and this article
relates connectivity to the degenerative process of AD.
Chapter 6 discusses DTI more fully.

Whereas many investigators compare various
sources of clinical information with respect to diagnos-
tic sensitivity and specificity, classification and support
vector machine learning offer a way of integrating
existing information to improve the accuracy of diag-
nosis. We finish the section with two papers on these
techniques. The tutorial by Haller et al. introduces clas-
sification in the context of discriminating MCI from
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AD patients. The paper by Furney et al. provides an
example of how this method can be applied to predict-
ing conversion of MCI to AD and includes both CSF
biomarkers and MRI.

The ultimate question a clinician needs to answer
is how information from imaging can enhance clini-
cal management. Neuroimaging of individual patients
in everyday clinical care will not be useful unless
it can improve what a clinician can do without it.
Traditionally structural imaging and FDG-PET con-
tribute to AD diagnosis by facilitating exclusion of
alternative etiologies. This handbook describes several
instances where imaging information has the poten-
tial to provide convergent information supporting early
diagnosis. Examples of potentially useful techniques
include ligands for amyloid and tau, pathognomonic
patterns of FDG-PET hypometabolism (Chapter 3),
and gross hippocampal volume loss (Chapter 2). Look-
ing to the near future, of all the roles in clinical care,
imaging is likely to have the biggest impact on early
diagnosis and will be most helpful when combined
with other sources of converging information [2, 3].
This has been the focus of most articles in this sec-
tion. Classification techniques are a way of formalizing
the process of integrating multiple sources of infor-
mation including biomarkers, genetic risk and other
information. Ultimately the incremental value of early
detection may be less dependent on the accuracy and
sensitivity than whether there is a change in care as a
result of early detection (i.e., treatment or avoidance
of risk) to make it cost-effective.

Even if imaging data are not applied to the man-
agement of individual patients, they have the potential
to assist in evaluating other components of care and
diagnosis. To the extent that imaging can more sensi-
tively measure brain integrity than existing techniques,
novel treatments may not be abandoned because ben-
eficial effects of treatments are not detectable. For
example Chapter 8 applies imaging to evaluate the
efficacy of pharmacologic and non-pharmacologic
treatments. For investigators interested in conducting
clinical research the chapter by Edland on power cal-
culations will be extremely valuable. Therefore, to the
extent neuroimaging can serve to detect the effects of
treatments in the development pipeline, it can make
early detection cost effective since treatments will be
available.

An alternative to using neuroimaging in diagnosis
and evaluation of treatments is to assist in clinical deci-
sions that limit the autonomy of patients in order to
protect them from harm; however, this is unlikely to be

feasible any time soon. One good example of a likely
candidate for this use comes from the difficult clin-
ical decision as to whether patients can manage their
own financial affairs. This capacity in MCI patients has
been related to angular gyrus volume, a region previ-
ously demonstrated to be important in math ability [4].
This brain-behavior association may someday be used
in the context of an early warning such that patients
with a faster rate of change in this region may need
special protections and monitoring to avoid financial
predators who seek to exploit a developing vulnerabil-
ity. In contrast, using neuroimaging to decide which
MCI patients should lose driving rights is problematic.
The processes and neural substrates of unsafe driving in
AD are not well understood. Functional imaging stud-
ies that relate behavioral dysfunction to brain activation
have the potential to indicate which brain regions
underlie driving deficits; however, assessing driving in
the MRI may not be comparable to assessing it in real
life. In the typical MRI environment patients cannot
talk or move a driving wheel but instead respond with
minimal movement by pressing buttons. Remember-
ing response mapping (e.g. left hand is yes and right
hand is no) creates a dual task for patients that dis-
torts and increases the complexity of the process an
imager intends to study. The antisaccade task described
by Kaufman et al. in this section is an example of a
task which is simpler for patients and which can be
used as a measure of executive control. For example
it is possible to assess whether the patient moves their
gaze in a manner that suggests appropriate attention
to traffic and street signs without requiring an artifi-
cial response modality. This interface has only been
possible in the past few years due to innovations that
made these devices MR compatible. Ultimately, how-
ever, there would need to be strong data to suggest
imaging provided better prediction of driving safety
than a road test.

The variety of neuroimaging techniques in all
modalities have great allure with respect to their poten-
tial to improve diagnosis and care, and anyone who
seeks to perform research with neuroimaging data
has multiple new tools and resources to facilitate
this work. The Alzheimer’s Disease Neuroimaging
Initiative (ADNI) and affiliated initiatives (European
and Japanese ADNI’s) have provided clinicians and
imagers with acquisition protocols that are standard-
ized across sites. The benefit is that there can be
multi-site collaborations to increase statistical power
and facilitate cross-site generalizability. Several inves-
tigators in this book have benefitted from these
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initiatives. Because neuroimaging data are large, com-
plex, and diverse, there need to be a broad array
of tools available to analyze them. The Neuroimag-
ing Informatics Tools and Resources Clearinghouse
(http://www.nitrc.org/) is a site from NIH which makes
available neuroimaging software packages from a vari-
ety of modalities. There are reviews which advise
all potential neuroimagers about the strengths and
limitations of different software packages. For those
clinicians who do not have resources to acquire
their own data, there are multiple publically available
datasets. The ADNI data have been made available
to researchers around the world and now there are
MRI protocols for spectroscopy (Chapter 7), diffusion
tensor imaging (Chapter 6), and arterial spin labeling
(Austin et al., Chapter 3) so this initiative is moving
with the speed of innovation. In addition there are
neuropsychological and biomarker data so that imag-
ing data can be interpreted in context. Ultimately the
prospects for neuroimaging to enhance clinical care are

bright as researchers collaborate and clinicians become
informed about innovations and advances.

REFERENCES

[1] Lee DY, Fletcher E, Martinez O, Zozulya N, Kim J, Tran
J, Buonocore M, Carmichael O, DeCarli C (2010) Vascu-
lar and degenerative processes differentially affect regional
interhemispheric connections in normal aging, mild cognitive
impairment, and Alzheimer disease. Stroke 41, 1791-1797.

[2] Rosen AC, Bokde ALW, Pearl A, Yesavage JA (2002) Ethi-
cal, and practical issues in applying functional imaging to the
clinical management of Alzheimer’s disease. Brain Cogn 50,
498-519.

[3] Illes J, Rosen A, Greicius M, Racine E (2007) Prospects for
prediction: ethics analysis of neuroimaging in Alzheimer’s dis-
ease. Ann N Y Acad Sci 1097, 278-295.

[4] Griffith HR, Stewart CC, Stoeckel LE, Okonkwo OC, den Hol-
lander JA, Martin RC, Belue K, Copeland JN, Harrell LE,
Brockington JC, Clark DG, Marson DC (2010) Magnetic res-
onance imaging volume of the angular gyri predicts financial
skill deficits in people with amnestic mild cognitive impair-
ment. J Am Geriatr Soc 58, 265-274.

http://www.nitrc.org/


This page intentionally left blank 



Handbook of Imaging the Alzheimer Brain
J.W. Ashford et al. (Eds.)
IOS Press, 2011
© 2011 The authors and IOS Press. All rights reserved.
doi:10.3233/978-1-60750-793-2-705

705

Imaging in Alzheimer’s Disease and Its
Pre-States

Charles D. Smitha,b,∗
aAlzheimer’s Disease Center, Sanders-Brown Center on Aging, Lexington, KY, USA
bDepartment of Neurology, Magnetic Resonance Imaging and Spectroscopy Center,
Chandler Medical Center, University of Kentucky, KY, USA

Abstract. This review uses an image-indexed framework for describing findings at key points during the course of Alzheimer’s
disease (AD), emphasizing recent contributions to the literature. Modalities considered include morphometric, diffusion tensor,
and functional magnetic resonance imaging, resting and functional metabolic imaging and amyloid-label positron emission
tomography. The major focus is on the AD pre-states (normal but high future AD risk, and mild cognitive impairment - MCI),
and transition from MCI to mild AD. Imaging results relevant to the conduct of future prevention and early intervention trials
are emphasized.

Keywords: Review, human, mild cognitive impairment, Alzheimer’s disease, magnetic resonance imaging, diffusion tensor
imaging, functional imaging, positron emission tomography, FDG, PIB, computed tomography, morphometry, prediction

INTRODUCTION

This review updates a previous paper by integrat-
ing new findings from this rapidly developing field
[1], noting relationships between brain imaging and
study group performance at key points along the course
of Alzheimer’s disease (AD). Course includes: (1)
the state preceding clinical symptoms when AD neu-
ropathology is nonetheless present, (2) symptomatic
pre-states in the absence of dementia, and (3) later
stage, clinically diagnosed AD. Many of the new imag-
ing findings come from the landmark Alzheimer’s
Disease Neuroimaging Initiative (ADNI), a large-scale
multi-center trial in AD [2, 3]. Although topics of great
interest and importance, co-morbid illness and blood or
cerebrospinal fluid biomarkers [4] are not considered
here in order to maintain the AD-brain imaging focus.
Likewise clinical neuroradiology, e.g., the use of imag-
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ing to diagnose or to follow individual patients in the
routine care of dementing disorders, is not reviewed in
this article.

To provide a common clinical reference, brain
function and cognitive performance is classified into
‘Cognitive Independence’ levels (Fig. 1) [5–7]. Rela-
tionships between levels and the clinical dementia
rating scale (CDR) [8], global deterioration scale
(GDS) [9], and clinical diagnosis [10] are provided in
accompanying Table 1, keyed by letter to Fig. 1. The
important issue of thresholds between levels and how
best to determine them has recently been discussed
[11]. Braak stage ranges given in Table 1 should be
interpreted only as general guides because overlap is
common [12–16].

The image-indexed framework for this article is
illustrated in Fig. 2. In this conceptual model, the
earliest Alzheimer’s disease neuropathology (ADN;
Fig. 2B; nominal age range 55–65 years) occurs in
middle adulthood, accompanied by “compensatory”
imaging functional changes (Fig. 2C) but unaccompa-
nied by brain volume loss on imaging (Fig. 2C) or by
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Fig. 1. Trajectories of cognitive independence over the lifespan, with normal cognition and function set arbitrarily at 100%. Cognitive inde-
pendence increases during childhood and adolescence (—), reaching a plateau in early adulthood (—) followed by a slight decline after age 55
years in normal persons (•• - ••; trajectory A denoted by asterisks). Decline in cognitive independence due to late-onset AD is indicated by a
solid central line, surrounded by dotted lines curving downward from this plateau indicating variability in onset age and rate. The rate of decline
is shown as greater with earlier onset of symptoms, and trajectories are drawn closer together with later onset, denoting increased incidence of
AD with age. Levels of cognitive independence within each trajectory are denoted by capital letters A to D. Approximate ranges in measures of
cognitive performance, behavior and associated AD pathology corresponding to these letters are provided in Table 1.

Table 1
Correspondence between levels of cognitive independence and the CDR, GDS, Braak stage, and clinical diagnosis

for the schema depicted in Fig. 1

Cognitive Global GDS Braak Clinical Description
independence CDR stage diagnosis
level

A 0 1 0–3 Normal Normal cognition and function
consistent with trajectory A
(Between asterisks)

B 0.5 2–3 2–4 MCI Mild but definite memory decline,
but independent function preserved
(Trajectories B)

C 0.5–1 4–5 3–5 Mild AD Mild impairment in more than one
cognitive domain; decline in
function ascribed to this
impairment (Trajectories C)

D 2–3 6–7 4–6 Mod-Severe AD Moderate to severe cognitive and
functional impairments
(Trajectories D)

Capital letters in the first column and descriptions in the last column refer to the same letters in Fig. 1.

diminished cognitive performance (Fig. 2A) [17]. With
increasing age and ADN (nominal age range 65–75
years), compensatory functional changes are accompa-
nied by early regional brain atrophy, likely associated
with amyloid accumulation. Subsequent early symp-
toms of cognitive impairment represent a critical point
beyond which functional alterations, brain atrophy, and
cognitive performance continually worsen (nominal
age in this diagram 75 years [17]). Functional losses
in addition to compensations, increasing atrophy, and
diminished cognitive performance ensue in diagnosed
AD.

IMAGING MODALITIES

Figure 3 illustrates the imaging modalities discussed
in this article, their approximate spatial resolution (vol-
ume of tissue yielding a single measurement), and
the measures obtained from each. Structural tech-
niques using CT [18–21] and MRI [22–32] measure
sizes, shapes and densities of regional brain struc-
tures that typically index tissue losses or atrophies.
Recent advances in structural MRI analysis include
automated regional labeling [33–40], measurement of
important cortical surface features (e.g., regional corti-
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A

B

C

Fig. 2. Image-indexed framework. A: Illustration of a statistical cohort of 100,000 persons beginning at age 25 years, with bar height representing
the expected remaining population at each 5-year interval to age 85 based on the US census [324]. Each bar divided into proportionate parts
representing the expected number of persons with AD (black) or MCI (white), or who remain normal (grey), based on US population model
estimates [325]. The incidence of MCI and AD, and overall death rate accelerate after age 55. B: Percentage of Braak stages over the same age
range based on Braak [13, 326]. C: Conceptual diagram of the appearance of different image features by modality and age in a theoretical cohort
of persons who develop symptoms of AD at age 75 years, based on results in the current literature reviewed in this paper. Dotted lines represent
the variable appearance in individuals of the first detectible image changes within each modality, some of which may precede symptoms by
decades. Solid lines represent the more certain appearance of alterations near the time symptoms appear (within a few years). The character and
distribution of image alterations may change over time, e.g., in FMRI activation, a subtlety not captured in this simplified diagram.

cal thickness [41, 42]), and measurement of brain and
hippocampal shape [43–45] and volume change over
months to years [46, 47].

Local water diffusion is measured using MRI,
and gives information concerning local white matter
integrity (diffusion tensor imaging; DTI; [48]). Be-
cause water can diffuse in any direction, a map of the
rate of diffusion in different directions within a voxel
can provide summary metrics for underlying white
matter structure, and with further specialized proces-
sing, dissection of short and long-range fiber tracks
[49–56].

Functional imaging in the resting state measures
physiologic parameters such as regional blood flow
or glucose utilization (positron emission tomogra-

phy; PET [57]), resting state cortical connectivity
(functional MRI or PET), or extent of tracer binding
by cerebral neuritic amyloid plaques (e.g., 11C-PIB
[58–60]). Activation functional studies using MRI or
PET indirectly localize brain regions that increase or
decrease their relative synaptic activity during the per-
formance of specific cognitive tasks [61–65]. Template
standardization of image space allows images from dif-
ferent modalities such as PET and MRI to be visualized
and compared quantitatively across modalities (image
fusion) [66–68]. Strengths of linkages between brain
regions at rest or during a task can be modeled using
network analysis techniques [69–71].

Brain amyloid binding in AD has been most thor-
oughly studied using the 11C-labelled tracer Pittsburgh
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Fig. 3. Imaging modalities discussed in this article, illustrating the energy associated with each modality, spatial resolution, measurement units,
and typical quantitative measurements made from each.

compound B, a hydroxylated derivative of thioflavin-
T [72–75]. Current methods of amyloid binding
quantitation include grey matter parcellated template
registration from anatomic MRI to remove nonspecific
binding in white matter and counts from cerebrospinal
regions [76], partial volume correction to model and
diminish effects of unwanted tissues in single voxels
[77], and use of a common region as a nonspe-
cific binding reference (cerebellar hemispheric grey
matter or pons). Division of target by reference mea-
sures of central tendency yield a standardized uptake
value [ratio] (SUV[R]) for each grey matter region,
whereas dynamic modeling of time activity curves
yields an estimate of the distribution volume ratio
(DVR), a parameter directly related to the ligand bind-
ing potential [78]. A United States Food and Drug
Administration advisory panel has recently approved
an 18F-amyloid binding agent florbetapir (AV-45) for
clinical use that overcomes logistical and cost disad-
vantages of 11C-PIB [79, 80]. There is no shortage of
other agents in development for the numerous med-
ical facilities that can use 18F but not 11C imaging
ligands [81–86]. An 18F agent, FDDNP, has demon-
strated similar findings to 11C-PIB in MCI despite a
different affinity profile that includes neurofibrillary
tangles in addition to amyloid [87, 88]. A recent poten-
tially important finding deserving further study is that
some focal amyloid accumulations are co-localized
with microbleeds; these might be an unrecognized
contribution to cortical pathology in AD [89]. These
studies are an important recent development because,
unlike indirect measures such as focal atrophies or
network activation patterns, amyloid binding directly

measures the distribution and extent of a known com-
ponent of AD neuropathology. Thus amyloid imaging
has strong theoretical appeal.

Brain imaging is a direct observation of the organ
of interest, low-risk and repeatable, with a spatial res-
olution of millimeters to centimeters, and can provide
dynamic measurements of brain structure and function
with a time resolution ranging from seconds to years
(Fig. 3; [90–97]). Imaging of the human brain con-
tinues to yield insights into Alzheimer’s disease that
could not be obtained in other ways, e.g., by medi-
cal and psychometric examination during life or by
neuropathologic examination at death.

IMAGING DURING THE COURSE OF AD

Here moderate to severe AD serves as an anchor
because the fewest assumptions in the image-indexed
model are needed. At the end of the discussion the
focus will be presymptomatic alterations, and on the
future progress needed in order to use imaging to pre-
dict future AD in normally performing persons in AD
prevention trials.

Moderate-severe AD (Figure 1D)

This is the classical stage defining AD as a cause
of ‘senile dementia’ by Beljahow, Fuller, Alzheimer,
and others using clinicopathologic correlation [98].
Early CT studies confirmed in vivo the generalized
cerebral atrophy known from pathologic study of AD
[99]. Because of the known pattern of typical early neu-
ropathologic involvement of the medial temporal lobe
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in AD, the focus of structural CT and MRI studies has
been on the temporal lobe, particularly its medial lim-
bic components. Decreased medial temporal width by
CT in life, indicating atrophy, correlates with increased
intensity of post mortem neurofibrillary and plaque
pathology [18, 100].

Resting 18FDG-PET studies demonstrate globally
deceased glucose metabolism compared to normal, but
the most marked glucose uptake decreases occur in the
posterior cingulate region and in lateral parietal and
temporal neocortex, sometimes asymmetrically, with
variable decreases in other regions [101–104]. These
findings conform well to a deficit model of moder-
ate to severe AD: synaptic and neuronal losses result
in tissue atrophy and decreased glucose uptake, par-
allel to the observed pattern and degree of overall
clinical behavioral and cognitive decline. Furthermore,
regional atrophy and decreased metabolism occur in a
pattern consistent with the distribution and intensity of
neuropathology in AD [100, 105–109].

Recent studies have identified factors that may index
cerebral reserve, e.g., higher educational attainment,
that have been associated with greater atrophy and
metabolic decrements at a given clinical and behavioral
stage of AD [110–113]. If atrophy and diminished glu-
cose metabolism progress in parallel with pathology
[114], then regional cerebral volume and metabolism
could represent an indirect measure of cerebral reserve
in AD [115]. Structural imaging studies may be inter-
preted alternatively as demonstrating that relatively
increased regional volumes confer a reserve resistance
to AD pathology [116].

Functional studies in AD generally have involved
less impaired subjects because cooperation to hold
still and to follow task paradigms is required. This
cooperation often cannot be achieved in moderate-
severe clinical stages of the illness. Moderate-severe
AD patients have demonstrated reduced functional
activation during passive tasks, e.g. in the visual or
auditory systems in the few PET studies performed
[117–120]. Moderate AD subjects have shown both
reduced parietal activation (deficit) and enhanced pre-
frontal activation (possible compensation or release
from inhibition) on an fMRI visually guided saccade
task [121].

Mild AD (Figure 1C)

Anatomic MRI
Recent structural studies in early AD using whole-

brain MRI volumetric techniques have demonstrated
reduced volumes, interpreted as early atrophy, in the

medial temporal, cingulate and precuneus regions, and
in the inferolateral temporal and parietal neocortex
[122–126]. The magnitude of volume reduction is less
than in more advanced AD stages, but clearly distin-
guishable from asymptomatic normal subjects. Grey
matter loss is progressive through the arbitrary clini-
cal divisions between mild, moderate and severe AD
[127]. Normalized cortical thickness measurements
have yielded similar findings of reduction in AD [128].
High-order structural descriptions of the hippocampus
have differentiated AD from normal [129, 130]. Shape
features may prove more sensitive to structural change
than simple volume information [131].

A recent pattern-classification approach has been
used to capture in a single index the similarity between
a canonical pattern and magnitude of structural change
in AD versus an extracted pattern from a single sub-
ject scan [132, 133]. Scan pattern classification scores
have also been used to predict performance on stan-
dardized cognitive tests in AD, e.g., the auditory verbal
learning test (AVLT) [134]. Standardized pattern clas-
sification data reduction methods combined with more
automated and robust extraction of salient anatomic
features such as the hippocampus [135–137] are likely
to emerge as the key methods for structural MRI anal-
ysis in the future [138].

White matter characterization
The available studies of diffusion tensor imaging

(DTI) in mild AD are difficult to compare because
a consensus on the best acquisition protocols, tensor
metrics, and statistical analytical techniques has not
yet emerged. Nor has the pathophysiology of DTI alter-
ations in AD been well defined, a major weakness of
this approach. Altered diffusion metrics most likely
represent loss of white matter integrity as a secondary
consequence of cortical abnormalities in AD (via
alterations in projecting axons). However, increased
appreciation of molecular interactions between axonal
fibers and ensheathing oligodendroglial myelin raise
the possibility of a primary neurodegenerative patho-
physiology of AD white matter apart from Wallerian
degeneration [139, 140]. Some variability between
reported DTI studies in AD may be explained by differ-
ent patient characteristics, e.g., disease severity, image
characteristics such as presence of periventricular
white matter hyperintensities [141], and by differences
in analytical techniques (particularly region-of-interest
versus voxel-based approaches).

Region-of-interest based fractional anisotropy (FA)
and related measures appear to show the most con-
sistent reductions in AD within large fiber bundles
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of the temporal stem [142], splenium of the corpus
callosum [141, 143–145] and other regions with high
baseline anisotropy [146], cingulate bundle, particu-
larly the posterior portion [141, 144, 147], and deep
white matter of the frontal, parietal and temporal lobes
[145, 148, 149], sparing the occipital lobe white mat-
ter. Decreasing regional FA in callosal white matter
correlates generally with decreasing grey matter vol-
ume in association cortical regions, suggesting that
altered FA may be reporting on degeneration in corti-
cal neurons that contribute long-range projection fibers
to the corpus callosum [150]. Connectivity analyses
using DTI tractography have recently demonstrated
that small-world topology, a property of functioning
tuned complex networks, is preserved in AD, but that
efficiency metrics such as shortest path length and
nodal efficiency were reduced in AD [151].

Mean diffusivity (MD) derived from the DTI voxel
tensor may be increased in overlapping regions demon-
strating decreased FA in AD [145, 152]. However,
other regions, particularly juxtacortical white mat-
ter and grey matter in the posterior cingulate gyrus,
hippocampus, amygdala and parahippocampal gyrus,
have shown MD increases in the absence of FA
decreases in some studies [145, 147, 152]. Other
paired FA and MD measurements have demonstrated
decreased FA and increased radial diffusivity (indicat-
ing myelin alteration) in the parahippocampal gyrus
and decreased FA in precuneus, both regions undergo-
ing the earliest functional and pathologic change in AD
[153]. It appears likely that the underlying pathobiol-
ogy of alterations in FA differs importantly from that of
MD, and therefore potentially useful distinctions could
be made between these and other diffusion tensor met-
rics [153, 154]. DTI metrics may in future be able to
further distinguish between alterations in myelination,
fiber packing density and axonal integrity; more basic
research is needed to clarify this point.

Functional imaging
Resting 18FDG-PET studies demonstrate decreased

glucose uptake in the posterior cingulate region and in
lateral parietal and temporal neocortex [155]. A recent
analysis of the PET data proposes a potentially use-
ful hypometabolism index that captures in a single
parameter the similarity between a canonical regional
hypometabolism pattern expected in AD and an indi-
vidual scan [156]. Functional PET has demonstrated
relatively preserved activation patterns in mild AD,
in contrast to markedly reduced activation in more
advanced cases [157]. Glucose uptake in both temporal

lobes was reduced during a serial learning task in mild
AD patients [158]. Diminished functional connectivity
between frontal and posterior cortex has been observed
in early AD [70].

Functional MRI studies in mild AD have demon-
strated three basic trends: (1) decreased hippocampal
region activation, particularly on tasks of encoding
and memory [159–163], (2) increased extent or inten-
sity of activation in neocortical brain regions normally
recruited by a given task, e.g., frontal region during
semantic access [164] and (2) new regions of activa-
tion not seen during the task in comparison subjects
[164, 165]. A heuristic interpretation of these find-
ings is that increased or alternate processing within
other brain regions in early AD compensates declining
function in the medial temporal lobes.

An important theory emerging in the last decade
is the existence of an adult “default network” –a
complex of brain regions active (in “default mode”)
when the brain is not engaged in an attention-focusing
task [166–168]. The anatomic components of the
network include superior frontal and medial frontal
gyrus (Brodmann areas BA 8, 9, 10, & 11), pre-
cuneus/posterior cingulate cortex (BA 23 & 31),
middle and superior temporal gyri (BA 21 & 39) and
parietal cortex (BA 39 & 40) [169].

Virtually any task needing active concentration
results in deactivation of the default network; a fail-
ure of this normal deactivation, in parallel with
decreased medial temporal activation, is associated
with decreased cognitive performance in AD [165,
170–173]. It has been theorized that increased activity
within the default network in AD due to reduced deacti-
vation is associated with increased amyloid deposition
within the network itself [174].

Amyloid imaging
Several studies with amyloid binding tracers have

demonstrated three basic results in AD. Firstly, ele-
vations in measures of amyloid burden, such as the
mean cortical binding potential (MCBP), is strongly
associated with clinical AD (>95%), and AD is only
rarely seen in the absence of elevation [175]. Sec-
ondly, the cortical regions with the greatest amyloid
burden generally match the pattern of amyloid plaque
density known from neuropathologic studies in AD
[176]. Although this general burden-plaque relation-
ship appears to hold, correlation of regional 11C-PIB
binding with Consortium to Establish a Registry
for Alzheimer’s Disease neuritic plaque scores was
recently found to be quite variable [177]. Thirdy, the
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change in amyloid burden shows a minimal increase
within that pattern despite clear worsening of AD clin-
ical symptoms over the same time period [178, 179].
Amyloid accumulation rates (percent of baseline) in
AD are on the order of 3–5% annually, and are greater
in AD than in normal brain (1.3–3.8%) [179, 180].

PIB retention has been characterized as normal-like
(minimal) or AD-like (increased retention in subcorti-
cal white matter, frontal lobe -particularly the middle
frontal gyrus, posterior cingulate cortex, and infer-
olateral parietal and temporal lobes [181–185]. The
correlation between regional PET binding and MRI
brain atrophy measures appears complicated, however
[182]. In frontal regions amyloid burden is high but not
strongly related to atrophy (except perhaps in medial
orbitofrontal cortex [186]). In regions of relatively low
binding such as the medial temporal lobes, atrophy is
significant but correlation with local binding has been
variably reported [182, 187]. In parietal and temporal
lobes increased binding correlates with regional atro-
phy in some studies [182], and in some subregions such
as the posterior cingulate, with remote hippocampal
atrophy.

Overall atrophy rates are correlated with overall
amyloid burden [188]. Including measures of atrophy
together with other clinical variables, e.g., education
and medication, improves the classification accuracy
between AD and normal using binding (MCBP) to
94% in a recent study [189]. Amyloid burden is greater
in persons with higher education when matched on
cognitive performance, further justifying the use of
demographic and clinical values in interpreting amy-
loid binding studies [190, 191].

Mild cognitive impairment (MCI; Figure 1B)

MCI is defined as a mild but definite decline from
previous cognitive ability, confirmed by a reliable
observer, and substantiated by deficits on neurocog-
nitive testing [5, 192–200]. Here we focus on amnestic
MCI, the memory-dominant subtype most likely asso-
ciated with ADN. There are two basic imaging issues
in MCI: (1) detecting differences between MCI and
normal, and between MCI and AD, and (2) predicting
decline to dementia in persons with MCI.

MCI: detecting differences
Structural MRI studies have shown decreased size

of the hippocampal formation in MCI, by rating tech-
niques [201] and in both region-of-interest [202–205]
and voxel-based volumetric studies [126, 206–209].

Studies are mixed regarding the presence of more
global grey matter reductions in MCI, e.g., in frontal
and parietal regions [125, 210]. Older adults who have
memory complaints but do not meet formal criteria
for MCI may nonetheless show similar grey matter
reductions [211].

Diffusion tensor studies in MCI have in general
demonstrated alterations (increased ADC and MD, and
decreased FA) similar to those seen in mild AD but
more restricted to the cingulum bundle [212, 213], pari-
etal white matter and callosal splenium [214, 215],
parietal and temporal white matter [216] and hip-
pocampal region [217]. Mean diffusivity increases
have been found in entorhinal and posterior occipital-
parietal cortex in MCI [218].

Functional MRI studies in MCI have demonstrated
increased medial temporal activation during memory
tasks, in contrast to reduced activation consistently
observed in mild AD [165, 219–221]. Medial tempo-
ral activation is greater during individually successful
memory trials than during failed trials [222]. A period
of increased medial temporal activation may be char-
acteristic of compensation in memory-impaired MCI
subjects, which gives way to decreased activation in
the same region on memory tasks in the transition to
mild AD as memory performance worsens [223].

Functional connectivity between posterior cingulate
cortex (PCC), medial temporal lobe, and inferior pari-
etal lobe is decreased in MCI, suggesting disruption of
connections between these regions by the character-
istic early accumulation of AD-type neuropathology
in these areas [71, 224]. The specific neural circuitry
underlying these functional connections is not yet
known. Default network deactivation is decreased
during focused memory tasks in MCI similar to the
findings in mild AD [165, 225, 226].

It has been known for some time that amyloid plaque
accumulation occurs in very mildly impaired older per-
sons and in those classified as amnestic MCI [227].
A consistent finding is that PIB retention in MCI is
intermediate in overall extent and intensity compared
to the pattern in AD [182, 228], and is increased
in apolipoprotein epslilon-4 allele (APOE4) carriers
[229]. However a surprising finding has been that mem-
ory performance does not appear to correlate with
global measures of cortical binding in MCI if hip-
pocampal atrophy is taken into account [230, 231].
In contrast, regional binding in temporal neocortex
has been correlated with memory performance in MCI
independent of any influence of medial temporal vol-
ume [232]. From a classification perspective, amyloid
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imaging offers an important compliment to structural
and functional imaging information from the same
MCI patients [182, 184].

MCI: conversion to AD
Structural and functional imaging may help pre-

dict future decline to AD dementia in MCI patients
[233]. This transition is termed “conversion” [234].
Rates of global atrophy and ventricular expansion are
higher in MCI converters [235]. Hippocampal atro-
phy was shown to predict AD in MCI patients with an
odds ratio of 0.69, independent of psychometric scores
or apolipoprotein-E genotype [236]. Studies using
visual rating scales for medial temporal atrophy have
yielded similar results [237, 238]. Reduced volumes in
entorhinal cortex [239, 240], hippocampus [241–243]
and lateral temporo-parietal cortex [244] have been
predictive in subsequent studies. Normalized cortical
thickness measurements demonstrate similar results
[128]. Medial temporal mean diffusivity on DTI [245]
has also been used to predict conversion from MCI to
AD.

Sophisticated deformation analysis combining mul-
tiple brain regions into structural principal components
predicted conversion from MCI to AD with 80% accu-
racy in a recent study [246]. This approach preserves
geometrical registration information, roughly equiva-
lent to shape, not captured in a single volume metric.
Temporal lobe atrophy at baseline scan correlated with
subsequent conversion from MCI to AD in the ADNI
study [32, 126]. A baseline Jacobian volume metric in
the inferomedial temporal lobe of MCI patients cor-
related with subsequent increase in the CDR sum of
boxes over time, and in this sense was predictive of
decline to AD.

A classifier built on a pattern of decreased grey
matter volume in the anterior hippocampus, amyg-
dala, posterior cingulate region, temporal lobe and
insular cortex, and orbitofrontal cortex (together with
other grey matter, white matter and CSF regions
or cluster) distinguished MCI converters from MCI
non-converters to AD with 70–80% accuracy [32].
Follow-up was an average 15 months, suggesting
that persons with MCI who will convert within this
interval after their baselines can have lower baseline
tissue volumes in specific regions [247]. A classi-
fier approach was used previously [248] with similar
results. Prediction of MCI conversion to AD using the
SPARE-AD pattern matching score (cited above under
“Mild AD”) was improved when combined with cere-
brospinal fluid marker values for beta-amyloid and tau

[132], a result supported by a second similar study
[249]. An approach using multikernal learning (MKL)
that combines pattern similarity measures across imag-
ing modalities has shown promise in predicting MCI
conversion to AD [250].

Longitudinally-determined grey matter losses over
time in the hippocampal region, inferior and middle
temporal gyrus, posterior cingulate, and precuneus,
are greater in AD converters relative to non-converters
[251–253]. Brain atrophy, measured by rates of ven-
tricular enlargement, and declines in whole brain and
regional hippocampal volume, also predict conversion
[254, 255]. Incorporation of gender and age reduced
variability in brain atrophy rate estimation in a recent
tensor based morphometry study of the ADNI cohort
[256]. Changes in cortical thickness over 12 months
also predicted conversion with 82% accuracy in a
recent study [257].

Functional predictors of significant decline or frank
conversion to AD in MCI have included decreased
blood flow [258–260](SPECT studies) and decreased
fluorodeoxyglucose uptake [261–264] in the cingu-
late and medial temporal regions [265], and in the
temporoparietal region [266, 267]. Increased fMRI
hippocampal activation [221] and decreased deactiva-
tion of the default network [268] has also been found
predictive for conversion. Loss of hippocampal activa-
tion during an associative memory task was associated
with cognitive decline in subjects with a baseline mild
impairment (CDR 0.5) [269].

Recent studies have suggested increased 11C-PIB
binding in MCI subjects who later declined to demen-
tia [270, 271]. Thus amyloid binding levels may prove
useful in predicting decline in MCI, but it is uncertain
what best predictive model will emerge when data from
other imaging modalities, cerebrospinal fluid analytes,
genetic results, cognitive performance and other clin-
ical variables are included. Ideally, a small group of
independent image predictors can be found that opti-
mally balance cost, patient safety and convenience, and
measurement reliability, repeatability and validity.

Presymptomatic AD (Figures 1A and 2C)

This section refers to imaging techniques that char-
acterize the brain in normal subjects with the goal of
predicting which normal subjects will develop MCI
(cf. Figs. 1 and 2). If future MCI can be predicted
with reasonable accuracy in normal subjects, inter-
ventions are possible that could slow the progress
of ADN or enhance intrinsic brain compensatory
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mechanisms, thereby delaying clinically symptomatic
disease. Much work needs to be done to answer the
key questions in this important field [272].

The basic assumptions are that: (1) underlying ADN
accumulates in many normal persons years before any
cognitive symptoms or measurable declines in cogni-
tive testing occur, (2) the brain has intrinsic neural
mechanisms that compensate for injury due to AD
pathology at all stages of its accumulation, e.g. by
synaptic remodeling, (3) the human brain has inborn,
developmental and learned sources of cerebral reserve
that may offset the cognitive effects of injury, or,
inversely, specific liabilities to the effects of ADN, and
(4) involutional age-related erosion of brain reserve
and the presence of co-morbid brain pathologies is a
fact of life in brain aging [17].

It is now well established that well-characterized,
longitudinally followed cognitively normal persons
undergo brain volume losses with age, emphasizing
the need for carefully age-matched controls in cross-
sectional structural studies [273–275]. However, as
of now, only longitudinal studies can identify nor-
mal individuals from a cross-section who will later
develop MCI or AD. Grey matter volume reductions
with age are generalized, without the relatively selec-
tive regional medial temporal, lateral temporal and
parietal reductions characteristic of AD. Selective vol-
ume reduction with age also occurs in the deep frontal
white matter and genu of the corpus callosum [276,
277] (Fig. 4 A–C).

Annual rates of ventricular expansion have shown
an increase in normal aged subjects who received a
clinical diagnosis of MCI within an average of 2.3
years [278]. Normal subjects with a maternal history

of AD have demonstrated decreased cortical volumes
compared to subjects with a paternal AD history or no
family AD history [279].

Because the earliest ADN involves entorhinal
cortex, amygdala, hippocampus and other medial tem-
poral structures, early atrophy in these regions could
predict normal subjects who will later develop MCI or
AD [280–283]. Decreased grey matter density in the
medial temporal and dorsolateral frontal lobes has been
described in normal apolipoprotein epsilon-4 (APOE4)
allele carriers at increased risk for AD [284]. Medial
temporal atrophy also predicted decline on tests of
delayed memory in normal subjects imaged at baseline
and followed for 3.8 years [285]. An unexpected and
significant finding in the ADNI study was that tempo-
ral lobe atrophy predicted subsequent cognitive decline
even in the baseline cognitively normal participants in
that study [126]. It has since been found that rate of
atrophy in medial temporal structures in these sub-
jects was associated with cognitive decline assessed
by logical memory and AVLT tests [286].

A longitudinal general community study of 511 non-
demented subjects demonstrated that reduced global,
hippocampal and amygdalar volumes at baseline were
predictive of dementia within average 6 years [287],
with rate of volume change serving as an indepen-
dent predictor [288]. Another recent study on 136
longitudinally-followed normal subjects undergoing a
baseline structural scan demonstrated that volume in
a combined region identified from these scans using
VBM (anteromedial temporal and left parietal grey
matter; Fig. 5A) predicted MCI within five years with
76% accuracy. Predictive accuracy increased to 87%
by combining volume in the combined region with a
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Fig. 4. Brain imaging alterations in normal aging. Based on a longitudinally followed cohort of 146 subjects analyzed by voxel-based mor-
phometry [276]. Subjects who showed cognitive decline within 5 years of imaging were excluded. A: Whole brain grey matter normalized by
total intracranial volume (y-axis; note scale origin is not at 0) decreases with age at scan (x-axis). There was no selective regional loss of limbic
grey matter volume with age in this study. B: Normalized CSF volume increases with age. C: Focal loss of white matter volume in the callosal
genu and forceps region with age; map is shown as t-value for the negative age correlation
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A
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Fig. 5. Brain imaging alterations in cognitively normal persons at risk of MCI or AD. A: Grey Matter. Volume in a region identified by
retrospective classification of baseline scans in normal subjects showing a region of significantly reduced volume at baseline in those who later
developed MCI (yellow-white color scale). Views: a,d- sagittal; b- coronal; c- axial. Prediction accuracy of volume within this brain region
alone was 76%, and 87% when combined with psychometric data [327]. B: White Matter. Linear red-yellow regions in the inferior temporal
lobe white matter (white arrowheads) denote decreased FA in normal middle-aged women at high risk of AD. Green areas represent regions
of no change. These areas of decreased white matter integrity may represent early injury related to AD pathology [291]. Views: a- coronal;
b- axial; c,d- sagittal. C: Voxelwise negative correlation between amyloid burden in normal subjects with elevated global 11C-PIB binding and
hippocampal volume (r = −0.6, p = 0.02 using inferior temporal region). This relationship was not seen in subjects with MCI or AD, or in other
brain regions outside of the inferomedial temporal lobe and parieto-occipital junction [322]. Views: a- sagittal; b- coronal; c- axial.
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Fig. 5. (Continued)

cognitive measure, raw Wechsler Memory Scale score
[289, 290]. Further three-year follow-up of these sub-
jects revealed that the volume in the region depicted in
Fig. 5A continued to predict conversion from normal
to MCI or AD up to 8.3 years following scanning with
81% accuracy (unpublished data).

Diffusion-based MRI studies to predict MCI or
dementia in normal persons are in their early phases.
Normal middle-aged women at risk for MCI or AD by
virtue of family history and APOE4 allele demonstrate
diminished FA in the cingulum bundle, callosal sple-
nium, and inferior temporo-occipital fasciculus [291]
(Fig. 5B). Elderly cognitively normal APOE4 carriers
demonstrate similar alterations in the medial tempo-
ral region [292]. Asymptomatic carriers of autosomal
dominant mutations causative of AD show decreased
white matter FA, notably in the fornix and perforant
pathway [293].

Entorhinal glucose metabolism was shown to pre-
dict subsequent cognitive decline over three years in
normal aged subjects [294], and decreased resting glu-
cose metabolism in the left angular, mid temporal, and
mid frontal gyri predicted decline on a global cognitive
measure, the Mini Mental State Examination [285].
Baseline medial temporal glucose uptake in 77 nor-

mal subjects predicted decline to MCI (71% accuracy)
or AD (81% accuracy) over 7.2 years mean follow-up
[295].

Decreased PET resting glucose metabolism in
posterior cingulate and parietal cortex has been
demonstrated in normal subjects at increased risk of
early-onset AD due to presenilin [296] or amyloid pre-
cursor protein (APP) mutations [297], and in subjects
with a family history of late-onset AD and at least
one APOE4 allele [298–300] or with a maternal AD
history [301]. A pattern of decreased glucose utiliza-
tion in normal subjects similar to that seen in AD but
with additional involved areas in frontal lobe has been
observed in insulin-resistant elderly (mean age 74.4
years [302]), and in mid-life in association with total
cholesterol levels [303]. These latter findings suggest
that metabolic factors may influence both the aging and
AD phenotypes.

Active functional MRI results predicting MCI or
AD in normal subjects have not been entirely con-
sistent. Some studies have demonstrated decreased
ventral temporal regions during picture naming in nor-
mal high-risk (APOE4 carrier) subjects [304], and
in medial temporal regions during episodic mem-
ory encoding [305]. Paradoxically increased semantic
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memory activation to familiar names in normal high-
AD risk subjects was seen in the frontal lobes,
temporo-parietal junction and precuneus, and inter-
preted to suggest a compensatory response in these
normal elders [306]. Increased hippocampal activa-
tion has been seen in healthy young (average age 34
years) presenillin-1 (PS1) mutation carriers during a
paired associates learning task, suggesting that func-
tional alterations can precede symptoms by years in
this illness [307]. However, the median age of onset for
the earliest detectible decline in memory performance
is 35 years in PS1 carriers [308], suggesting caution in
comparing these finding with late-onset AD.

Other functional MRI studies in normal subjects
have demonstrated increased parietal activation asso-
ciated with working memory and verbal fluency tasks
[309, 310], increased posterolateral temporal activa-
tion during visual learning [311] and increased medial
temporal activation during episodic memory encoding
[312] or encoding and recall [313]. Increased acti-
vation in high AD risk persons may be specific for
memory tasks and not other equally demanding tasks
[314]. Differences in the age of subjects, AD risk fac-
tors considered, cognitive paradigms performed during
imaging, depth of cognitive testing, and methods of
acquisition and analyses may explain some differences
in results between fMRI studies.

The role of 11C-PIB uptake for presymptomatic
detection is not yet established but appears promis-
ing. Amyloid burden is increased in normal persons
with a family history of AD, particularly if the mother
was affected [315], and is increased with APOE4 allele
dose [316]. Elevated PIB binding predicted decline and
correlates inversely with memory change scores in ini-
tially normal elderly [231, 317–321]. Inferior temporal
lobe neocortical binding and hippocampal atrophy are
strongly correlated in cognitively normal subjects with
elevated global PIB retention, but not in MCI or AD
subjects, suggesting this relationship is only observ-
able early in the disease process (Fig. 5C; [186, 322]).

SUMMARY AND FUTURE DIRECTIONS

Approximately half of normal persons harbor Braak
stage I-II neurofibrillary pathology by age 55 years
(Fig. 2B). The earliest documented imaging changes
(Fig. 2C) in normal subjects at risk of late-onset AD
occur in the temporal and parietal lobes in resting PET
and in fMRI studies, when subjects are in their early to
mid 50’s. Presymptomatic white matter DTI changes

in the parietal and temporal lobes may appear at least
as early as the late 50’s. Decreased glucose uptake
and decreased regional volume in the temporal lobe
is predictive of later MCI or dementia in normal sub-
jects in their 70’s. Normal individuals with increased
global amyloid burden demonstrate strong correlation
between regional amyloid burden in the inferolateral
temporal lobe and hippocampal atrophy.

MCI is characterized by: (1) baseline and acceler-
ating ventricular enlargement and volume decreases
in the medial temporal region, (2) decreased glucose
uptake in the posterior cingulate, parietal and temporal
lobes, and (3) increased FA in the cingulum bundle, cal-
losal splenium and parietal and temporal white matter.
Activation on fMRI memory tasks is increased relative
to normal subjects, both in medial temporal lobe and
in dorsolateral prefrontal areas. Transition from MCI
to AD is best predicted in those MCI subjects with
the greatest volume and glucose uptake decreases, and
with the greatest rates of change in these measures.
Increased memory task activation in the medial tem-
poral lobe during fMRI also appears to be lost at this
conversion, but activation may increase in extratempo-
ral sites, e.g., the frontal lobe during memory or other
tasks. Amyloid binding is increased in MCI subjects
who transition to AD.

Mild AD is associated with continued ventricular
enlargement and limbic atrophy, together with more
widespread neocortical volume losses, particularly in
the inferolateral parietal and temporal lobes and pre-
cuneus, and in the cingulate gyrus. The general pattern
of imaging changes across the full course of AD is
consistent with the spatial and temporal evolution of
underlying pathology as currently understood. How-
ever, the detailed correlation is far from perfect: there
is a range of neuropathologic and imaging features
associated with a given clinical stage of AD (Fig. 2).

Better imaging characterization of ADN, e.g., label-
ing of abnormal tau material in addition to amyloid may
provide valuable new insights, particularly with regard
to any rapid accelerations of the AD neuropatholgic
process near the onset of symptoms. Rapid accelera-
tion could signal entry into a downward brain injury
spiral that could prove particularly difficult to reverse,
particularly with single agents. We also need imag-
ing techniques that can help measure compensatory
changes or components of cerebral reserve that confer
resistance to the effects of aging, AD, and co-morbid
pathologies.

The challenge for imaging is therefore to detect
effects of early AD-related pathologic injury and its
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compensations in normal subjects, taking into account
modifying factors of cerebral reserve, aging and co-
morbid pathologies. Imaging does not have to do
this difficult job by itself. Multiple imaging modali-
ties, e.g., structural, functional and pathology-tagging
imaging modes can potentially be combined with
demographic, psychometric, genetic and blood/CSF
neurochemical data to form a comprehensive predic-
tive model with improved sensitivity and specificity
compared to single biomarker measurements alone.
The age at which amyloid accumulation begins and the
time course of this accumulation are critical in deter-
mining the timing of interventions targeted toward
preventing this accumulation. These tools are urgently
needed in the near term to improve the efficiency and
to shorten the duration of cumbersome, slow clinical
AD prevention trials [323].
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Abstract. Hippocampal atrophy on Magnetic Resonance Imaging (MRI) has been increasingly used as a supportive feature for
the diagnosis of Alzheimer’s patients. We attempt to compare voxel-based morphometry (VBM) with DARTEL and standard
registration versus manual hippocampal volumetry in discriminating Alzheimer’s disease (AD) patients from cognitively normal
older adults.

Participants were 20 cognitively normal elderly subjects and 19 AD patients who met the criteria of probable AD according to
NINCDS-ADRDA. High resolution T1-weighted (T1W) 3D volumetric Fast Field Echo sequence was obtained using 3.0-Tesla
scanner. Bilateral manual hippocampal volumetry (ANALYZE 7.0 software) and VBM hippocampal region-of-interests (using
hippocampal masks MARINA) were generated with DARTEL and standard registration (Statistical Parametric Mapping SPM5
software). Normalization with total intracranial volumes was employed for both methods.

All normalized hippocampal measurements showed significant reduction (20–30%; p < 0.001) in AD compared to controls.
Logistic regression analysis also showed significant effects (odds ratios ranged from 88.2% to 94.0%) of all normalized mea-
surements in predicting AD incidence after adjusting for age, gender, and education. The overall prediction accuracies of manual
RH and LH volumes, standard RH-ROI and LH-ROI VBM, DARTEL RH-ROI and LH-ROI VBM were 87.2%, 84.6%, 87.2%,
76.9%, 87.2%, and 87.2%, respectively. VBM with DARTEL and standard registration have similarly high efficacies as manual
hippocampal volumetry in discriminating AD from cognitively normal elderly adults.
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of Hong Kong, Hong Kong, China. E-mail: makkf@hkucc.hku.hk.
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INTRODUCTION

Structural magnetic resonance imaging (MRI) has
been increasingly used to aid the diagnosis of AD and
other forms of dementia [1]. Numerous cross-sectional
studies found that AD patients have a reduction in
the volumes of medial temporal structures such as the
entorhinal cortex and the hippocampus [1, 2]. Total
brain and regional atrophy rates by MRI were also
found to be predictors for disease progression in AD
and mild cognitive impairment (MCI) by previous
longitudinal studies [3]. In the new research criteria
proposed by Dubois et al. [4], presence of medial
temporal lobe atrophy evidenced on MRI based on
qualitative rating or quantitative volumetry of regions-
of-interest (ROIs) was a supportive feature for the
diagnosis of probable AD,

Due to rapid developments in computer science,
computational neuroanatomy has gained widespread
acceptance in neuroscience. A large variety of methods
have been specifically developed for cross-sectional
and longitudinal studies of normal aging, AD and
MCI in the past decade [5]. One of these methods,
Ashburner and Friston’s voxel-based morphometry
(VBM) [6], has been extensively used as an imaging
biomarker to study regional grey matter loss [7–12].
Unlike deformation-based morphometry which deals
with macroscopic differences in brain shape, VBM
examines local composition of brain tissue after macro-
scopic differences have been discounted [13]. The
merits of VBM include greater sensitivity for local-
izing small scale regional differences in grey or white
matter and easier implementation within capabilities
of most research units.

One major limitation of VBM is that imperfectly
registered MR images to a common template can
lead to false estimates [14]. The major objection is
that VBM is sensitive to systematic shape differences
attributable to misregistration from the spatial normal-
ization step [15]. The introduction of DARTEL, based
on a more sophisticated registration model [16], is a
promising approach to solve this problem.

Recently, DARTEL has been employed as an image
processing tool of computer based diagnostic image
analysis in clinical practice [17]. Since SPM5 is a

popular research tool [18], validated use of VBM with
DARTEL registration is expected to expedite future
AD research such as MCI conversion [12] and drug
trials.

In the current study, we compare the accuracy of
hippocampal-ROI VBM (with DARTEL and standard
registration) to manual hippocampal volumetry in dis-
criminating AD and cognitively normal elderly adults.

MATERIALS AND METHODS

Subjects

Participants in this retrospective study consisted of
20 elderly healthy control (HC) subjects without cog-
nitive impairment (17 females, 3 males) and 20 AD
patients (14 females, 5 males) who met the criteria for
Alzheimer’s disease. One AD patient was excluded as a
final clinical diagnosis of cerebral amyloid angiopathy
was made based on MRI findings (diffuse microbleeds
in the grey-white junction of cerebral hemispheres
on T2-weighted images, confirmed by susceptibility-
weighted imaging). This was a nested case-control
sample of an on-going local cohort study on aging
and dementia, and details on clinical inclusion and
exclusion criteria, baseline and neuropsychological
assessments of participants were published previously
[19]. The inclusion criteria included age 55 years or
over and the availability of an informant. The exclu-
sion criteria included cancer within 5 years, active
infection, end-stage renal or other organ failure, non-
ambulatory, depression by DSM-IV criteria, deafness
and other communication barriers, and other neuro-
logical diseases such as epilepsy, psychiatric disorders
or other types of dementia. A detailed medical his-
tory and mini-mental-state examination (MMSE) score
(at time of MRI scanning) for global cognitive abil-
ity was obtained from all participants. A diagnosis
of probable AD was made using criteria from the
NINCDS-ADRDA [20]. Demographic data are shown
in Table 1. It was worthy tomention that one of the
controls was an outlier and had a MMSE score of 24.

Informed consent was obtained from all subjects
who participated in the study, and Institutional Review
Board approval from the Board of Ethics was obtained
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Table 1
Demographic characteristics of the AD and HC groups

Age (years) Education (years) MMSE
Gender

n (Female/Male) M SD Range M SD Range M SD Range

HC 20 (17/3) 71.3 6.8 59–85 5.0 4.2 0–12 28.3 1.9 24–30
AD 19 (14/5) 78.8 9.0 70–95 5.6 4.9 0–16 16.6 4.8 9–24
p-value 0.451 0.005* 0.666 <0.001*

*denotes significance at 5% level, M- mean, SD- standard deviation.

prior to commencement of the study. The subjects and
controls were scanned in an interleaved fashion within
a period of 3.5 months. No scanner recalibration or
upgrade was implemented during this period [21].

MRI scanning protocol

All MRI examinations were performed using a
3.0 Tesla scanner (Achieva, Philips Healthcare, The
Netherlands). For MRI volumetric studies, a stan-
dardized T1-weighted 3D volumetric Fast Field Echo
sequence was employed, i.e., TR/TE = 7.0 ms/3.2 ms,
flip angle 8◦, voxel size = 1 × 1 × 1 mm3, FOV =
256 mm, 165 contiguous slices. Axial T2-weighted fast
spin-echo images (TR/TE = 3000 ms/80 ms, flip angle
90◦, slice thickness 5 mm, ETL 16) were obtained to
exclude structural abnormalities.

Image processing

Manual hippocampal volumetry
T1-weighted coronal images reconstructed as

1.5 mm slices perpendicular to the long axis of the
hippocampus were measured. The boundaries of both
hippocampi were traced manually as described by
Jack et al. [22], by a neuroradiologist (HKM) who
was blinded to subject identity and their volumes
determined by ANALYZE 7.0 software (Mayo Clinic
Foundation, Rochester, MN). To test inter-rater reli-
ability, another radiologist (ZZ) performed the same
procedure independently eight months later. The inter-
rater agreement on the volumetric measures between
the two observers was very high, with Pearson correla-
tion of 0.974 (p < 0.001) and 0.957 (p < 0.001) for right
and left hippocampus respectively.

Only the hippocampal rather than the entorhinal cor-
tex volume was evaluated in the current study since a
previous study had demonstrated similar discriminat-
ing values of both measurements and the former was
preferred because of clarity of boundaries [22].

Normalization with total intracranial volume (TIV)
was done. Manual total intracranial volume (mTIV)

was measured on the sagittal images by tracing the
contour of the inner skull vault [23].

VBM
Preprocessing [24]. Data were preprocessed using
the VBM5.1 toolbox (C. Gaser, structural Brain Imag-
ing Group, Department of Psychiatry, University of
Jena; http://dbm.neuro.uni-jena.de/vbm/) within an
SPM5 environment (Wellcome Department of Imag-
ing Neuroscience Group, London, UK; http://www.fil.
ion.ucl.ac.uk/spm) on the Matlab v7.8 (MathWorks,
Natrick, MA) platform. Segmentation was performed
using the default parameters in VBM5.1 with Hidden
Markov Random Field Model. Tissue probability
image sets for native space white matter (WM),
grey matter (GM), and cerebrospinal fluid (CSF)
components were saved for later DARTEL analysis.
Segmented images were normalized to the ICBM-
152 template (Montreal Neurological Institute), and
Jacobian modulation was applied to compensate for the
effect of spatial normalization and to restore the origi-
nal absolute GM volume in the segmented GM images.
These normalized and modulated images were then
smoothed with a 12 mm Full-Width at Half-Maximum
(FWHM) smoothing kernel for final statistical
analysis.

ROI analysis using hippocampal masks (MARINA) in
standard VBM [24, 25]. Masks for both hippocampi
were created with the MARINA software (Masks for
Region of Interest Analysis, v0.61, B. Walter, Giessen,
Germany). Mean volumes of the right hippocampus
(RH) and left hippocampus (LH) on the segmented,
normalized, modulated and smoothed GM images for
each subject were calculated based on the hippocampal
masks.

ROI analysis using adapted hippocampal masks
(MARINA) and DARTEL [16, 25]. The above native
GM images were imported into DARTEL, an alterna-
tive method of normalization in SPM5. With iterative
bias field correction, a study-specific GM template was

http://dbm.neuro.uni-jena.de/vbm/
http://www.fil.ion.ucl.ac.uk/spm
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created in the DARTEL toolbox, and flow fields that
described the spatial deformations for normalizing the
individual images to a study specific template were
also acquired. With the flow fields, native GM images
were warped and modulated in DARTEL. The warped
and modulated GM images were smoothed with a
12 mm FWHM smoothing kernel. The hippocampal
masks created in the MARINA software were spa-
tially normalized to the study-specific template by
using the normalization parameters generated by spa-
tial normalization of the GM template in SPM5 to the
study-specific template. With the adapted hippocampal
masks, the mean volumes of RH and LH for each sub-
ject were calculated in these warped, modulated and
smoothed GM images.

Bilateral hippocampal-ROIs, either with VBM-
standard or VBM-DARTEL (as discussed above in 2 b
and 2 c) were normalized with TIV. Automatic TIV
(aTIV) is the sum of the masked modulated GM, WM
and CSF maps generated according to a previously
published procedure [26].

A comparison of the two VBM templates with mask
overlay is shown in Fig. 1.

Statistical analysis

Data were first normalized pertaining to the respec-
tive measurements before conducting data analysis.
Manually-drawn RH and LH volumes (in cubic mm)
were normalized according to the corresponding man-
ual TIV [22]. Likewise, RH and LH-ROI VBM with
standard and DARTEL registrations were normalized
according to the corresponding measure of automatic
TIV [26].

The manually-drawn RH and LH volumes, and the
RH and LH-ROI VBM with both standard and DAR-
TEL registration of all study groups were compared
using a 2-sample t-test. To further assess the mean dif-
ference of the volumetric measures between the HC

and AD groups, a multiple regression analysis was
conducted to adjust for the effect of age.

Logistic regression analysis was applied to assess
the effects of manual hippocampal volumetry and
hippocampal-ROI VBM (with standard or DARTEL
registration) on AD incidence and predict their diag-
nostic accuracy, after adjusting for age, gender, and
education. Prediction accuracy, sensitivity, specificity
and area under Receiver Operating Characteristic
(ROC) curves were reported. A baseline model with
only age, gender and education being included as
explanatory variables in the logistic regression analy-
sis was also considered to find out the extra-predictive
power of each of the volumetric measures.

All statistical analyses were conducted using SPSS
Statistics 17.0. Level of significance was set at 0.05.
Relevant 95% confidence intervals (95% CI) were
reported where appropriate.

RESULTS

Demographic characteristics

Table 1 gives the demographic characteristics of
the HC and AD groups respectively: female propor-
tion = 0.85 and 0.75; mean age (in years) = 71.3 and
78.8; mean number of years of education = 5.0 and
5.6; mean MMSE score = 28.3 and 16.6. No significant
difference in gender proportion (p = 0.451) and mean
education level (p = 0.666) between the two groups was
found. However, the mean age of the AD group is sig-
nificantly higher than that of the HC group (p = 0.005).
Mean MMSE score of the AD group is significantly
lower than the HC group (p < 0.001). Given the signif-
icant difference in mean age between the two groups,
age effect is included as a covariate for adjustment in
subsequent regression analyses.

Fig. 1. Comparison between a) a DARTEL template with mask overlay, and b) standard VBM images with mask overlay.
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Volumetric analysis

Table 2 compares the normalized RH and LH vol-
umes, obtained manually and via ROI VBM, of the two
study groups. All normalized measurements showed
significant differences between AD and normal elderly
subjects at a 5% level of significance. In particular,
there is a significant reduction (20–30%, p < 0.001)
in these normalized measurements when comparing
AD patients to normal elderly subjects. Power analysis
showed that the minimum mean difference for obtain-
ing 80% power is: 22.3 and 20.8 for manual RH and LH
volumes, 18.8 and 23.4 for standard RH and LH-ROI

VBM, 22.9 and 22.5 for DARTEL RH and LH-ROI
VBM, respectively. Given the observed mean differ-
ences in Table 2, the power to detect such observed
mean differences was over 98% in all cases. To take
into consideration the age difference between the two
groups, the mean difference of the volumetric measures
between the HC and AD groups was further assessed
via a multiple regression analysis, using age as a covari-
ate for adjustment. The adjusted mean difference of the
volumetric measure between the two groups is given
in the last column of Table 2. The mean differences
between HC and AD were consistent and significant
regardless of age adjustment.

Table 2
Descriptive measures and 2-sample t-test results of normalized RH and LH volumes (manual and VBM) comparing the AD and HC groups

Volumetric analysis method Subjects Mean 95% t-statistic p-value Mean (HC – AD) Age adjusted
(Normalized) Confidence (df = 37) 95% Confidence Mean (HC – AD)

Interval interval 95% confidence
interval

Manual RH (per mTIV) (× 104) HC 153.9 (145.0, 162.8) 6.23* <0.001 49.7 44.4
AD 104.2 (89.8, 118.6) (33.5, 65.8) (26.6, 62.2)

Manual LH (per mTIV) (× 104) HC 151.9 (143.9, 159.8) 5.91* <0.001 43.9 38.8
AD 108.0 (94.4, 121.6) (28.9, 59.0) (22.2, 55.4)

Standard RH (per aTIV) (× 108) HC 188.3 (177.7, 198.8) 5.01* <0.001 33.6 32.7
AD 154.7 (145.5, 163.9) (20.0, 47.2) (17.4, 48.1)

Standard LH (per aTIV) (× 108) HC 204.9 (194.3, 215.4) 4.21* <0.001 35.2 32.5
AD 169.6 (155.5, 183.8) (18.3, 52.2) (13.4, 51.5)

DARTEL RH (per aTIV) (× 108) HC 224.0 (210.8, 237.1) 5.91* <0.001 48.4 45.2
AD 175.5 (164.6, 186.4) (31.8, 65.0) (26.6, 63.9)

DARTEL LH (per aTIV) (× 108) HC 212.1 (199.1, 225.0) 5.67* <0.001 45.6 40.6
AD 166.5 (155.9, 177.1) (29.3, 61.9) (22.5, 58.6)

*denotes significance at 5% level, mTIV was measured by manual tracing of the contour of the inner table [22], aTIV was the sum of the masked
modulated GM, WM and CSF maps generated by SPM5 [26].

Table 3
Logistic regression analysis of normalized RH and LH volumes (manual and VBM) in predicting AD, after adjusting for age, gender, and

education

Volumetric analysis method Odds 95% Prediction Sensitivity Specificity Area
(Normalized) ratio Confidence accuracy under

(p-value) interval ROC curves

Baseline model (no volumetric measure)† NA NA 71.8% 73.7% 70.0% 0.77
Manual RH (per mTIV) (× 104) 0.91* (0.86, 0.97) 87.2% 89.5% 85.0% 0.94

(0.003)
Manual LH (per mTIV) (× 104) 0.89* (0.81, 0.97) 84.6% 78.9% 90.0% 0.93

(0.008)
Standard RH (per aTIV) (× 108) 0.90* (0.84, 0.96) 87.2% 84.2% 90.0% 0.95

(0.002)
Standard LH (per aTIV) (× 108) 0.94* (0.90, 0.98) 76.9% 73.7% 80.0% 0.87

(0.007)
DARTEL RH (per aTIV) (× 108) 0.89* (0.82, 0.97) 87.2% 84.2% 90.0% 0.95

(0.006)
DARTEL LH (per aTIV) (× 108) 0.88* (0.83, 0.97) 87.2% 89.5% 85.0% 0.95

(0.007)

†Baseline model only includes age, gender and education as explanatory variables in the logistic regression analysis, *denotes significance at
5% level
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Fig. 2. ROC curves for the various logistic regression models. (a) Baseline model (Area under ROC = 77.1%); (b) Manual RH (per mTIV)
(Area under ROC = 94.2%); (c) Manual LH (per mTIV) (Area under ROC = 93.4%); (d) Standard RH (per aTIV) (Area under ROC = 94.5%);
(e) Standard LH (per aTIV) (Area under ROC = 87.4%); (f) DARTEL RH (per aTIV) (Area under ROC = 95.3%); (g) DARTEL LH (per aTIV)
(Area under ROC = 95.0%).
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Logistic regression analysis

In Table 3, logistic regression analysis results
showed significant effects (odds ratios ranged from
88.2 to 94.0%) of all the normalized measurements
in predicting AD incidence after adjusting for age,
gender, and education. The overall prediction accura-
cies were 87.2% and 84.6% for manual RH and LH
volumes, 87.2% and 76.9% for standard RH and LH-
ROI VBM, and 87.2% and 87.2% for DARTEL RH
and LH-ROI VBM, respectively. Table 3 also shows
the accuracy, sensitivity, specificity and ROC of the
various volumetric measures. The ROC results for
intergroup discrimination show areas under the curve
of 0.94 and 0.93 for manual RH and LH, 0.95 and 0.87
for standard RH and LH-ROI VBM, 0.95 and 0.95
for DARTEL RH and LH-ROI VBM, respectively. For
comparison purposes, baseline model results were also
included. The baseline model (with only age, gender
and education being included as explanatory variables
in the logistic regression analysis) gave a prediction
accuracy of 71.8% and an area under the ROC curve
of 0.77. The extra effect of the volumetric measures
in prediction accuracy as well as in ROC is clearly
demonstrated in Table 3 and Fig. 2. As MMSE has
been taken as one of the main criteria for AD classifica-
tion, it is not appropriate to include this variable back
as an independent variable in the logistic regression
analysis.

DISCUSSION

VBM with DARTEL registration showed similarly
high accuracy as standard registration and manual vol-
umetry in discriminating AD and cognitively normal
elderly adults, albeit without significant improvement.

All of the VBM hippocampal measures in the current
study achieved similar prediction accuracies (87.2%)
to manual hippocampal volumetry, except standard
LH-ROI VBM (76.9%). In our ROC analysis, areas
under the curve were slightly higher for VBM with
DARTEL registration than for manual hippocampal
volumetry and VBM with standard registration.

Our results showed no significant improvement
of DARTEL over standard registration in ROI-
based VBM studies, in contradistinction to the study
by Bergouignan et al. [25] Although both studies
employed a similar DARTEL registration technique,
the disease groups were very different. In their study
on depression, the patients were much younger (33.2
years with age range of 20 to 49 versus 78.8 years with

age range of 70 to 95 in our AD subjects), thereby
facilitating registration as patient brains were grossly
comparable to controls.

Our hippocampal-ROI VBM with DARTEL reg-
istration compared favorably with new automated
software for hippocampal volumetry. Colliot et al.
[26] evaluated automated hippocampal volumetry in
discriminating between AD, MCI, and normal aging.
Their software performed rapid segmentation of the
amygdalo-hippocampal complex and achieved accu-
racy, sensitivity, and specificity of 84%, 84%, and 84%,
respectively, for classification between AD patients
and controls. This automated software (SACHA) was
again employed in the study by Bergouignan et al. [25],
which revealed equal sensitivity to VBM-DARTEL
in detecting hippocampal differences in depressed
patients.

A word of caution should be made in the use of
these ‘semi-automatic’ or ‘automatic’ software pack-
ages. For example, although much of the processing
and analysis is automated in SPM, many methodolog-
ical decisions remain such as the templates to use for
normalization, the level and type of correction to use
and threshold for statistical map display, as well as
the choice of appropriate smoothing kernel size [21,
27]. As in current study, adoption of additional tech-
niques such as DARTEL for registration and MARINA
mask for ROI selection could be time-consuming and
skill-demanding.

For example, in manual volumetry, the duration for
tracing the hippocampus was about 20 minutes for
each subject (or control) by either observer. For group
analysis using VBM, the standard SPM5 software was
set to run overnight to perform segmentation and nor-
malization. The custom template was created by the
DARTEL toolbox after another overnight run. Finally,
the hippocampal ROIs were obtained using hippocam-
pal masks in standard VBM and DARTEL, which
required additional processing time of two hours each.

There are few studies on the comparison of vol-
umetry at different field strengths. Using a cohort
of 10 patients with intractable medial temporal lobe
epilepsy, Scorzin et al. [28] determined that manual
hippocampal and amygdalar volumetry did not differ
between 1.5 T and 3 T and could be used interchange-
ably. VBM analyses showed satisfying inter-scanner
volume quantification but not consistent enough to be
deemed interchangeable. The better image quality at
3.0 T might be offset by a higher susceptibility for
artifacts, resulting in geometric shift and signal loss.
The study results (at 1.5 T) by Klauschen et al., also
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hinted a higher contribution of noise than intensity-
homogeneity to the image-quality-related instability
of SPM5 [29]. The issue becomes interesting at 3 T
MR imaging in which intensity-inhomogeneity is more
pronounced, and future systematic studies will be nec-
essary for further investigation.

In reality, manual volumetry by clinical experts is
the most reliable, validated and used procedure and
represents the current gold standard. In the literature,
different segmentation protocols have been used for
manual hippocampal volumetry [30]. Multi-national
efforts for standardization of hippocampal volumetry
will certainly pave the way for structural MRI to be
widely accepted as Alzheimer’s disease biomarker.

CONCLUSION

Hippocampal-ROI VBM with DARTEL registra-
tion (in SPM5) has a similarly high efficacy compared
to standard registration and manual hippocampal vol-
umetry in discriminating AD from cognitively normal
elderly adults. Future research should be conducted
to validate this technique in patients with MCI and
other neurodegenerative diseases to broaden its clinical
applications.
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Abstract. The corpus callosum (CC), which connects the two cerebral hemispheres, is the largest white matter fiber bundle in
the human brain. This structure presents a peculiar myelination pattern: it has small diameter fibers, located in the genu, which
myelinate much later in normal development, and large diameter fibers of the splenium, which myelinate early in development.
Although AD mainly compromise cerebral gray matter structure, there is evidence that white matter may also be involved in the
pathology. To illustrate callosal white matter changes in AD pathology, we summarize “in vivo” MRI imaging studies in humans,
focusing on region of interest (ROI), voxel-based morphometry (VBM), diffusion-weighted imaging (DWI) and diffusion tensor
imaging (DTI) techniques. Results from the literature showed that changes in the anterior (genu and anterior body) as well as
in the posterior (isthmus and splenum) portions of the CC might already be present in the early stages of AD. The spatial (in
anterior and posterior callosal subregions) and the temporal (in the early stage of AD) presence of the CC changes support the
hypothesis that two mechanisms, Wallerian degeneration and myelin breakdown, might be responsible for the region-specific
changes detected in AD patients. Wallerian degeneration affects the posterior CC subregion, which receives axons directly from
those brain areas (temporo-parietal lobe regions) primarily affected by the AD pathology. Instead, the myelin breakdown process
affects the later-myelinating CC subregion and explains the earlier involvement of the genu in CC atrophy.

Keywords: Corpus callosum, Alzheimer’s disease, mild cognitive impairment, region of interest, voxel-based morphometry,
diffusion-weighted imaging, diffuse tensor imaging

INTRODUCTION

Although research in the field of Alzheimer’s Dis-
ease (AD) has basically focused on gray matter (GM)
degeneration, a number of investigations have also

∗Correspondence to: Margherita Di Paola, IRCCS Santa Lucia
Foundation, Via Ardeatina 306, 00179 Rome, Italy. Tel.: +39 06 515
01215; Fax: +39 06 51501213; E-mail: m.dipaola@hsantalucia.it.

documented a general white matter (WM) pathology
associated with AD [1–6]. The corpus callosum (CC)
has been implicated in this process [7–21]. In particu-
lar, it has been suggested that callosal atrophy in AD
is the anatomical correlate of Wallerian degeneration
of commissural nerve fibers. Thus, it might occur as a
consequence of the death of projecting pyramidal cells
in layer III of the neocortex and might reflect the pat-
tern of neocortical neurodegeneration and the resulting
cognitive dysfunction [13, 22–26].
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Unfortunately, in spite of the plethora of studies on
callosal changes in AD, results are unclear. Although it
is commonly accepted that in AD patients, CC atrophy
is mainly located in the anterior (genu and anterior
body) and posterior (isthmus and splenium) subre-
gions, it is less clear whether this finding is consistent
in the different stages of AD pathology and across
different methods.

In fact, the main result mentioned above, that is
atrophy mainly in the callosal anterior and posterior
subregions, comes from studies of AD groups that
included patients in different illness stages, ranging
from mild to severe dementia [7, 8, 10–12, 14–19,
23–25, 27–43] and sometimes selected using different
diagnostic criteria [10, 14].

Furthermore, it has been found that different meth-
ods can produce different results. With regard to the
region of interest (ROI) studies, for example, it has
been shown that the earlier findings relied on manually
tracing the CC and on the common callosal parcella-
tion schemes (i.e, according to Witelson [19, 44]; Weis
[45–47]; or Hampel [11, 18]) have generated some con-
troversy regarding the assumed topography of callosal
fibers [48]. In fact, in a previous study, we demon-
strated that pre-defining callosal regions can give rise
to misleading results [7]. This is also true for the voxel-
based morphometry (VBM) technique. Senjem et al.
[49] found that changes in the image processing chain
of VBM noticeably influenced the results of inter-
group morphometric comparisons. For example, the
so-called “Optimized VBM” produced different results
from those obtained with standard VBM.

Diffuse tensor imaging (DTI) studies have also
produced different results. The vast majority of DTI
studies are calculated as the diffusion parameters mean
diffusivity (MD), which is a measure of the aver-
age motion of water molecules, independent of tissue
directionality, and fractional anisotropy (FA), which
measures the directionality of water diffusion. The
pathological process of AD should alter both MD and
FA values in the direction of lesser restriction on the
movement of water and, therefore, with an increase
in diffusivity (MD) and a decrease in anisotropy (FA).
Nevertheless, in anatomically well-oriented structures,
such as the CC, these two parameters seem to remain
in the normal range. Thus, many DTI studies con-
clude that in the CC there is no difference between
AD patients and healthy controls (HC).

Two main open questions motivated the present
review: (i) how early callosal atrophy occurs in AD
and whether the callosal changes involving the anterior

and the posterior subregions can already be detected in
mild AD and amnesic MCI; and (ii) which magnetic
resonance imaging (MRI) techniques are most useful
for detecting callosal changes. Therefore, this review
is focused on exploring how the CC changes in the
different stages of AD and in MCI (i.e. in the preclin-
ical stage of dementia and in the group at highest risk
for developing dementia)[50–52], and which measure-
ments have been applied to study these modifications
in vivo.

MATERIAL AND METHODS

A detailed search of the literature was conducted.
For our purposes, the database was selected using
PubMed Services to research the following keywords:
corpus callosum, white matter, Alzheimer’s disease,
mild cognitive impairment, region of interest, voxel-
based morphometry, diffusion-weighted imaging and
diffusion tensor imaging. In examining research
results, we paid attention to the clinical features of
the patient groups to classify results obtained evalu-
ating heterogeneous groups of patients (i.e. AD and/or
MCI patients with different illness severity) separately
from those obtained studying homogeneous groups of
patients (i.e. only mild AD or only amnesic MCI). This
was done to keep separated data in which the presence
of more severe patients (e.g., severe AD) could bias
results and to investigate whether a specific pattern of
callosal degeneration was associated with different ill-
ness stages (from amnesic MCI to mild, moderate and
severe AD). Thus, using the MRI modality as a start-
ing point we reviewed an extensive body of literature
focusing mainly on structural neuroimaging (i.e ROI
and VBM) and quantitative parametric mapping (i.e.
DWI and DTI).

Initially, 55 studies were selected as potential can-
didates for the present review. Studies were included if
they: (1) were brain structural MRI studies published
from January 1997 to March 2011, (2) compared AD
or MCI patients with a HC group, and (3) were pub-
lished in the English language. We also hand-searched
relevant journals and inspected the bibliographies of
all major articles to find other relevant publications.
Historically important and conceptually related articles
were included as well. One study was excluded from
the review [53] because it did not compare AD patients
with a HC group. Concerning the nomenclature of the
CC subregions, to be consistent across studies we refer
to the different subregions of the CC as follows: ros-
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Fig. 1. Schematic view of corpus callosum for nomenclature. The
image shows the different subregions of the CC regardless of splitting
method and callosal fiber topography.

trum, genu, body (split into anterior, mid and posterior)
isthmus and splenium (see Fig. 1 for a schematic view).

REGION OF INTEREST STUDIES

Early morphometric MRI studies of the CC in AD
quantified atrophic changes using ROI analysis.

In general, to perform a ROI analysis a high spatial
resolution 3D brain sequence has to be acquired with
an isotropic voxel (e.g.1 × 1 × 1 mm3) so that all three
orthogonal planes can be inspected. This procedure
also facilitates identification of anatomical landmarks
for selection of the ROI. To obtain a better identifica-
tion of the CC ROI, each MRI brain volume is usually
positioned along the anterior-posterior commissure
line. This is particularly important for obtaining a reli-
able measure of the CC, because it is sampled from
its most medial part on a 1 mm thick slice. Each ROI
is identified by its landmarks and manually mapped.
Then the voxels belonging to the ROI are colored to
show the volume of the CC in mm3. According to
the model used, an automatic procedure is applied to
split the CC. To determine the size of the CC, sev-
eral methodologies have been proposed for measuring
its midsagittal surface area and regional divisions. In
Fig. 2, we report the most frequently used methods.
Finally, to reduce inter-individual variability in gross
brain size, different reference measures, such as fore-
brain volume, cranial capacity, cross-sectional cerebral
area or normalization of the MRI brain volumes into
the Talairach proportional stereotaxic space, are used
either as a ratio [54, 55] or as a covariate in the sta-
tistical model [56, 57]. In this way, gross brain size
differences are ruled out.

ROI analysis is considered a robust, well-validated
technique. However, it requires operator skills to define
the boundaries of the structures to be investigated. Fur-

thermore, it is time consuming, because the researcher
has to draw the ROI manually, and allows studying
only a limited number of anatomical regions chosen
a priori.

Numerous ROI studies have investigated callosal
changes in AD patients [7, 10–12, 14–19, 24, 25, 27,
28, 31, 38, 42, 43]. Overall, these studies report a
reduction of the total callosal area, specifically of the
rostrum, genu, anterior body, isthmus and splenium
of the CC. It should be noted that the vast major-
ity of these studies included AD patients at different
illness stage, ranging from mild to severe dementia
(hereafter called AD “all stages”). Only a few studies
investigated patients with fewer heterogeneous clinical
features, such as those affected by mild or moder-
ate AD, and they reported discrepant results. More
specifically, while some studies on mild AD found atro-
phy in the posterior callosal subregions (isthmus and
splenium) [9, 11, 13, 19], others found no atrophy in
callosal regions [45, 58].

As far as we know, there is only one study [59] on
moderate AD patients that describes a reduction of the
anterior body, mid body and isthmus in AD patients
compared with HC.

Likewise, inconsistent results have been reported in
studies on subjects with MCI. In a study on amnesic
MCI, Wang et al. [9] found atrophy in posterior sub-
regions (isthmus and splenium). Yet, another research
group [46] found no callosal changes when patients
with amnesic MCI were compared with HC. By con-
trast, Thomann et al. [10] reported a reduction in the
anterior subregion (rostrum, genu, anterior body) of
the CC in a group of MCI patients with different cog-
nitive subtypes (amnesic and multi-domain amnesic
(hereafter called MCI “all subtypes”) using the ROI
approach. Finally, Hallam et al. [43] reported no dif-
ferences between a mild ambiguous group (i.e. with a
cognitive profile similar to that of multi-domain MCI)
and HC.

Recently, our group [21] applied a well-validated
structural analysis technique, that is, the computa-
tional mesh-based method, to map callosal thickness
[60–63] and to study the CC changes in three distinct
homogeneous groups of patients with mild AD, severe
AD and amnesic MCI compared with HC. The main
finding of our study was reduced thickness in the cal-
losal genu, anterior body and splenium in severe AD
patients compared with HC. The callosal reductions
in the milder and pre-clinical stages of AD appeared
to be less pronounced (i.e., they were more restricted
spatially). When mild AD patients were compared with
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Fig. 2. Different corpus callosum manual tracing. In Weis splitting, the midsagittal slice of the CC is split into five distinct sectors of equal size
along a line joining the most anterior and posterior points of the genu and splenium respectively. Subregions are the following: CC1 = rostrum
and genu, CC2 = rostral body, CC3 = midbody, CC4 = isthmus, CC5 = splenium. In Witelson splitting, the midsagittal slice of the CC is split into
five distinct sectors of different percentages: 33%, 17%, 17%, 13%, 20% respectively. The subregions are: CC1 = rostrum, genu and anterior
body, CC2 = midbody, CC3 = caudal body, CC4 = isthmus, CC5 = splenium. In Hampel splitting, the midsagittal slice of CC is split into five
distinct sectors of equal percentage (36%) along a line joining the most anterior and posterior points of genu and splenium respectively. The
subregions are: CC1 = rostrum, CC2 = anterior truncus, CC3 = middle truncus, CC4 = posterior truncus, CC5 = splenium. In the Mesh-based
method, there is no splitting. Upper and lower callosal boundaries are manually outlined in the midsagittal section. Then, the spatial average
from 100 equidistant surface points representing the upper and lower boundaries is calculated. The result is a new midline segment (the spatial
average), also consisting of 100 equidistant points. Finally, the midline segment is quantified, so that it corresponds to CC thickness.

HC, we observed reduced callosal thickness within the
callosal anterior third, as well as at the border between
the anterior third and the anterior body. When amnesic
MCI patients were compared with HC, reduced cal-
losal thickness was found in the callosal posterior body
and within the splenium near the callosal posterior
end. Nevertheless, group differences between mild AD
and amnesic MCI subjects and HC were slight and
not confirmed by permutation testing. (see Table 1 for
technical details of the study).

VOXEL-BASED MORPHOMETRY STUDIES

After the ROI studies, a new imaging technique,
VBM, has been adopted to examine CC changes
[64]. VBM has been increasingly used to investigate

differences in brain morphology among groups.
Indeed, it provides an estimate of inter-group differ-
ences in GM and WM density and/or volume on a
voxelwise basis in a standardized space. The VBM pro-
tocol has been somewhat changed in the last few years
to improve the preprocessing steps. In its previous ver-
sion, called the “Optimized VBM” protocol, running
in the framework of Statistical Parametric Mapping
(SPM99, SPM2, Wellcome Department of Imaging
Neuroscience, University College London, London,
UK), a customized GM template is created and sub-
sequently used to normalize all structural images to
the stereotaxic MNI space. To create the customized
GM template, all images (patients and controls) are
first spatially normalized (12-parameter affine and
6 × 8 × 5 basis functions) using the standard MNI
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template in SPM99 or SPM2. Then each normalized
image is segmented into GM, WM and cerebrospinal
fluid (CSF). The normalized and segmented GM
images are smoothed (isotropic kernel, usually with a
FWHM between 8 and 12 mm) and averaged to create
the customized GM template. Then all the original MR
images in native space are segmented into GM, WM
and CSF. The GM and the WM images are normalized
to the customized GM template and the deformation
parameters obtained from this are applied to all original
images. This provides optimally normalized whole-
brain images, which are segmented again into GM,
WM and CSF. Finally, all GM and WM images are
modulated or not (to assess the absolute amount or con-
centration of a region of tissue [34] and smoothed with
an FWHM kernel (the smoothing conforms the data
more closely to the Gaussian field model underlying
the statistical procedures used for making inferences
about regionally specific effects). Smoothing also has
the effect of rendering the data more normally dis-
tributed (by the central limit theorem). The intensity of
the smoothed data in each voxel is a locally weighted

average of GM density from a region of surrounding
voxels. The size of the region is defined by the size of
the smoothing kernel [64].

Although the current procedure is somewhat dif-
ferent from the original one, the logic of image
pre-processing is the same. Briefly, in the unified seg-
mentation step [65], implemented in the framework
of Statistical Parametric Mapping (SPM5, Wellcome
Department of Imaging Neuroscience, University Col-
lege London, London, UK), images are normalized and
segmented into GM and WM partitions and into CSF.
For each subject, normalized segmented GM and WM
are modulated or not and smoothed with a Gaussian
Kernel (FWHM). In Fig. 3, we show a flow chart of
Optimized VBM image processing.

Compared with ROI analysis, VBM analysis has
the advantage of being a spatially specific and unbi-
ased method for analyzing MR images. It is completely
operator independent and provides a quantitative mea-
sure of the regional GM and WM volume or density
at a voxel scale throughout the whole brain without
choosing any a priori ROI [34, 64].

Fig. 3. Optimized Voxel-based Morphometry pipeline. Image shows the spatial processing steps of optimized VBM and the two resulting
analyses. Templates used for normalization (gray matter or white matter) are indicated in red and the two analyses are indicated in yellow. Both
affine and nonlinear basis function normalization are used in the technique.
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The first VBM study on WM in moderate AD [66]
reported the presence of diffuse atrophy within the CC
but did not mention its specific location. Later works on
AD “all stages” groups (more precisely on mild to mod-
erate patients) reported conflicting results. Thomann
et al. [10] found a significant loss of callosal volume
in the anterior portion of the CC (rostrum, genu and
anterior body). Chaim et al. [8] reported a reduction
in almost all subregions of the CC (genu, anterior and
posterior body, isthmus, splenium), but mainly in the
left hemisphere. Li et al. [42] found a reduction limited
to the posterior CC subregions (isthmus and splenium),
and, in agreement with Chaim et al. [8], prevalently on
the left side of the CC. More recently Guo et al. [67]
reported volume reduction exclusively in the anterior
portion of CC (rostrum, genu and anterior body) in AD
patients

We found only one VBM study [10] on callosal
changes in MCI. However, it did not report differences
in the CC in MCI subjects compared with HC.

In our study [20], we applied the VBM technique
to study CC changes in patients with mild AD, severe
AD and amnesic MCI. We found atrophy in severe AD,
specifically in the genu, anterior body and splenium
of the CC. Patients with Mild AD presented a reduc-
tion in both the anterior and posterior CC and those
with amnesic MCI only in the anterior CC. Neverthe-
less, the results obtained on patients with mild AD and
amnesic MCI were not supported by statistical correc-
tion for multiple comparisons. Then, we replicated the
study on a larger sample of patients with mild AD and
amnesic MCI [21] and found a significant WM den-
sity reduction in the genu and splenium of the CC in
patients with Mild AD. In patients with amnesic MCI
compared with HC, we found a reduction only in the
genu of the CC (see Table 2 for technical details of the
study).

DIFFUSION-WEIGHTED IMAGING (DWI)
AND DIFFUSION TENSOR IMAGING (DTI)
STUDIES

Diffusion imaging is a non-invasive MR technique
adopted to study aspects of WM anatomy. It uses local
water diffusion in the tissues as the starting point.
Although the determinants of water diffusion in WM
tissues are still not completely understood, there is gen-
eral agreement that the physicochemical properties of
the tissue (e.g. viscosity and temperature) as well as its
structural components (macromolecules, membranes,

and intracellular organelles) can substantially affect
water diffusivity. In other words, diffusivity of water
depends primarily on the presence of microscopic
structural barriers in tissues that can alter the random
motion of water molecules. Membranes of cell bodies,
axons and myelin sheaths randomly impede the move-
ment of water in the brain tissue, facilitating diffusion
of water molecules preferentially along their main
direction. Such preferentially oriented diffusion is
called anisotropic diffusion. DWI is a one-dimensional
technique, that is, it is used to measure the projec-
tion of all molecular displacements along one direction
at a time. Therefore, it is sufficient to apply diffu-
sion gradients along only one direction. As DTI is a
three-dimensional technique, diffusion gradients must
be applied along at least six noncollinear, non-coplanar
directions in order to obtain enough information to
estimate the six independent elements of the diffusion
tensor (D) (in [68]).

In general, apparent diffusion coefficient (ADC),
MD and FA have been used as the main diffusivity
parameters. Although ADC measures the magnitude
of water diffusion, it only provides a measure of the
displacement of molecules in one direction; MD is a
measure of the average motion of water molecules,
independent of tissue directionality; and FA measures
the directionality of water diffusion (see Fig. 4).

ADC, MD and FA may be altered by changes caused
by the pathological process of AD. Pathological dis-
ruption of cell membranes and loss of myelin and
axonal processes should lessen the restrictions on water
movement. Therefore, the diffusivity measured with
ADC or with MD should increase. Furthermore, the
loss of tissue organization should also cause a decrease
in anisotropy (FA). It is assumed that reduced water
diffusion parallel to axonal tracts or FA is indicative
of axonal degeneration and that increased water diffu-
sion perpendicular to axonal tracts or MD is associated
with changes in water content, disruption and partial
breakdown of tissue cytoarchitecture [69, 70], sclero-
sis [71] or demyelinating processes [72–75]. Recently,
Choi et al. [76] began investigating other measures
of diffusion, such as radial diffusivity (DR) and axial
diffusivity (DA), to determine whether differences in
anisotropy are caused by diffusion perpendicular or
parallel to the WM fibers, respectively. The assump-
tion, arising out of experiments on animal models, is
that significantly reduced DR in WM without differ-
ences in DA might represent specifically compromised
integrity of myelin in the absence of axonal structural
irregularities.
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Fig. 4. Diffusion tensor-based images. A and B show axial (horizontal) and coronal T1-weighted anatomical images. C and D trace ADC maps
(mean diffusivity) of the same slices shown in A and B. E and F are fractional anisotropy maps showing high contrast between gray and white
matter. Once the mean diffusivity and fractional anisotropy maps are calculated, there are three approaches for post processing: manual ROI,
VBM-style analysis [64] and tract-based spatial statistics (TBSS) [125].

With respect to structural MRI (ROI and VBM),
DWI and DTI techniques have the advantage of being
very sensitive in detecting microstructural abnormal-
ities not revealed by other volumetric measures [28,
77]. In fact, structural MRI techniques, which reflect
macrostructural changes, may not be sensitive to
the degeneration of myelin and axons in the WM
microstructure [28, 46]. On the contrary, DWI and DTI
parameters have been applied in CC studies and have
demonstrated much greater sensitivity in revealing the
WM degeneration in AD than conventional MRI imag-
ing techniques [69, 72, 78].

DWI studies on AD “all stages” patients [30, 33]
report no significant group differences in measure-
ments of the anisotropy index (AI) - calculated by
dividing the ADC perpendicular to the prominent
callosal fiber direction by the ADC parallel to the pre-
dominant fiber direction of the CC - within the genu
and splenium of the CC. On the other hand, Hanyu
et al. [28, 29] using the same index (that the Authors
called ADC ratio) found a decrease in the anterior (ros-
trum and genu) and posterior (isthmus and splenium)

CC of AD “all stages” patients. Also, Wang et al., and
Ray et al., [46, 79] found a higher ADC in the CC of
patients with amnesic MCI than in HC.

DTI studies on AD “all stages” patients [32, 35, 36,
39, 41, 80–83] basically found changes in the ante-
rior (genu) and posterior (splenium) subregions of the
CC in AD patients compared with HC. More specif-
ically, Rose et al. [32] found a value reduction in the
splenium of AD patients but not in HC. They used lat-
tice index (LI) as a measure of anisotropy. LI is an
intervoxel measurement of diffusion anisotropy that
exploits information about the orientation coherence
of the eigenvectors of diffusion tensor in adjacent vox-
els to improve the estimate of diffusion anisotropy
within a reference voxel. It is especially immune
to background noise in the DW images and pro-
vides a quantitative, robust measurement of diffusion
anisotropy [84].

The other studies [35, 36, 39, 41, 80, 81] that mea-
sured MD and/or FA can be separated into those which
found mainly an increase of MD and/or a decrease of
FA in the posterior subregion (splenium) of the CC
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in AD [35, 36, 41, 80, 81] and those which reported
an increase in MD or a decrease in FA in the anterior
subregions (genu and anterior body) of CC in AD com-
pared with HC [35, 39]. It is very difficult to summarize
the general picture of these results because other stud-
ies on AD “all stages” [23, 37, 40, 76] reported no
significant differences in MD or FA in the anterior and
posterior CC when the patient group was compared
with HC. Stahl et al. [40] also measured ADC and rel-
ative anisotropy and found no differences between AD
patients and HC. Furthermore, the findings of stud-
ies on more homogeneous patients, such as those with
mild AD, are discrepant. For example, Xie et al. [85]
found a decrease of FA in the genu and left anterior
body of the CC, whereas Ulkmar et al. [86] found a
decrease of FA in the genu and splenium of the CC.
Other studies [87–90] found no differences in the CC
in patients with mild AD.

Finally Lee et al. [82] found a decreased FA values
in all the CC regions (with the greatest group differ-
ences at the level of genu and splenium) in AD subjects
compared with HC. Agosta et al. [83], who also col-
lected DR and DA parameters, reported increased MD
and DA in rostrum, body and splenium of CC in AD
subjects compared with HC; and increased DR in ros-
trum and splenium of CC in AD subjects compared
with HC.

At present, the DTI study results on MCI patients
can be divided into two groups: (1) DTI studies on
both amnesic and MCI “all subtypes” [23, 40, 41, 87,
88, 91] that found no differences in MD and/or in FA
in the CC compared with HC; and (2) the most recent
studies, which reported differences between patients
and HC. One study on MCI “all subtypes” [92] found
a significant change in MD and FA in the genu and the
splenium of the CC in patients compared with HC. On
the opposite, Lee et al., [82] did not find any significant
differences of regional CC FA values in MCI “all sub-
types” when compared with HC. Moreover, studies on
amnesic MCI [86, 89, 93] mainly found a decreased FA
and/or increased MD value in the splenium of the CC.
Wang et al., [94] also reported a decreased FA value
in the genu and the splenium and increased ADC in
the genu of the CC (see Table 3 for technical details
of the study). In our study [21], we found reduced FA
in the genu and anterior body of the CC, increased
DA in the body and in the posterior subregions of the
CC and increased DR in the entire CC in patients with
mild AD compared with HC. We found no significant
differences in the CC in patients with amnesic MCI
compared with HC.

More recently Agosta et al, [83] reported increased
DA values in the rostrum, body and splenium of CC in
amnesic MCI compared with HC, with no significant
differences in MD, FA, and DR.

DISCUSSION

The purpose of this chapter was to summarize CC
changes in patients with AD and MCI with regard to
different illness stage and the measurements used to
calculate the modifications. Regardless of the tech-
nique used (i.e. ROI, VBM, DWI or DTI), the main
result in AD patients across all studies when sever-
ity of illness was not taken into consideration (AD
“all stages”) was primarily a change in the anterior
(genu and anterior body) and posterior (isthmus and
splenium) regions of the CC (see Table 4). This find-
ing is less consistent when patients are separated into
more homogeneous groups (e.g. mild AD and amnesic
MCI). Indeed, some studies reported changes in the
anterior subregion (e.g. [20, 46, 85]some in the poste-
rior subregion [20, 86, 94] and some found no callosal
changes [40, 88, 95]. This inconsistence in results may
be the consequence of reduced sample size of studies
considering discrete diagnostic categories of differ-
ent clinical severity. But, whatever the reason, little
is known about how early callosal atrophy occurs in
AD and whether this change is already detectable in
patients at higher risk of developing the disease, such
as those with amnesic MCI [51] (see Table 4).

Region-specific callosal reduction

In summary, callosal atrophy in AD “all stages”
affects the posterior and anterior subregions and spares
the body of the CC. Therefore, the CC atrophy found
in AD “all stages” groups corresponds with previously
reported cortical areas considered to be involved in AD
pathology [96]. The posterior subregion (splenium and
isthmus) subserves two-thirds of the higher-order pro-
cessing areas of the lateral temporal and parietal lobe,
which, together with the mesial temporal structures
[97], are primarily involved in cortical AD degenera-
tion [96, 98, 99]. This could interfere with functioning
of the posterior cortical memory networks, which sub-
serve episodic memory operations and are impaired
early in AD patients [100]. On the other hand, the
anterior portion (genu and anterior body) is respon-
sible for the inter-hemispheric connection between the
prefrontal association cortices [90, 101, 102], that is,
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Table 4
Summary of ROI, VBM, DWI and DTI studies of patients with Alzheimer’s disease and mild cognitive impairment since 1997 showing corpus

callosum changes

Body

Patients Techniques Studies Total CC Area Anterior CC A M P Posterior CC

AD “all stages” ROI Lyoo et al. (1997) + + + + +
Hampel et al. (1998) + + +
Teipel et al. (1998) + + + +
Thompson et al. (1998) +
Pantel et al. (1998) + + +
Hanyu et al. (1999b) + +
Teipel et al. (1999) + + + +
Pantel et al. (1999) + + + + +
Yamauchi et al. (2000) + +
Black et al. (2000) + + + + +
Teipel et al. (2002) + + +
Teipel et al. (2003) + + +
Hensel et al. (2004)
Thomann et al. (2006) + + + +
Tomaiuolo et al. (2007) + + + +
Li et al. (2008) + + + +
Hallem et al. (2008) + + +

VBM Good et al. (2002) +
Thomann et al. (2006) + +
Chaim et al. (2007) + + + +
Li et al. (2008) +
Guo et al. (2010) + +

DWI Sandson et al. (1999)
Hanyu et al. (1999a) + +
Hanyu et al. (1999b) + +
Bozzao et al. (2001)

DTI Rose et al. (2000) +
Bozzali et al. (2002) + +
Takahashi et al. (2002) +
Head et al. (2004)
Fellgiebel et al. (2004)
Sugihara et al. (2004)
Duan et al. (2006) +
Stahl et al. (2007)
Teipel et al. (2007) +
Zhang et al. (2007) +
Lee at al. (2010) + + + + +
Agosta et al. (2011) + + + + +

Severe AD ROI Di Paola et al. (2010a) + + +

VBM Di Paola et al. (2010a) + + +

DTI Parente et al. (2008) +

Moderate AD ROI Ortiz Alonso (2000) + + +

Mild AD ROI Lyoo et al. (1997) + +
Hensel et al. (2002) +
Teipel et al. (2003) +
Hensel et al. (2005)
Wang PJ et al. (2006) + +
Zarei et al. (2009)
Di Paola et al. (2010a)
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Table 4
(Continued)

Body

Patients Techniques Studies Total CC Area Anterior CC A M P Posterior CC

VBM Di Paola et al. (2010a)
Di Paola et al. (2010b) + +

DWI Bozzao et al. (2001)

DTI Choi et al. (2005)
Medina et al. (2006)
Naggara et al. (2006) +
Xie et al. (2006) + +
Damoiseaux et al. (2008)
Ulkmar et al. (2008) +
Parente et al. (2008)
Zarei et al. (2009)
Di Paola et al. (2010b) + + +

MCI “all subtypes” ROI Thomann et al. (2006) + + +
Hallem et al. (2008)

VBM Thomann et al. (2006)

DTI Zhang et al. (2007)
Shim et al. (2008) + +
Lee et al. (2010)

Amnesic MCI ROI Wang H et al. (2006) + +
Wang PJ et al. (2006)
Di Paola et al. (2010a)

VBM Di Paola et al. (2010a)
Di Paola et al. (2010b) +

DWI Wang PJ et al. (2006) +
Ray et al. (2006) +

DTI Fellgiebel et al. (2004)
Medina et al. (2006)
Rose et al. (2006)
Stahl et al. (2007)
Damoiseaux et al. (2008)
Ulkmar et al. (2008) +
Cho et al. (2008) +
Parente et al. (2008) +
Wang L et al. (2009) + +
Di Paola et al. (2010b)
Agosta et al. (2011) + + + +

AD = Alzheimer’s Disease; CC = corpus callosum; MA = mild ambiguous (similar to MCI); MCI = Mild Cognitive Impairment; Anterior
CC = rostrum and genu; Body (A = anterior; M = mid; P = posterior body); Posterior CC = isthmus and splenium.

the regions involved in the later stages of AD pathology
evolution [96, 98, 99]. These cortices are also impli-
cated in monitoring information in working memory
and in the active retrieval of information from pos-
terior cortical association areas [103–105]. Thus, the
volume reduction in these brain regions could account
for general deficits in executive functions and attention
in AD.

Finally, the body of the CC is most involved in
motor and somato-sensory functions, which are usually
spared in AD patients.

Possible underlying mechanisms

The basic assumption is that callosal atrophy in AD
is the anatomical correlate of Wallerian degeneration of
commissural nerve fibers. Therefore, it might show the
same pattern of neocortical neurodegeneration. Based
on the Wallerian degeneration hypothesis and on the
AD neuronal degeneration pattern [106, 107], the pos-
terior CC subregions should be involved in the earlier
stages of the disease and the anterior CC subregions
only in the later stages.
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Nevertheless, several studies [20, 85, 92] found that
a reduction in the genu of the CC was already present
in the early and preclinical stages of AD.

It has been recently suggested that myelin break-
down is an important component of the illness process
in AD [73, 108, 109]. According to this hypothesis,
late-mylenating fibers should be more susceptible to
myelin breakdown. The susceptibility of this subset of
axons to myelin breakdown [110–113] may constitute
an alternative mechanism through which the progres-
sion of cortical AD pathology occurs in the direction
opposite to myelination [96], that is, the fibers that
myelinate first in development are the last to be affected
by AD and those that myelinate much later in nor-
mal development are the first to be affected by the AD
degenerative process [73, 109].

The CC contains late-myelinating fibers in the genu
[101, 102] and early-myelinating fibers in the sple-
nium. Thus, it seems plausible to affirm that both
Wallerian degeneration and myelin breakdown mech-
anisms are responsible for the region-specific illness
effects. In this view, Wallerian degeneration affects
the posterior CC subregion that receives axons directly
from those brain areas (temporo-parietal lobe regions)
that are primarily affected by AD pathology. Differ-
ently, the myelin breakdown process might affect the
later-myelinating CC subregion, causing changes in
the genu of the CC already in the early stage of the
disease.

We tested the hypothesis that both Wallerian degen-
eration and myelin breakdown might be responsible
for the region-specific callosal change detected in the
mild AD patients in our VBM and DTI study [21]. We
followed the assumption, arising out of experiments on
animal models, that a reduction in DR might signify
a loss of myelin integrity and that a reduction of DA
might implicate axonal damage expected with Walle-
rian degeneration [72, 74, 75]. Our results [21] suggest
that both of these mechanisms affecting the callosal
WM are present. Indeed, we found atrophy in poste-
rior and anterior subregions of the CC already in the
early stage of AD (mild AD) and in amnesic MCI (see
VBM data). However, the atrophy seemed to be due
to different factors (see DTI data). In the anterior CC,
we found loss of the preference of water diffusion in
fiber direction (decreased FA) and major diffusion in
the direction perpendicular to the CC fibers (increased
DR). A change in DR not mirrored by a similar change
in DA (such as that observed in the anterior portion
of the CC) would most probably be caused by specific
damage to the myelin sheaths that restrict DR. Thus,

these changes suggest a loss of myelin integrity, pos-
sibly due to a myelin breakdown mechanism. In the
posterior CC subregion, we found an increase in water
diffusion in the direction of the fibers (increased DA, no
difference in FA). These changes suggest widespread
tissue damage leading to a generalized increase in
extracellular space due, for example, to the axonal
atrophy expected with Wallerian degeneration.

Discrepancies with previous findings

The controversial results concerning regional atro-
phy of the CC are most likely due to the methods
adopted across studies, such as the different crite-
ria used to select patients, the different stages of
illness considered and the different number of partic-
ipants. Regarding the criteria used to select patients,
here we report only a few examples. Thomann et al.
[10] defined MCI patients according to the Aging-
associated Cognitive Decline (AACD) criteria [114],
which have been demonstrated to capture a larger
group of patients than the MCI criteria [50, 51]. They
also included people with cognitive impairment of a
non-amnesic nature [115] and assigned the diagnosis
of MCI with higher probability [116]. Therefore, this
MCI group [10] was clearly more heterogeneous than
groups in other studies. Yamauchi et al. [14] studied
AD with early onset, which is considered a peculiar
type of AD. In fact, it has been shown that AD patients
with early onset have a typical and different topograph-
ical pattern of brain atrophy than patients with late
onset AD, with possible consequences on CC subre-
gion changes during the course of AD [117, 118].

Furthermore, the different degree of AD severity in
some previous samples may also have been responsi-
ble for discrepant results. Many studies included AD
patients with different degrees of pathology, for exam-
ple, from mild to severe [7, 14, 15] or from mild to
moderate [8, 10, 42] (see Tables 1–3). Thus, results
may have been biased by the presence of subjects at
different illness stages.

We have to consider that the vast majority of stud-
ies are cross-sectional, comparing AD patients and
controls. Thus, anatomical changes described in AD
patients could have existed prior to the onset of the
illness and considered as a risk factor in AD. To
solve this issue, in the near future follow-up investi-
gations are strongly required in order to clarify how
CC changes longitudinally in preclinical and clini-
cal AD.



764 M. Di Paola et al. / Corpus Callosum in AD and MCI

Limitations of the techniques

In early studies, the CC was manually traced (ROI
studies) and segmented according to common parcel-
lation schemes, that is, according to Witelson [44];
or Hampel [18] (see Table 1 and Fig. 2). These
callosal segmentation methods have generated con-
troversy with respect to the assumed topography of
the callosal fiber [48]. In a previous study [7], we
demonstrated that the pre-definition of callosal regions
can give rise to erroneous results. To overcome these
limits, some studies investigated callosal morphology
using ROI analysis, which does not involve traditional
parcellation [20, 43, 46], or applying an automated
technique, such as VBM [8, 10, 20, 66], which com-
pletely eliminates the manual tracing step.

Nevertheless, the VBM technique also has limita-
tions. One limitation is related to the variety of options
available for implementing the VBM [49, 119]. Senjem
et al. [49] found that 1) changes in the image process-
ing chain of the VBM noticeably influenced the results
of inter-group morphometric comparisons; 2) opti-
mized VBM, using custom template and prior images,
improved the plausibility of inter-group comparisons,
presumably due to improved segmentation and spatial
normalization. Thus, optimized VBM produces differ-
ent results from those obtained with standard VBM.
Prior to Senjem et al. [49], other authors had already
pointed out the importance of spatial normalization,
emphasizing that imperfect spatial normalization may
affect the validity of VBM results [64, 120, 121].

There may be several reasons for the discrepant find-
ings in DWI and DTI studies. First, the anisotropy
indices from DWI are estimated from ADCs in three
orthogonal directions, resulting in rotationally vari-
ant measurements that might differ if patients’ heads
are not the same size and oriented in the same way
[122]. Thus, results are influenced by the different head
positions of the subjects. DTI studies represent a step
forward in this direction, because the scalar quantities
associated with diffusion tensor (D) are invariant with
respect to rotation of the coordinate system and, there-
fore, independent of the laboratory reference frame in
which D is measured (i.e., they have the same value
irrespective of the relative orientation of the “labora-
tory” and “fiber” frames of reference) [123]. Another
aspect that can in part explain the variability in the
results of DWI and DTI studies is how accurate the
studies are in determining the location of changes.
The latter can be inferred basically from ROI anal-
yses [40, 41, 92], voxel-wise comparisons [32, 85,

87] or projecting diffusion values onto a tract-based
template (TBSS) [88]. These approaches, however, all
make assumptions about the correspondence of tract
locations across subjects [124].

Moreover, with respect to the ROI analyses (the
ones most frequently adopted in the DTI studies we
reviewed; see Table 3), variability of results can be
accounted for by the size and the placement of the
ROIs across studies. As the placement of the ROIs
is operator-dependent, care must be taken to place
the ROIs only in WM areas to avoid partial vol-
ume effects through cerebrospinal fluid spaces. This
is because intravoxel fiber incoherence diminishes the
measured FA value. Thus, large ROIs are more likely
to include other tissue than just WM, diminishing the
FA value. Furthermore, the number of ROIs simulta-
neously examined in the studies and the difference in
sample size (fixed vs variable) can influence results.

Furthermore, the VBM-style approach in DTI stud-
ies presents problems related to image registration and
smoothing [125]. The first aspect can be generally
expressed as the confidence we have that any given
standard space voxel contains data from the same part
of the same WM tract in each and every subject. A
second problem with VBM-style analyses regards the
standard practice of spatially smoothing data before
computing voxelwise statistics. In fact, the amount of
smoothing can greatly affect the final results, but there
is no principled way of deciding how much smooth-
ing is the “correct” amount [126]. Smoothing also
increases effective partial voluming, a problem with
VBM-style approaches particularly when applied to
data such as FA. The use of TBSS [88, 90] seems
to overcome the limitations due to alignment of FA
images from multiple subjects and to the arbitrari-
ness of choosing the degree of spatial smoothing.
TBSS solves these issues by means of carefully tuned
nonlinear registration followed by projection onto an
alignment-invariant tract representation (the “mean FA
skeleton”) with no spatial smoothing. This projec-
tion step removes the effect of cross-subject spatial
variability that remains after the non-linear registra-
tion.

New possibilities in the research of WM callosal
anatomy arise from the use of DTI in conjunction
with fiber tractography. DTI-based tractography pro-
vides unique access to in vivo information about the
topography of callosal fibers [48, 127]. The technique
allows to reconstruct the topographic arrangement of
transcallosal fiber tracts projecting into specific cor-
tical areas. Basically two ROIs are drawn, one is the
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entire CC and the other is each cortical area of projec-
tion. Then, a fiber tracking software is used to compute
a 3D trajectory between the two ROIs. In both studies
cited [48, 127] the streamline fiber tracking method
was based on fiber assignment by continuous track-
ing (FACT) [128]. The track trajectories follow the
principal eigenvectors (the principal orientation of the
fiber tract within the white matter). When the 3D fiber
track trajectory enters a neighboring voxel, the fiber
track’s direction is altered to match the direction of the
new voxel’s primary eigenvector. The 3D fiber track is
allowed to continue from voxel to voxel until it enters
a region of FA less than 0.02, turns an angle greater
than 50◦ between two consecutive voxels, or exits the
brain.

Thus, DTI-based tractography is able to give infor-
mation about the anatomical parcellation and cortical
connectivity of CC subregions. This aspect is of great
interest especially for those neurodegenerative disor-
ders that affect the transcallosal connectivity.

However, DTI-based tractography has its own lim-
its: it is prone to noise, partial volume effects and
crossing fibers and to image resolution. Thus, future
works would substantially benefit from DTI-based
tractography especially if the limits of the technique
will be improved with a better spatial resolution of DTI
acquisitions, a greater number of diffusion-encoding
gradients and a more adequate representation of orien-
tational distributions.

CONCLUSIONS

Overall, the data suggest that studying the CC con-
tributes to understanding the mechanisms underlying
the progression of white matter changes in AD and
to expanding knowledge of its role in cerebral cogni-
tive functioning. For this purpose, the application of
different MRI techniques (e.g., traditional structural
MRI and DTI) is crucial, because the measurement of
more parameters can offer a clearer picture of the WM
changes in AD.
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Abstract. The number of people living with Alzheimer’s Disease (AD), the number one cause of Dementia, is projected to
increase dramatically over the next few decades, making the search for treatments and tools to measure the progression of AD
increasingly urgent. The antisaccade task, a hands- and language-free measure of inhibitory control, has been utilized in AD
as a potential diagnostic test. In the antisaccade task, a participant is told to inhibit a reflexive (or automatic), visually-guided
saccade (rapid eye-movement) to a peripheral target, and to make an “antisaccade” in the opposite direction to a non-existent
target. While antisaccades do not appear to differentiate AD from healthy aging better than measures of episodic memory, they
may still be beneficial. Specifically antisaccades may provide not only a functional index of the Dorsolateral Prefrontal Cortex
(DLPFC), which is damaged in the later stages of AD, but also a tool for monitoring the progression of Alzheimer’s Disease.

Keywords: Alzheimer’s disease, antisaccades, dorsolateral prefrontal cortex, dementia

INTRODUCTION

Alzheimer’s disease (AD), characterized by gradual,
progressive loss of episodic memory (autobiographi-
cal memory for events), is the most common single
cause of dementia affecting four million Americans,
and is quickly becoming one of the “most burden-
some health conditions worldwide” [1]. In the next two
decades, the number of individuals diagnosed with AD
will nearly double in North America and Europe, while
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in Asia it will nearly quadruple [1]. As new pharma-
ceuticals are developed to treat and possibly prevent
AD, early diagnosis and disease treatment monitor-
ing will become increasingly important. Currently
used NINCDS-ADRDA (National Institute of Neu-
rological and Communicative Disorders and Stroke
– Alzheimer’s Disease and Related Disorders Asso-
ciation) diagnostic criteria, and the newly proposed
criteria [2] both include deficits in episodic memory
as the core diagnostic feature of AD. Although decline
in episodic memory is central to typical AD, an under-
standing of additional deficits associated with AD may
aid in tracking the progression of AD and monitor-
ing the effectiveness of treatments. Once such deficit
that has been noted in patients with AD is difficulty
exerting flexible control over prepotent saccades dur-
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Table 1
Studies investigating antisaccade performance in Alzheimer’s disease

N Control age N Patient age Diagnostic criteria MMSE PL PA AL AE

Fletcher et al. (1986) 11 69 (6.5) 13 69 (6.1) “Clinical Diagnosis” 18.3 (4.1) ND* Hypo NA 74% GT
Currie et al. (1991) 180 41 (18) 30 67 (8) NINCDS-ADRDA NA NA NA NA >30% GT
Abel et al. (2002) 11 67.4 (5.4) 11 73.1 (9.4) NINCDS-ADRDA 20.6 (7.6) ND NA NA 75.6% GT
Shafiq-Antonacci 245 62.8 (8.6) 35 70.9 (9.4) NINCDS-ADRDA 17.1 (7.4) GT Hypo GT 55.9% (32.7) ND

et al. (2003)
Crawford et al. (2005) 18 75.2 (3.8) 18 77.8 (4.8) NINCDS+DSM IV 20.9 (4.3) ND ND ND 53.4% (23.6) GT
Mosimann et al. (2005) 24 75.3 (5.8) 22 78.1 (6.8) NINCDS-ADRDA 17.9 (4.7) ND ND ND 80% (42) GT
Boxer et al. (2006) 20 64.4 (7.2) 18 58.4 (7.2) NINCDS-ADRDA 18.7 (8.5) ND ND ND 60% GT
Garbutt et al. (2008) 27 65 (1.5) 28 59.8 (1.4) NINCDS-ADRDA 19.5 (5.3) GT ND GT 75% GT

MMSE = Minimental Status Exam, PL = Prosaccade Latency, PA = Prosaccade Amplitude, AL = Antisaccade Latency, few studies included
antisaccade amplitude, thus it was omitted from the present table, AE=Antisaccade Errors, ND = No difference, GT = Greater than,
Hypo = Hypometric, NA = not applicable.

ing the antisaccade task (Table 1) [3–10]. A saccade is
a rapid eye movement to a specific target that includes
prepotent saccades that are reflexive and often made
in response to a suddenly appearing visual stimulus.
Results from antisaccade studies indicate that the task
may have potential for monitoring progression, specif-
ically the emergence of dorsofrontal functional deficits
in AD, as well as monitoring new treatments

The antisaccade task

In the antisaccade task, a participant is told to inhibit
a reflexive (or automatic), visually-guided saccade to a
peripheral target, and to make an “antisaccade” in the
opposite direction to a non-existent target (Fig. 1) [11].
Thus, the antisaccade task probes one’s ability to exert
flexible control by overcoming the prepotent reflex-
ive saccade response. If the participant fails to inhibit
the reflexive saccade and makes a saccade towards the
peripheral target, this constitutes an antisaccade (i.e.,
inhibition) error. The task has been widely adopted
in some clinical disorders because of several advan-
tages over other cognitive tests: it does not require
a verbal or manual response and is well tolerated in
patients with dementia, including AD, and Frontotem-
poral Degeneration (FTD) [8]. Furthermore, patients
are often unaware of their mistakes and rarely, if ever,
become frustrated. Although the task relies on making
a parsimonious response - a saccade, it provides multi-
ple and easily quantifiable metrics. For instance, both
errors that are later corrected and those that remain
uncorrected can be quantified, as can amplitude (sac-
cade distance), and latencies (time between stimulus
presentation and saccade completion). Corrected anti-
saccade errors consists of trials in which a participant
first made a prosaccade, when they should have made

an antisaccade, but then quickly follow-up with a cor-
rect antisaccade.

Recently, the neural correlates of the task have
become better understood [12]. An absence of ver-
bal or manual responses enables the antisaccade task
to be used in neuroimaging environments, such as
magnetoencephelography (MEG) and functional mag-
netic resonance imaging (fMRI), which do not tolerate
movement well. Consequently non-human primates
can be studied using the antisaccade task, providing a
model for understanding its neural correlates [12]. The
relative simplicity of the antisaccade task has enabled
children, adolescents, adults and the elderly to com-
plete the task, which has also provided developmental
data [13].

Developmental changes

The frontal lobes undergo rapid changes from child-
hood to adolescence, followed by gradual changes
during later adulthood as the later evolved struc-
tures such as the frontal lobes gradually become fully
myelinated. Children under 10 years of age have
great difficulty performing the antisaccade task, mak-
ing more errors in direction than adults [13, 14].
Between the ages of 10 and 15 antisaccade per-
formance improves dramatically and continues to
improve into early adulthood. The reduction in anti-
saccade error rates appears to closely mirror structural
changes that occur from childhood to adulthood. For
example, volumetric imaging has shown that between
the ages of 8 and 22, total white matter volume
increases linearly with age [15]. In the frontal lobes,
grey matter shows a non-linear increase over time,
with a peak volume around the age of 12, followed
by a gradual decline presumed to relate to synaptic
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Fig. 1. The arrows denotes where participant is suppose to be look-
ing. During the Prosaccade task they fixate on the cross, then make
a saccade to the peripheral target. During the Antisaccade task they
fixate on the cross but then look away from the peripheral target.

extermination [15]. In addition to volumetric indices of
structure, diffusion tensor imaging (DTI) has revealed
that white matter microstructural integrity and myeli-
nation, increases in the frontal lobes from childhood to
adulthood [16].

During older adulthood, aging is associated with
a general decline in grey matter volume [17] and a
reduction in white matter microstructure integrity [18]:
a gradual reversal of developmental changes. Stud-
ies of antisaccade performance from young adulthood
onwards have reported either a non-significant upward
trend in error rates [4, 7, 12, 19] or a significant
increase in error rates with aging [13, 20, 21]. Fur-
thermore, fMRI has revealed a compensatory shift in
antisaccade related activation between young adults

and older adults indicative of functional differences
between young and older adults [19].

Functional imaging studies

Developmental and aging studies indicate a rela-
tionship between frontal lobe function and inhibitory
failure in the antisaccade task. Functional neuroimag-
ing techniques such as positron emission tomography
(PET) and fMRI have provided more specific informa-
tion on neural substrates, implicating specific regions
within the frontal lobes for successful antisaccade gen-
eration. In the simplest imaging experiments using
either PET or fMRI, blocks of antisaccades were com-
pared to prosaccades, and revealed greater activation
for antisaccades in the frontal eye fields and the supe-
rior parietal lobule, when compared with prosaccades
[22, 23]. Early functional imaging studies led to con-
flicting views on the involvement of the dorsolateral
prefrontal cortex (DLPFC): some found activation in
the right DLPFC [24, 25], while others did not [22,
26]. However, block designs have many shortcom-
ings for analysing antisaccade related activity. Block
designs do not allow temporal differentiation between
the components of an antisaccade such as: 1) inhibiting
a prosaccade, 2) generating an antisaccade and 3) mak-
ing a retrosaccade back to the central fixation. There is
the potential that activation could either be nullified or
enhanced by a negative or a positive response respec-
tively, from one of the other components. Furthermore
it is difficult to tease apart the effect of antisaccade
directional errors, reduced latencies and hypomet-
ric responses on the blood oxygen level dependent
(BOLD) signal. Event-related designs, in which each
antisaccade event is temporally spaced, and later aver-
aged, have been used to overcome these problems.

Using an event-related design, the BOLD response
associated with either preparation or with the motor
phase of an antisaccade can be compared. When
the BOLD response during these two phases was
examined, it was discovered that increases in BOLD
signal in the right DLPFC and bilateral frontal eye
fields, associated with antisaccades, were actually due
to preparation and not action [24]. These findings
were confirmed in a combined electroencephalogra-
phy (EEG)/MEG study which also found more activity
in the medial aspects of the frontal eye fields, sup-
plementary eye fields and prefrontal cortex during the
planning phase of an antisaccade [27]. Finally, during
the retrosaccade, when the participant makes a sac-
cade back to the center, there is actually a negative
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bold response [28], suggesting a mechanism by which
retrosaccade activity may have cancelled out positive
DLPFC BOLD signal in some block designs.

Comparison between successful antisaccades and
antisaccade errors has also revealed some important
details. For instance, fMRI and EEG have demon-
strated increased BOLD signal and increased negative
potentials, respectively, in the DLPFC during correct
antisaccades when compared with incorrect [29, 30].
When Ford and colleagues compared correct antisac-
cades with correct prosaccades, they found greater
activity in the anterior cingulate cortex, left DLPFC,
bilateral frontal eye fields, pre-supplementary eye
fields and parietal areas [30]. When they compared
correct to incorrect antisaccades, they found a greater
BOLD response in the right DLPFC, anterior cingulate
cortex and pre-supplementary eye fields. Thus, the left
DLPFC shows greater activity for antisaccades com-
pared with prosaccades, and the right DLPFC exhibits
greater activity for correct than incorrect antisaccades.
The differences between right and left DLPFC acti-
vation reported by Ford and colleagues parallel the
localization of two of the three frontal processes
described by Stuss and Alexander [31], task setting and
task monitoring. The antisaccade task requires greater
task-set demands than the prosaccade task, which may
explain the greater left DLPFC activation for antisac-
cades relative to prosaccades. In contrast to task setting,
involving the left DLPFC, Stuss and Alexander [31]
reported an association between damage of the right
lateral dorsalfrontal regions and impairments in task
monitoring. Greater right DLPFC activation for correct
antisaccades, relative to incorrect antisaccades, may
reflect increased in task monitoring related to success-
ful antisacccade performance.

Focal lesion studies

The involvement of the DLPFC in antisaccades
can be inferred indirectly from functional neuroimag-
ing studies, but data from patients with focal lesions
provide more direct evidence that its integrity is neces-
sary for making correct antisaccades. Lesions affecting
either the left or right mid-DLPFC are consistently
associated with increased error rates [32–34]. For
example, Pierrot-Deseilligny and colleagues examined
patients with lesions that affected either the posterior
parietal cortex, the frontal eye fields, supplementary
motor area or the DLPFC [33]. They found that patients
with lesions in the right or left DLPFC made more
directional errors than controls or patients with lesions

in the frontal eye fields or supplementary motor area.
In a recent study, patients with lesions resulting from
infarcts were separated into two groups: those whose
antisaccade performance was in the same range as
normal controls and those who were outside that
range [34]. Lesion analysis showed that damage in
the high error group primarily involved areas in either
the right or left dorsofrontal cortex that have efferent
connections through the anterior limb of the internal
capsule with the superior colliculi. Specifically the
mid-DLPFC, which has efferent connections through
the anterior limb of the anterior capsule into the supe-
rior colliculi, was the only area that was damaged in
each patient in the high error group. Although Ploner
and colleagues did not conduct significance tests on
latency differences between the two groups, the high
error group showed longer latencies than the low error
group. Amplitude was not reported [34].

Gaymard and colleagues observed that a patient with
a small focal lesion affecting the connections between
the DLPFC and superior colliculi made more direc-
tional errors than controls, but had normal latency and
amplitude [35]. A subsequent study that examined 30
patients with subcortical lesions found that only those
with damage to the anterior limb of the internal capsule,
the genu or the most anterior portion of the posterior
limb of the internal capsule had high error rates. In con-
trast, those not considered impaired on the task had no
damage to those regions; rather, their damage involved
the posterior limb of the internal capsule and parts of
the thalamus and basal ganglia [36]. Both groups of
patients showed similar latencies and amplitude dur-
ing the prosaccade task, but latency and amplitude were
not reported for the antisaccade task.

The fact that there is some understanding about
the neural correlates of the antisaccade task coupled
with its other advantages make the antisaccade task an
attractive measure of inhibitory control and executive
function. Given that lesion and functional imaging evi-
dence both support a critical role of the DLPFC in the
antisaccade task, the task may also provide a useful
index of DLPFC integrity in the dementias, such as
AD.

Differentiating Alzheimer’s disease from
healthy aging

Patients with AD make significantly more antisac-
cade errors than controls (Table 1) and also leave many
more of their errors uncorrected [9]. During the prosac-
cade task (Fig. 1), patients with AD perform mostly
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within normal range (Table 1), emphasizing that errors
in the antisaccade task are made in the absence of any
impairment in visually-guided saccades. Despite the
fact that AD patients make significantly more antisac-
ccade errors than age-matched controls, antisaccades
have limited diagnostic potential in differentiating
patients from age-matched controls. Shafiq-Antonacci
and colleagues [6] found that although robust differ-
ences between some patients with AD and controls
exist, the antisaccade task had only a modest sensi-
tivity and specificity and concluded that “antisaccade
performance cannot identify AD in individual cases”.
In support of this conclusion, results from the most
optimistic studies indicate that the task can only dif-
ferentiate 40% of patients with AD from age-matched
controls (Table 2) [6–8]. Moreover, groups of patients
with AD show a much larger variance in the percentage
of antisaccade errors relative to age-matched controls
[3, 5, 6], emphasizing that some patients are either not
significantly impaired or are not impaired at all. Rel-
ative to tests of episodic memory, antisaccades offer
little utility for the detection of AD; they may, however,
be an index of DLPFC involvement and thus useful for
monitoring emergence of DLPFC deficits, progression
over time and possibly response to treatment in AD.
Unfortunately previous studies have not been longi-
tudinal in nature, making it impossible to conclude if
all patients with AD eventually develop antisaccade
performance deficits and whether their performance
degrades over time.

Antisaccade errors and dorsolateral prefrontal
pathology in AD

Declines in hippocampal volume and episodic
memory appear to be the earliest brain-behaviour cor-
relations in AD, mirroring the development of AD
pathology [2]. Progression and topographical distri-
bution of neuropathology in AD has been categorized

Table 2
Power analysis and differentiation capabilities of the antisaccade

task in Alzheimer’s disease

Control AD Mean Cohen’s
errors (SD) Errors (SD) difference d*

Shafiq-Antonacci 31.44 (15.36) 55.88 (32.74) 24.44 0.96
et al.

Crawford et al. 18.4 (13.4) 53.4 (23.6) 35 1.83
Mosimann et al. 25 (38) 80 (42) 55 1.37

Only studies which provided both mean and standard deviation
(SD) values were included in this table; *Cohen’s d = (MeanAD –
MeanCon)/SQRT((SD2

AD + SD2
CON)/2).

into six stages, in which AD neurofibrillary tangles
first appear in the medial temporal lobes, then grad-
ually move into temporal-parietal association cortices
and finally the frontal regions [37]. The DLPFC, crit-
ical for antisaccades, is thought to be relatively free
of tangle pathology during the early phases of the dis-
ease, though paradoxically, PET labelling suggests the
presence of pathology even in preclinical stages of the
disease [38]. Therefore patients with early AD, who
may have little or no dorsolateral frontal pathology,
may show little to no impairment on the antisaccade
task. The mini-mental status exam (MMSE), a gen-
eral measure of cognition, shows a strong correlation
with antisaccade error rates: as MMSE scores decline
and dementia worsens, patients make more errors [4–6,
9]. However, Boxer and colleagues [9], examined a
subgroup of patients with mild AD, who had MMSE
scores greater than 22 out of 30, and found that they
did not make significantly more errors than controls,
suggesting antisaccade impairments may not arise in
the early stages of the disease. An absence of antisac-
cade impairments in patients with mild AD, followed
by a gradual increase in errors with dementia sever-
ity, as indexed by the MMSE, suggests that the task
may provide information on not only the progression
of the disease but also the progression and magnitude
of DLPFC functional impairment.

Barriers in adopting the antisaccade task as a
probe of DLPFC function

The validity of using the antisaccade task as a mea-
sure of executive function and inhibitory control in
patients with AD is supported by its correlation with
other measures of executive function [7, 9]. However,
before the antisaccade task can be used as a clinical
index of DLPFC function in AD, there are several
issues that require further clarification. First, the rela-
tionship between dementia severity and antisaccade
performance is based on cross-sectional between-
subject data, not longitudinal within-subject data.
Second, the proposed relationship between DLPFC
pathology and increased error rates in AD is largely
based on indirect inference and would benefit further
from confirmatory structural and functional neu-
roimaging. Third, a successful antisaccade consists of
several underlying processes, such as inhibition of a
prepotent saccade and generation of a voluntary sac-
cade, and impairment in any of the subprocesses may
result in increased error rates, obfuscating potential
brain behaviour relationships. Furthermore, despite the
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potential testing convenience provided by clinical ver-
sions of the antisaccade task, which will be discussed
shortly, typical saccade measurement relies on costly
eye-monitoring equipment not available in most clin-
ical environments, potentially deterring widespread
clinical adoption.

Finally, each study in Table 1 has utilized slightly
different temporal (gap, step or overlap) and spatial
variants (angle of peripheral target offset) of the anti-
saccade task, which complicates direct comparison.
The three main temporal variants of the antisaccade
task, the gap, step and overlap refer to the temporal
characteristics between the central fixation point and
the peripheral target. The gap variant, used by Boxer
and colleagues [7], typically includes a temporal gap
of 200 ms between the disappearance of the central fix-
ation point and the appearance of the peripheral target.
In the overlap condition, the fixation target overlaps
temporally with the peripheral target, while the step
variant is a compromise between the overlap and gap
variants, in which the central fixation point disappears
simultaneously with the appearance of the peripheral
target. Additionally, many studies fail to explicitly
report the parameters they have used, making direct
comparison difficult. Despite the variation and opacity
in reported antisaccade parameters, the overall findings
from the previously mentioned studies are consonant
with each other: patients with AD make significantly
more errors than controls.

The antisaccade task as an index of severity

The relationship between MMSE scores and anti-
saccade error rates supports the notion that error rates
may mirror disease progression, but are 1) based on
cross-sectional comparisons, and 2) under-represent
those in the earliest stages of AD. Most existing
studies have focused on patients in the moderate to
severe stages of AD (see Table 1), which may exag-
gerate differences between AD and controls and may
strengthen the correlation between MMSE scores and
error rates. For instance patients on the lowest end of
the MMSE spectrum tend to make 100% uncorrected
errors making it difficult to infer whether directions
were even understood or remembered. An emphasis on
mild to moderate patients may reduce the likelihood
of including patients who fail to understand the task
and could enhance the understanding of the relation-
ship between antisaccade performance and severity of
dementia. Secondly, patients in the earlier stages of
AD show greater heterogeneity in neuropsychologi-

cal impairment. For instance, some AD patients have
been categorized as “frontal variant AD” as they not
only perform significantly worse on frontal tasks, than
average AD patients, but also show greater frontal atro-
phy [39]. Inclusion of only a small number of mild AD
patients may have failed to capture variations in frontal
deficits potentially underestimating error rates in mild
AD.

Neuroimaging and dementia

The relationship between AD neurofibrillary tan-
gle pathology distribution and antisaccade deficits is
largely based on an assumption that those who are
less demented, and make fewer errors, may have
less pathology in the DLPFC. Boxer and colleagues
[9] used voxel-based morphometry to examine the
association between brain atrophy and antisaccade
performance in patients with AD and those with fron-
totemporal degeneration (FTD). They found that the
volume of an area located ventrally to the right frontal
eye fields was correlated with correct responses, while
supplementary eye fields volume was correlated with
antisaccade latency. Although these findings reinforce
the relationship between the dorsofrontal cortex and
antisaccade performance, they failed to find a rela-
tionship between antisaccade performance with either
DLPFC or frontal eye field volumes, which, as stated
earlier, are regions critical for inhibition of prosac-
cades and generation of antisaccades respectively. By
including both FTD and AD patients in a single group,
despite the heterogeneity in the distribution and type
of pathology within FTD and AD [40, 41], Boxer
and colleagues may have prevented detection of cor-
relations between structure and performance [9]. For
instance, high variability in antisaccade performance,
coupled with the low sensitivity of antisaccades [6]
indicates many patients are unimpaired and may lack
sufficient DLPFC pathology and atrophy, thus elimi-
nating any significant correlations between structure
and function. Furthermore, Boxer and colleagues cor-
rected for MMSE scores, which are strongly correlated
with error rates in AD; controlling for MMSE scores
may have inadvertently eliminated any relationship
between error rates and DLPFC or frontal eye field vol-
umes. Utilizing methodology from antisaccade focal
lesion studies [34], future investigations should divide
patients with AD into two groups: 1) those whose per-
centage of errors fall within normal range and 2) those
who make significantly more errors than normal. Such
a division would be of interest in the middle stage of
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disease, as error rates would be common in moderate
to severe-stage disease. On the milder cases however,
grouping patients by the differences in error rates could
reveal whether this correlates with regional differ-
ences in atrophy, perfusion or white matter integrity
in areas believed to be critical for antisaccade perfor-
mance. Furthermore, could differences between high
and low error AD patients could be correlated with neu-
ropsychological deficits in executive function, more
specifically with inhibitory control? Ultimately such
a design would strengthen brain behaviour correla-
tions by reducing the heterogeneity of performance and
presumably pathology distribution within AD groups.

Diffusion tensor imaging, a technique for examin-
ing white matter tissue microstructure, has revealed
differences in patients with AD relative to controls.
Specifically, the superior longitudinal fasciculus, a
bundle of fibers that connects posterior and frontal
regions of the brain and also includes connections
to the DLPFC, was reported to show a decrease in
the Fractional Anisotropy (FA) [41]. FA is a measure
of white matter cohesion and integrity, so a decrease
is indicative of underlying structural aberrations that
may elucidate brain-behaviour correlations. Correlat-
ing error rates and diffusion tensor metrics such as
FA would provide insight into the potential role white
matter injury may have on antisaccade performance in
AD.

Functional imaging techniques such as single pho-
ton emission computerized tomography (SPECT), a
semi-quantitative measure of regional cerebral blood
flow and fMRI have provided important insights into
the relationship between memory and brain function in
AD and may provide further insight into antisaccade
errors. Using SPECT, Garrido and colleagues found
that patients with AD showed decreased cerebral blood
flow in the left medial temporal lobes, relative to con-
trols during a verbal recognition memory task [43].
Likewise Grady and colleagues used fMRI to study
compensatory frontal network activity during memory
tasks in mild AD [44]. The relationship found between
functional aberrations and poor memory might be
mirrored in a relationship between increased antisac-
cade errors and abnormal DLPFC activation patterns.
For instance, fMRI and positron emission tomog-
raphy have revealed decreases in activation in the
anterior cingulate and DLPFC in Schizophrenia, a
psychopathology associated with increased antisac-
cade errors [45]. Thus, antisaccade imaging studies
conducted in healthy adults and other patient groups,
such as Schizophrenia, could provide an experimental

framework that could be repeated in AD. Functional
imaging results coupled with structural neuroimaging,
in AD, could provide more direct in vivo evidence for
a correlation between DLPFC changes and increased
error rates.

Fractionation of processes in the antisaccade task

The antisaccade task is comprised of multiple sub-
processes that contribute to a successful execution [12].
A participant must be able to fixate on the central fix-
ation point, then inhibit a reflexive saccade, invert the
saccade vector to a non-existent target and make a vol-
untary saccade in the direction of the updated vector.
In addition to the processes directly related to the task,
there are secondary processes that are also critical for
successful antisaccades. For instance, a patient must
be able to understand and remember the task’s direc-
tions and vigilantly attend to the task. According to the
accumulator model, the process that reaches threshold
first, either the antisaccade or the erroneous prosac-
cade, determines which behaviour is initiated [12].
For instance, if the antisaccade process reaches thresh-
old before an erroneous prosaccade, an antisaccade is
carried out. Deficits in any of the above-mentioned
processes could result in a slowing of the antisac-
cade process, increasing the chance that an erroneous
prosaccade is generated. In determining whether anti-
saccade errors in AD result from inhibitory deficits
and ultimately DLPFC dysfunction, it will be critical
to fractionate the underlying sub-processes to insure
other components impaired in AD, such as memory,
are not contributing significantly to antisaccade errors.

Fractioning the antisaccade task: inhibition
control

Fractionation of inhibition from the other processes
can be accomplished through additional saccade task
manipulations. Two tasks which focus on inhibition
are: 1) the no-go task, in which the participant main-
tains fixation while peripheral targets appear, and 2) the
go no-go task, in which the participant must fixate dur-
ing some trials (no-go trials) and make saccades during
other trials (go trials). No-go and go no-go tasks are
easier than the antisaccade tasks because they do not
require a vector inversion or volitional generation of
a saccade: they simply require inhibition in a propor-
tion of the trials. Crawford and co-workers found that
patients with AD made significantly more inhibition
errors on both tasks, when compared with controls,
suggesting that inhibitory deficits, not deficits in vec-
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tor inversion or volitional control, may be the greatest
contributor to antisaccade errors in AD [7].

Fractioning the antisaccade task: fixation
Typical antisaccade coding schemes require a par-

ticipant to fixate centrally for at least 200 ms prior to
a successful antisaccade; trials that fail to meet this
requirement are eliminated from analysis [6]. Reported
fixation deficits in patients with AD [3] may result in
greater numbers of eliminated trials in the AD group,
resulting in fewer analyzable trials. Presenting a static
image with several targets and asking the participant
to maintain fixation on a single target for a specified
time provides a parsimonious method for testing fixa-
tion. The task could be repeated using different static
images and different fixation points.

Fractioning the antisaccade task: vector inversion
Successful antisaccades require a vector inversion:

the prosaccade vector must be inverted to a saccade
in the opposite direction towards a non-existent tar-
get, a visuospatial process which imaging and lesion
studies have suggested is mediated by the posterior
parietal cortex [46, 47]. Although not typically the
presenting symptom, spatial and visuomotor deficits
are often detectable in the mild to moderate stages of
AD [47–50]. Correlations of performance of antisac-
cade tasks have been reported with two visuospatial
tasks: fig. copying with correct antisaccades [9] and
spatial span with uncorrected errors [7]. Despite these
correlations of visuospatial deficits with antisaccade
errors, it is unclear if they are contributing factors to
the increased error rates present in AD. For instance,
error rates are significantly elevated during the no-go
task, which only includes the inhibitory component of
the antisaccade task, not the visuospatial component.

Fractioning the antisaccade task: voluntary
saccades

A voluntary saccade to a non-existent target dif-
fers both neurologically and in difficulty from the
reflexive saccades generated in the prosaccade task.
While the frontal eye fields are involved in generat-
ing voluntary saccades, a region in the parietal lobes
is implicated in generating reflexive visually guided
saccades [12]. When patients with frontal eye field
focal lesions make antisaccades, they typically show
longer antisaccade latency and depending on the study
error rates remain normal [51] or are elevated [52].
In contrast, patients with AD do not consistently show
longer latencies, but do consistently make more errors.

Furthermore, the frontal eye fields are one of the last
regions to be affected by AD tangle pathology making
it further unlikely that voluntary saccade generation
is impaired or is the cause of increased error rates in
AD.

Memory, understanding and Attention

A failure to make correct antisaccades could result
from deficits in memory, understanding, and/or atten-
tion. Despite significant impairments in each of those
domains in AD, studies have posited that those impair-
ments do not contribute to increased errors because of
two factors. First, when performance on an antisaccade
block is divided into two halves, performance is sta-
ble between the two halves; indicating patients are not
progressively forgetting task instructions [7]. Second,
patients usually generate at least one correct antisac-
cade, or one corrected antisaccade, a reaction not seen
in prosaccades. This suggests that patients remembered
the task well enough to make at least one antisaccade
[3]. However, just as inhibitory control is considered
impaired in patients with DLPFC lesions, despite gen-
erating a few correct responses, patients with AD may
still make errors due to poor short-term memory. Neu-
ropsychological indices of memory, such as verbal
episodic memory [9] and memory quotient [4], cor-
relate with antisaccade performance, suggesting that
impairments in memory may partly contribute to anti-
saccade errors. Perhaps the most pertinent question is
whether patients not only remember and understand the
task’s instructions immediately before the task begins,
but also once it has ended. A patient’s understanding of
the task is often determined by having the patient either
point to where they are suppose to look, or verbal repe-
tition of the instructions [7]. Repeating these steps after
the task is completed would not only test memory but
would also test a patient’s understanding of the task,
but this has yet to be reported in any published study.

Although deficits in attention have been documented
in patients with AD [53], their effect on antisaccade
performance has not been explored. If impairments in
memory, understanding or attention lead to increased
errors, there would be little utility in using the anti-
saccade task as a measure of disease progression as
memory or other cognitive tasks would suffice. If either
impairments in memory, understanding or attention
contribute to increased error rates, a link between the
DLPFC, inhibitory control and error rates in AD would
be difficult to infer. Thus, excluding these processes
and behavioural domains as major contributors to anti-
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saccade error rates should remain a priority for future
studies.

Task sequence

Statistical analysis of antisaccade data has primarily
relied on univariate models that assume performance
on a single trial is independent from other trials. For
example, these models assume that performance on
a trial (n + 1) is in no way affected by the previous
trial (n). However, this assumption appears false, as
data from normal controls indicates performance on a
current trial is influenced by the direction of the pre-
vious trial, relative to the direction of the current trial
[54–56]. For instance, if a peripheral target appears on
the left side for two trials in a row, the second trial
would be categorized as “same” and would be asso-
ciated with fewer errors than a “different” trial (a trial
preceding by a trial of a different direction, i.e. left then
right) [54]. However, this effect may not be consistent
across age and patient groups, potentially confound-
ing differences between patients with AD and elderly
controls.

Clinical adaptation

Although clinical variations of the antisaccade task
are easy to administer, typical antisaccade experiments
use sophisticated eye-tracking labs that are often costly
to establish, lack portability and use techniques that
require calibration, making the task clinically less
appealing. In an effort to avoid these shortcomings,
Currie and colleagues developed a clinical version of
the antisaccade task that uses the clinician’s nose as
the central fixation and fingers as the peripheral tar-
gets [4]. Although the clinical variant yielded slightly
lower error rates than the laboratory version, scores
were highly correlated with those generated in the lab-
oratory version (r = 0.921). The clinical version is also
a component of the HIV Dementia scale that has been
validated in both patients with HIV [57] and patients
with subcortical vascular cognitive impairment [58].
The clinical variant of the antisaccade task provides
a parsimonious method for testing and overcomes the
shortcomings of the laboratory version. However, it is
unclear how difficult it is for a clinician to remem-
ber a sequence of 10 to 20 trials while keeping track
of how many trials have been administered and how
many errors a patient has made. The clinical version,
in its present form, limits the clinician to record only
errors in direction, neglecting other metrics such as

uncorrected errors, fixation errors, errors of omission,
latency and amplitude partly because of the cogni-
tive load of administering the task, but also because
latency and amplitude can only be reliably recorded
with eye-tracking equipment. Although the reliability
of the clinical version, between different clinical cen-
ters, has not been tested, the laboratory version has
been tested in patients with schizophrenia, revealing
that the task can be carried out reliably in different
centers [59].

Non-Alzheimer’s dementia

The majority of studies examining antisaccade per-
formance in patients with dementia have focused
on Alzheimer’s disease. However, antisaccade perfor-
mance has been examined in other types of dementia
(Table 3) [9, 10, 61–63]. A pattern of inhibitory impair-
ment, as measured by antisaccade errors, seems to
mirror the distribution of pathology in frontotem-
poral dementia, semantic dementia and progressive
non-fluent aphasia. Frontotemporal dementia and pro-
gressive non-fluent aphasia, characterized by deficits in
behavioural regulation and non-fluent speech respec-
tively are both associated with pathology in the frontal
lobes [60]. In contrast, the core diagnostic feature of
semantic dementia is a deficit in word comprehension
and it is associated with pathology in the anterior tem-
poral lobes. The difference in the presence of frontal
pathology between these groups is mirrored by their
performance on the antisaccade task: frontotemporal
dementia and progressive aphasia are associated with
high antisaccade error rates, while semantic dementia
is not [9]. Interestingly, all three of these groups correct
more errors than patients with AD [9, 10].

Although Corticobasal Syndrome and Progressive
Supranuclear Palsy are primarily characterized by
motor impairments such as asymmetric extrapyramidal
signs and vertical gaze palsy respectively, they are also
associated with frontal deficits [64]. The clinical crite-
ria for diagnosis of Progressive Supranuclear Palsy is
highly predictive of autopsy findings, whereas Corti-
cobasal Syndrome is less specific and can be associated
with either corticobasal degeneration, progressive
supranuclear palsy pathology, both overlapping [40]
or even the tau negative ubiquitin positive pathology
[65]. Patients with Corticobasal Syndrome and con-
trols made an equal number of errors on the antisaccade
task, while patients with Progressive Supranuclear
Palsy made significantly more errors than controls [61,
62]. However, when patients with CBD completed a
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Table 3
Studies investigating antisaccade performance in non-Alzheimer’s dementia

N Control age N Patient age Diagnostic criteria MMSE PL PA AL AE

FTD
Meyniel et al. (2005)59 10 68 (9) 23 67 (9) Lund-Manchester 26.1 (2.8) GT NA GT 63% GT
Boxer et al. (2006)9 20 64.4 (7.2) 14 59.9 (5.6) Neary et al. (1998) 25.7 (3.7) ND ND ND 60% GT
Garbutt et al. (2008)10 27 65 (1.5) 24 57.4 (1.7) Neary et al. (1998) 23.5 (7.5) NA Hypo ND ∼55% GT

PNFA
Boxer et al. (2006)9 20 64.4 (7.2) 7 65.7 (7.9) Neary et al. (1998) 23.1 (5.3) ND ND ND ∼70% GT
Garbutt et al. (2008)10 27 65 (1.5) 6 64.5 (3.0) Neary et al. (1998) 25.2 (3.5) ND ND ND ∼52% GT

SD
Boxer et al. (2006)9 20 64.4 (7.2) 10 60.3 Neary et al. (1998) 20.1 (7.6) ND ND ND ∼25% ND
Garbutt et al. (2008)10 27 65 (1.5) 19 60.3 (1.3) Neary et al. (1998) 21.7 (7.3) ND ND ND ∼28% ND

PSP
Vidaihet et al. (1994)60 12 63.9 (8.3) 10 62.5 (5.5) NA NA ND Hypo NA ∼ 73.5 GT
Meyniel et al. (2005)59 10 68 (9) 14 70 (6) Litvan’s 28.6 (2.0) ND NA GT 70% GT
Rivaud-Pechoux (2007)61 10 64 (9) 12 66 (9.9) Litvan’s NA ND NA GT GT
Garbutt et al. (2008)10 27 65 (1.5) 10 65.5 (1.3) Litvan et al. (1996) 26.8 (2.6) GT NA NA ∼92% GT

CBD
Vidaihet et al. (1994)60 12 63.9 (8.3) 10 66.5 (6.8) NA NA GT ND NA ∼ 37.5 ND
Rivaud-Pechoux (2007)61 10 64 (9) 8 76 (5.4) Litvan’s 1997 NA GT NA GT ND
Garbutt et al. (2008)10 27 65 (1.5) 15 62.7 (2.0) Several methods 19.8 (7.7) GT Hypo NA ∼75% GT

MMSE = Minimental Status Exam, PL = Prosaccade Latency, PA = Prosaccade Amplitude, AL = Antisaccade Latency, few studies included
antisaccade amplitude, thus it was omitted from the present table, AE = Antisaccade Errors, ND = No difference, GT = Greater than,
Hypo = Hypometric, NA = not applicable.

mixed block of prosaccades and antisaccades, they
made many more errors than controls compared with
patients with PSP who showed no difference between
mixed and non-mixed blocks [63]. Differences in anti-
saccade performance between the two groups may
provide information to help distinguish these diseases.

DISCUSSION

Pressure to increase the diagnostic accuracy for
dementia, and specifically Alzheimer’s disease is
mounting due to the availability of new potential treat-
ments. In the early stages, when the drugs will be
the most effective, it is unlikely that the antisaccade
task will provide greater diagnostic utility than existing
tests for AD. However, in addition to its potential role
as a probe of dorsolateral function and as a test to mon-
itor treatment response, it may aid in differentiating
other forms of dementia.

CONCLUSION

The neural correlates of antisaccades continue to
be mapped and reported using a variety of neu-
roimaging techniques providing further insights into
brain-behaviour correlations of this simple task. Anti-
saccades provide a well tolerated, language-free and

hands-free neuropsychological probe that may not only
help those with AD, but could be especially helpful in
testing patients with expressive language problems or
motor deficits, such as those with Progressive Aphasia
and Amyotrophic Lateral Sclerosis.

Despite having limited utility in differentiating indi-
viduals with AD from normal aging, the available
evidence indicates that the task may provide insight
into frontal lobe function and an index of DLPFC
pathology in AD. The potential utility of the antisac-
cade task as a neuropsychological probe of DLPFC
and ultimately for progression and for treatment
monitoring appears promising but requires further
investigation. The relationship between the DLPFC,
inhibitory control and errors rates in AD requires
exclusion of other potential contributors, such as mem-
ory impairments, and would benefit from converging
evidence from multiple neuroimaging modalities. This
overview has outlined future avenues of research for
testing the link between inhibitory deficits and DLPFC
changes in patients with AD.
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Abstract. The majority of advanced neuroimaging studies implement group level analyses contrasting a group of patients versus
a group of controls, or two groups of patients. Such analyses may identify for example changes in grey matter in specific regions
associated with a given disease. Although such group investigations provided key contributions to the understanding of the
pathological process surrounding a wide range of diseases, they are of limited utility at an individual level. Recently, there
is a trend towards individual classification analyses, representing a fundamental shift of the research paradigm. In contrast to
group comparisons, these latter studies do not provide insights on vulnerable brain areas but may allow for an early (and ideally
preclinical) identification of at risk individuals in routine clinical setting. One currently very popular method in this domain are
support vector machines (SVM), yet this method is only one of many available methods in the field of individual classification
analyses. The current manuscript reviews the fundamental properties and features of such individual level classification analyses
in neurodegenerative diseases.

Keywords: SVM (support vector machine), MVPA (multi voxel pattern analysis), artificial intelligence, machine learning,
individual classification

INTRODUCTION

Advanced neuroimaging studies are based on the
assumption that a given disease is associated with sys-
tematic changes in brain structure (morphometry) or
function. The most frequently applied structural tech-
niques in the domain of grey matter are voxel based
morphometry (VBM) assessing grey matter concen-
tration [1] and cortical thickness analysis [2]. In the
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domain of white matter, there are several techniques
including tract based spatial statistics (TBSS) analy-
sis [3]. In the domain of functional MRI (fMRI), there
are many techniques with general linear model analy-
ses [4] of blood oxygenation level dependent (BOLD)
functional magnetic resonance imaging (fMRI) [5].
Besides the classic type of fMRI, there are an increas-
ing number of emerging techniques, notably resting
state fMRI [6].

GROUP LEVEL ANALYSES

Regardless of the method, the common principle
of most of theses studies are group level comparisons

mailto:sven.haller@hcuge.ch
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between patients and controls, or between two or more
groups of patients. This standard type of data analysis
is not discussed in detail here (see for example a VBM
meta-analyses in MCI/Alzheimer disease [7]).

Pros

Group level analyses identify specific vulnerable
regions that display structural or functional alterations
associated with a given disease or condition.

Cons

While such analyses are highly contributive from a
scientific perspective, the results cannot be transferred
to the clinical early diagnosis of an individual at risk
subject of patient.

INDIVIDUAL LEVEL CLASSIFICATION
ANALYSES

Only recently, individual classification analyses are
increasingly popular, representing a fundamental shift
in research paradigm. Such analyses aim to individ-
ually classify healthy controls versus mild cognitive
impairment cases. This fundamental difference can be
illustrated in the example of recognition of female and
male face images. The group level analysis between
females and males might for example identify the nose
as a region with significant differences between groups
since on average women might have smaller noses
than men. It is however not necessarily the case that
the same region also provides a good discrimination
between groups for a classification analysis. Assum-
ing between subject variations in the morphometry of
the nose, some males might for example have a nose,
which is more similar to the average female nose, hence
causing a false classification at the individual level. The
best classification accuracy of an individual might be
for example obtained by a specific pattern of differ-
ent parts of the entire picture (called features in the
domain of classification analyses), such as a combina-
tion of eyebrow, chin and lid. Individual classification
analyses thus aim to identify patterns, which allow
discriminating between groups, yet it is in general dif-
ficult to interpret the spatial distribution of the most
discriminative features.

In the context of MCI, it is important to note that not
all MCI evolve to Alzheimer disease (AD) or decline
at identical rates and a significant proportion of cases

Fig. 1. The current concept is that not all MCI subjects will progress
to Alzheimer disease. A classification analysis therefore must be
able to detect MCI individuals at risk for cognitive decline in order
to establish appropriate preventive strategies.

remain stable for several years or even improve (for
review see [8]). The classification analysis must there-
fore be able to detect individual MCI cases who will
eventually progress in order to start early curative treat-
ments or to select at risk subjects for pharmaceutical
trials (see Fig. 1).

Pros

Individual classification analyses are optimized to
achieve a classification at the individual level, which
might eventually be used for the early detection of at
risk individuals in clinical settings.

Cons

The exact location of the discriminative regions is
less relevant, and in particular less evidently inter-
pretable. Also, the result of the analysis is the accuracy
(and sensitivity/specificity) of a given classifier to pre-
dict the clinical outcome. Subsequently, there is no (at
least not directly) statistical t or p value allowing for
acceptance or rejection of an a priori hypothesis.

SUPPORT VECTOR MACHINE
CLASSIFIERS

A classifier is a specific analysis method, which aims
to classify data into two or more different groups. The
currently most frequently implemented type of classi-
fier in neuroimaging is support vector machines (SVM)
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a b c

Fig. 2. The basic principle of a support vector machine (SVM) to discriminate between the two groups, represented by x and o (a). Of all
possible solutions (multiple lines in b), the SVM identifies the optimum separation line between groups (c).

[9]. This type of classifier originates from multi vector
pattern analyses (MVPA), a domain of machine learn-
ing or artificial intelligence. Considering the fact that
SVM analyses were simply transferred yet not specif-
ically developed for neuroimaging data, the results of
this SVM method in neuroimaging are remarkable. In
the domain of Alzheimer disease (AD), SVMs were
first applied to grey matter data after standard VBM
processing, discriminating AD versus controls with
accuracies of 89% [10] and 94.5% [11]. Equivalently,
SVM classification of grey matter VBM preprocessed
data discriminated stable versus progressive MCI with
accuracies of 75% [12], 81.5% [13] and 85% [14].
The equivalent SVM classification was also success-
fully applied to diffusion tensor imaging (DTI) data
of white matter pre-processed in TBSS to discrimi-
nate stable versus progressive MCI based on fractional
anisotropy (FA) with accuracies over 95% [15]. More-
over, the SVM analysis of susceptibility weighted
imaging (SWI) assessing iron deposition also discrim-
inated stable versus progressive MCI with a lower
sensitivity of up to 85% [16].

The basic principle of a SVM classification analysis
for a very simple case of only 2 groups (represented
by “x” and “o”) and 2 features can be illustrated on
an x-y plot (Fig. 2a). In this simple example, there
are unlimited possibilities to discriminate the between
these two groups, indicated by the different lines in
Fig. 2b. The strength of the SVM classifier is that
this method detects the line, which best discriminates
between groups (Fig. 2c). In a more complex example
of three features, the line would become a plane. In
higher number of features, this separating plane would
be a super plane or hyper plane.

SMVs are only one type of classifier. A continu-
ously increasing number of classifiers exist. Depending
on their properties, the different classifiers are more
or less suited for a given classification task and data
structure.

FEATURE SELECTION ALGORITHMS

In order to perform a classification analysis, neu-
roimaging data are typically pre-processed with the
established tools to obtain for example a spatial reg-
istration of each individual brain into a common
standard space. The VBM pre-processing of grey mat-
ter typically results to data with about 200 000 voxels,
while TBSS pre-processing of white matter data typ-
ically includes about 100 000 voxels. It is evident
that not all voxels, or features in the terminology of
classification analyses, will discriminate equally well
between groups. Included non-discriminative voxel
require unnecessary computation resources, and may
even decrease the classification accuracy because the
non-discriminative features generate overlapping point
clouds.

The aim of feature selection algorithms conse-
quently is to rank the features according to their
discrimination between groups, and to include in the
actual classification analysis only the most discrimina-
tive features/voxels. Similar to the classifiers discussed
above, multiple algorithms exist. For example the
RELIEFF algorithm [17] was successfully applied
to MRI data [15, 16] yet depending on the type of
data, other feature selection algorithms might be more
adapted in other clinical settings.
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CROSS VALIDATION

Classification analyses are typically performed in
two steps. In a first step, a given type of classifier is
trained using a training dataset. In a second step, the
accuracy (and sensitivity/specificity) of this classifier
is tested in another test dataset.

In practice, the number of available datasets is typ-
ically limited. Thus, cross validation techniques are
often applied. The basic principle is to divide the
data in for example 10 parts. Nine parts are used
for training; the remaining part is then used for test-
ing. This procedure is repeated ten times, until each
data was used once for testing and nine times for
training. This method limits the arbitrary variation of
estimated accuracy (and sensitivity/specificity) rates
related to randomly selecting a given set of training
and test data. Its disadvantage is that the resulting
accuracy (and sensitivity/specificity) rates are usually
too optimistic because both training and testing data
are very homogeneous and originate from the same
pool. For instance in MCI, a classifier must be able
to deal with training data acquired on one or more
different MRI machines and be able to generalize the
classification to other data acquired on different MRI
machines. Also, the patient population itself might
vary when generalizing a given trained classifier to
other test data acquired in different institutions and
countries.

PERSPECTIVES

Suppport vector machines, the currently most fre-
quently used type of classifier in neuroimaging data,
originates from multi vector pattern analysis (MVPA),
a branch of machine learning or artificial intelligence,
as discussed above.

Spatial information

The probably most evident point for further
improvement of SVM classifiers is the integration of
spatial information. SVM consider each voxel value
as independent feature. This is however incomplete,
because the pre-processed MRI data have a high degree
of spatial interdependence since adjacent voxels are
more likely to show similar behaviour between study
groups than distant voxels. For example, the normal
variation of cortical thickness is up to 15% between

subjects even in healthy controls [18]. It was shown
in the domain of psychosis, that the within-subject
cortical asymmetry has less variability. The compari-
son of within-subject cortical asymmetry thus resulted
in a higher sensitivity than the direct comparison of
the cortical thickness per se [19]. The available spa-
tial information in the pre-processed MRI data might
be implemented in future modifications of SVMs (or
related classifiers) to further improve the classification
accuracy and make the classification more robust when
exploring data acquired on various MRI scanners and
patient populations.

Multi domain classification

The currently available studies successfully, yet sep-
arately, analyzed grey matter (T1w data and VBM
pre-processing) [10–14], white matter (DTI data and
TBSS pre-processing) [15] and iron deposition (SWI
data and TBSS-derived pre-processing) [16]. The same
principle of single-domain classification (however
with a different methodology in detail) also discrim-
inated AD, MCI and controls based on resting state
functional MRI [20].

It is quite reasonable to assume that a combined clas-
sification analysis of multiple structural and functional
neuroimaging modalities in combination with other
modalities such as electroencephalography (EEG),
laboratory parameters such as cerebro-spinal fluid
analysis, neuropsychology etc. may further increase
the accuracy and robustness of classification analy-
ses. The combination of these different modalities is
however not trivial. One possibility is to directly inte-
grate all features into one “super classifier” (see Fig. 3).
The different modalities may have different properties,
and consequently different types of classifiers might be
best suited for the different modalities. Consequently,
it might be beneficial having separate classifiers for
each modality at a first level, and to combine the
output of these different classifiers into another clas-
sifier at the second level. One key issue to address is
how to combine and weight the individual classifiers.
First multimodal classification studies show promis-
ing results and have indeed increased classification
accuracy when for example combining MRI, PET and
CSF data as compared to separate classification of each
modality [21]. Further optimization of combined mul-
timodal classifications will be subject of current and
future research.
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Fig. 3. The current status of classification analyses, which successfully implemented grey matter (T1w VBM), white matter (DTI TBSS) and
iron deposition (SWI TBSS derived pre-processing) data. Current and future studies may try to integrate classification of multiple modalities
in order to further improve classification accuracy and robustness. The way to integrate multiple modalities is however not trivial. On the one
hand, it is possible to directly integrate each modality into a single “super classifier”. On the other hand, different modalities might have different
properties, hence different types of classifiers might be best suited for the different modalities. An alternative approach might be to have separate
classifiers for each modality at a first level, and to integrate the output of these classifiers into a separate classifier on the second level.

CONCLUSIONS

Classification analyses represent a recent fundamen-
tal shift of focus away from the established group level
analyses and aim to provide an individual detection
of early and ideally preclinical stages of a disease.
Recent classification analyses successfully discrimi-
nated stable versus progressive MCI based on grey
matter T1w, white matter DTI or iron deposition SWI

data. Current and future research will address the non-
trivial combination of multiple modalities, including
neurophysiology, laboratory parameters and neuropsy-
chology into a single classification analysis aiming to
further improve classification accuracy and robustness.
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Abstract. Progression of people presenting with Mild Cognitive Impairment (MCI) to dementia is not certain and it is not
possible for clinicians to predict which people are most likely to convert. The inability of clinicians to predict progression
limits the use of MCI as a syndrome for treatment in prevention trials and, as more people present with this syndrome in
memory clinics, and as earlier diagnosis is a major goal of health services, this presents an important clinical problem. Some
data suggest that CSF biomarkers and functional imaging using PET might act as markers to facilitate prediction of conversion.
However, both techniques are costly and not universally available. The objective of our study was to investigate the potential
added benefit of combining biomarkers that are more easily obtained in routine clinical practice to predict conversion from MCI
to Alzheimer’s disease. To explore this we combined automated regional analysis of structural MRI with analysis of plasma
cytokines and chemokines and compared these to measures of APOE genotype and clinical assessment to assess which best
predict progression. In a total of 205 people with MCI, 77 of whom subsequently converted to Alzheimer’s disease, we find
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biochemical markers of inflammation to be better predictors of conversion than APOE genotype or clinical measures (Area
under the curve (AUC) 0.65, 0.62, 0.59 respectively). In a subset of subjects who also had MRI scans the combination of serum
markers of inflammation and MRI automated imaging analysis provided the best predictor of conversion (AUC 0.78). These
results show that the combination of imaging and cytokine biomarkers provides an improvement in prediction of MCI to AD
conversion compared to either datatype alone, APOE genotype or clinical data and an accuracy of prediction that would have
clinical utility.
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INTRODUCTION

The challenge of the neurodegenerative diseases is
daunting; it is estimated that the global prevalence of
dementia will rise from 24.3 million cases in 2005 to
81.1 million cases in 2040 [1]. Alzheimer’s disease
(AD) is the commonest form of dementia [2]. Ris-
ing to the challenge posed by this health burden, there
are many potential disease modification therapies in
development with approximately 10 compounds for
AD in phase III and more than 50 in phase II [3].
There is a consensus that disease modification therapy
is most likely to be efficacious very early in the dis-
ease process and because of this there is an increasing
drive towards very early identification and diagnosis.
Given the inherent difficulty of very early, and even
prodromal, diagnosis, biomarkers are likely to play
an important role. They are incorporated into the pro-
posed revision of diagnostic criteria [4] for AD and
have been increasingly examined for their potential to
predict which people with mild cognitive impairment
(MCI) are most likely to progress to full dementia [5].
This is important as only a minority with MCI progress
to full dementia in the time frame of a typical clinical
trial. A recent meta-analysis showed an annual conver-
sion rate of 8.1% and a cumulative proportion of 33.6%
for MCI conversion to AD [6] and in a previous system-
atic review we found study-related variables including
recruitment strategy to be the most important factors
predicting conversion [7].

The primary focus in the search for biomarkers for
AD to date has been on neuroimaging, and on A�
and tau proteins in cerebrospinal fluid (CSF) [8, 9].
Various studies using structural MRI have identified
brain regions within the medial temporal lobe, par-
ticularly the hippocampus and entorhinal cortex, as
potential biomarkers of conversion from MCI to AD
[10–14]. In addition molecular imaging using amyloid
PET ligands also report efficacy as markers predic-
tive of conversion [15]. CSF is an excellent fluid
for biomarker discovery in neurodegeneration as it is

in direct contact with the extracellular space of the
brain and is therefore supposed to reflect biochemical
changes occurring in the brain [16]. Recently Shaw et
al. showed in the US Alzheimer’s Disease Neuroimag-
ing Initiative (ADNI) study that the t-tau/A�1–42 ratio
discriminated between those who will remain MCI
subjects and those who will convert to AD within one
year follow-up [17]. In addition it has been reported
that MCI subjects with abnormal results on both FDG-
PET and episodic memory were more likely to convert
to AD [18]. However, structural MRI is not sufficiently
predictive of conversion [14, 19], PET imaging is a
highly specialised approach available in relatively few
centres, and lumbar puncture for CSF, although non-
traumatic and without side effects in the majority of
patients, necessitates a high level of skill and a hospi-
tal setting. A blood-based biomarker would be hugely
advantageous especially in large-scale population and
community based studies of elderly frail people.

Previously we and others have demonstrated using
proteomics that blood-based biomarkers were feasi-
ble and reproducible in independent studies [20–22].
However, the most impressive evidence for a specific
and sensitive marker of MCI conversion to date comes
from a study reporting that 18 signalling proteins in
blood plasma could be used to predict conversion from
MCI to AD 2–6 years later with an accuracy of 91%
[23]. However these results have not yet been indepen-
dently replicated. Recently, O’Bryant et al. developed
a serum protein-based classifier for the prediction of
AD patients and controls [24].

For the most part, these studies have concentrated on
single modality biomarkers although there are theoret-
ical reasons and increasing data from combinatorial
studies to think that combining biomarkers might have
added benefits [25–28]. Some studies have combined
imaging with clinical variables to try to increase predic-
tive power, with mixed results. One such study found
no added benefit of combining structural MRI data
with clinical measures [12] whereas another devel-
oped a predictor including three clinical predictors
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(SRT immediate recall, FAQ and UPSIT) as well as
two imaging markers (hippocampal and entorhinal cor-
tex volume) [29]. Davatzikos et al. recently integrated
MRI and CSF biomarkers and noted improved predic-
tive accuracy compared to either individual data type
[9] and Ewers et al. investigated the accuracy of MRI
and CSF biomarkers and neuropsychological tests for
predicting the conversion from MCI to Alzheimer’s
disease [30].

However no study, to our knowledge, has inves-
tigated the potential added benefit of combining
biomarkers that are readily obtained in routine clini-
cal practice. To explore this we combined automated
regional analysis of structural MRI with analysis
of serum cytokines and APOE genotype to assess
if the combination of data types improved predic-
tion of progression in a small cohort of participants
from the AddNeuroMed study, a European ADNI-like
biomarker study [31]. In addition, we have examined
the predictive accuracy of a cytokine panel in a larger
dataset, which includes the AddNeuroMed cohort.

MATERIALS AND METHODS

Subjects

The study population used in this report was derived
from the AddNeuroMed study, a European multi-
centre study, aiming to identify biomarkers for AD [31]
and the Alzheimer Research Trust–funded cohort at
King’s College London (KCL-ART) [32]. The partici-
pating AddNeuroMed clinical centres were in Kuopio,
Perugia, Lodz, Thessaloniki, Toulouse and London.
Subjects were patients who attended local memory
clinics and received a diagnosis of MCI. Diagnosis of
dementia was made according to NINCDS-ADRDA
criteria and DSM IV, amnestic MCI diagnosis was
based on CDR (CDR = 0.5), MMSE (MMSE ≥ 24)
and amnestic cognitive impariment according to word
list learning recall task of the CERAD (<1.5 SD of
population mean adjusted for gender, age and level
of education).The follow-up period was one year. At
baseline and follow-up information was obtained on
demographic characteristics, medical history, current
health status, medication use and family history. In
addition to the clinical data, blood and urine samples
were obtained and participants underwent a neuropsy-
chological assessment.

In the KCL-ART cohort, per MCI converter case we
randomly sampled two MCI non-converters matched
on gender and age. In the AddNeuroMed cohort, per

MCI converter case we randomly sampled one MCI
non-converter matched on gender and year of base-
line assessment, sampled in five-year age categories.
For the integration of cytokine levels with imaging
measures, data from AddNeuroMed subjects who had
undergone successful baseline structural MRI imag-
ing, and whose APOE status and cytokine levels
were determined were used (cytokine-imaging cohort;
n = 48).

Assessment of the patient samples was conducted in
a randomized fashion. Demographics can be found in
Table 1.

Samples

At baseline and follow-up blood samples were
drawn by veni-puncture and collected into EDTA glass
tubes, after a minimum of 2 h fasting prior to draw.
After coagulation for 30 minutes serum was obtained
by centrifugation for 8 min at 3,000 g at 4◦C. Samples
were aliquoted and frozen at −80◦C until further use.

Cytokine multiplex analysis

Serum samples were analyzed for 36 cytokines and
chemokines (supplementary table 1) using a commer-
cially available Cytokine Human 30-plex panel and a
customized 6-plex (Biosource International). Samples
were measured at baseline and follow-up in duplicate
and according to the manufacturer’s recommenda-
tions. The samples were measured in a randomized
and blinded fashion using the antibody bead mix in
duplicate with a biotinylated detection antibody fol-
lowed by streptavidin-phycoerythrin. The plate was
read using the Luminex platform (BioRad), and data
were collected for 100 beads per cytokine from each
well. Cytokine concentrations were calculated using
Bio-Plex Manager 5.0 software with a five parame-
ter curve-fitting algorithm applied for standard curve
calculations.

Neuroimaging

Data acquisition
Data acquisition took place using six different 1.5T

MR systems (four General Electric, one Siemens and
one Picker). At each site a quadrature birdcage coil
was used for RF transmission and reception. Data
acquisition was designed to be compatible with the
Alzheimer Disease Neuroimaging Initiative (ADNI)
[33]. The imaging protocol included a high resolution
sagittal 3D T1-weighted MPRAGE volume (voxel size
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Table 1
Demographics of MCI converter and non-converter cytokine cohort and cytokine and imaging cohort, including mean APOE ε4 dosage and
p-values of difference between Non-Converters (MCI-N) and Converters (MCI-C). (MMSE, Mini Mental State Exam, Maximum score = 30)

Cytokine MCI-N Cytokine MCI-C p-value Cytokine/imaging Cytokine/imaging p-value
(n = 128) (n = 77) MCI-N (n = 26) MCI-C (n = 22)

Age 80.4 77.5 0.003 74.1 73.4 0.68
Female % 55 59 0.77 58 41 0.38
MMSE 27.1 26.2 0.006 27.1 26.6 0.39
APOE ε4 dosage 0.31 0.54 0.009 0.35 0.77 0.02

1.1 × 1.1 × 1.2 mm3) and axial proton density / T2-
weighted fast spin echo images. Full brain and skull
coverage was required for both of the latter datasets and
detailed quality control carried out on all MR images
[34, 35]. All MR images received a clinical read by
an on-site radiologist in order to exclude any subjects
with non-AD related pathologies.

Image analysis

A highly automated structural MRI image process-
ing pipeline developed by Fischl et al and producing
both regional cortical thickness measures and regional
volume measures was utilized for data analysis
[36–38]. Cortical reconstruction and volumetric seg-
mentation included removal of non-brain tissue using
a hybrid watershed/surface deformation procedure,
automated Talairach transformation, segmentation of
the subcortical white matter and deep gray matter vol-
umetric structures (including hippocampus, amygdala,
caudate, putamen, ventricles) intensity normalization,
tessellation of the gray matter white matter boundary,
automated topology correction, and surface deforma-
tion following intensity gradients to optimally place the
gray/white and gray/cerebrospinal fluid borders at the
location where the greatest shift in intensity defines
the transition to the other tissue class. Surface infla-
tion was followed by registration to a spherical atlas
which utilized individual cortical folding patterns to
match cortical geometry across subjects and parcella-
tion of the cerebral cortex into units based on gyral and
sulcal structure. All volumes were normalized by the
subjects’ intracranial volume.

The regional cortical thickness was measured from
34 areas and the regional cortical volume was measured
bilaterally from 24 areas (supplementary Table 2).

ApoE genotyping

The APOE haplotype was determined using two
allelic discrimination assays (rs7412 and rs429358)
based on fluorogenic 5’ nuclease activity, the Taq

polymerase single nucleotide polymorphism geno-
typing assay (TaqMan, Applied Biosystems Inc.,
www.appliedbiosystems.com).

Statistical analysis

As an initial step unsuccessful cytokine readings
with less than 50 bead counts were excluded from the
analysis.

Observations with more than 50% missing values
and/or outliers were consequently excluded from fur-
ther analysis. Outliers were any data values which lay
more than 1.5 times the interquartile range (IQR) below
the first Quartile (Q25) or above the third Quartile
(Q75).

Machine-learning approach

Datasets
The total sample size with cytokine data (AddNeu-

roMed + KCL-ART] was 205 (MCI-N = 128, MCI-
C = 77). This cohort was divided into an approximate
two thirds -one third stratified training set – test set
where the training set sample size was 136 (MCI-
N = 85, MCI-C = 51) and the test set size was 69
(MCI-N = 43, MCI-C = 26). Using the training set only
we created 5 different datasets containing: (1) APOE
ε4 dosage, (2) Age, Gender and MMSE score (Clinical
data), (3) Cytokine data, (4) A subset of 7 cytokines in
common with the panel of 18 identified by Ray et al.
[23] (EGF, G-CSF, GDNF, IL-1�, IL-3, MCP-3 AND
TNF-�; see supplementary table 1 for details), and (5)
Cytokine, APOE ε4 dosage and Clinical data. Missing
values were replaced using global class means.

The number of subjects with both imaging and
cytokine data was 48 (MCI-N = 26, MCI-C = 22). This
cohort was divided into an approximate two-thirds-one
third stratified training set – test set where the training
set sample size was 31 (MCI-N = 17, MCI-C = 14) and
the test set size was 17 (MCI-N = 9, MCI-C = 8). Using
the training set only we created 8 different datasets
containing: (1) APOE ε4 dosage, (2) Age, Gender and
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Table 2
Classification area under the ROC curve for the training and test datasets for entire cohort (best training set

classifier in bold)

Training SVM Training SVM Training SVM Test
(all data) (10 attributes) (5 attributes)

Cytokine, clinical 0.69 0.67 0.67 0.61
+ APOEε4

Cytokine 0.64 0.63 0.62 0.65
Cytokine subset 0.66 N/A N/A 0.60
Clinical 0.72 N/A N/A 0.59
APOEε4 dosage 0.59 N/A N/A 0.62

MMSE score (Clinical data), (3) Cytokine data, (4)
Imaging data, (5) Cytokine and Clinical data, (6) Imag-
ing and Clinical data, (7) Imaging and Cytokine, and
(8) Imaging, Cytokine, APOE ε4 dosage, and Clinical
data.

Classification
Feature selection and class prediction by machine-

learning was conducted using Weka [39]. To address
the class imbalance between the two classes with
cytokine data (MCI-N = 128, MCI-C = 77), a cost-
sensitive approach was employed (weka.classifiers.
meta.CostSensitiveClassifier) using a cost matrix of
the ratios of the two classes. The class imbalance in
the dataset with both cytokine and imaging data was
relatively minor (MCI-N = 26, MCI-C = 22) and there-
fore a cost-sensitive classifier was not used. Three
different approaches were assessed using a ten-fold
cross validation on the training data with 100 itera-
tions : (1) A Support Vector Machine (SVM - the SMO
algorithm in Weka) using default settings (Polykernel
kernel) and all the data variables, (2) a within-
loop feature selection using the best 10 attributes
for classification with an SVM (weka.classifiers.meta.
AttributeSelectedClassifier). The feature selection
phase was conducted using the SVMAttributeE-
val (weka.attributeSelection.SVMAttributeEval) and
Ranker (weka.attributeSelection.Ranker) algorithms,
and (3) a within-loop feature selection using the best 5
attributes for classification with an SVM. Approaches
(2) and (3), which incorporate feature selection, were
not conducted for the datasets comprising APOE ε4
dosage only or the Clinical data only.

The effect of the SVM complexity parameter (C)
was investigated by setting C = 0.01, 0.1, 1 (the default
value) and 10 and the C value resulting in the highest
AUC in the training set was used in evaluating the
test set.

For each dataset, the machine learning approach
resulting in the highest area under the ROC curve

(AUC) after the ten-fold cross validation was applied
to the relevant test dataset. To obtain proper probability
estimates, the option that fits logistic regression mod-
els (-M) to the outputs of the support vector machine
was used. An accuracy (ACC), sensitivity (SN), speci-
ficity (SP), positive predictive value (PPV), negative
predictive value (NPV) and area under the curve were
calculated for each test set.

RESULTS

Cytokine dataset

We successfully measured 35 cytokines for anal-
ysis in a total of 205 subjects. Only one cytokine
- RANTES – showed evidence of technical failure
and was excluded from all analyses. In addition IL-
17 and IL-1B were excluded from the multivariate
analysis because of the high proportion of missing
values (>50%). Baseline cytokine levels of three MCI
non-converter subjects, were excluded from the analy-
sis, because of overall highly elevated cytokine levels
(i.e. more than 60% of all cytokines measured showed
apparently arbitrarily high levels) or because more than
50% of all cytokine measures were missing.

Multivariate analysis

A machine-learning approach (Support Vector
Machines) to class prediction was used to identify a
set of combined analytes that might discriminate bet-
ween converters and non-converters. Support Vector
Machines (SVMs) are used extensively in compu-
tational biology as they have been shown to predict
binary outcomes with high accuracy and possess the
ability to model diverse and high-dimensional data
[40].

The total number of subjects with cytokine data was
205 (MCI-N = 128, MCI-C = 77). The feature selection
stage did not improve the accuracies of any of the clas-
sifiers and therefore the model built with all of the data
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for each of the training datasets was applied to the rel-
evant test dataset (Table 2). The AUCs (Figure 1) from
the test datasets were 0.62 (APOE ε4 dosage), 0.60
(Cytokine subset), 0.61 (Cytokine data, Clinical data
and APOE ε4 dosage), 0.59 (Clinical data) and 0.65
(Cytokine data).

Cytokine and imaging dataset

We then sought to assess whether combining struc-
tural MRI data with the cytokine data would improve
classification accuracy. MRI brain scans of a subset of
the subjects were processed and the regional cortical
thickness was measured from 34 areas and the regional
cortical volume was measured bilaterally from 24 areas
(see Methods for details).

Cyt-Clin
Cyt
Cyt7

Clin
APOE

Fig. 1. Entire cytokine cohort receiver operating characteristic
(ROC) curves of most accurate training classifiers applied to the
test datasets. Cyt-Clin = Cytokine and Clinical data, Cyt = Cytokine
data, Clin = Clinical data, Cyt7 = subset of 7 cytokines in common
with the panel of 18 identified by Ray et al. , and APOE = APOE ε4
dosage.

The number of subjects with both imaging and
cytokine data was 48 (MCI-N = 26, MCI-C = 22). Fea-
ture selection improved the training set prediction
accuracy for the Cytokine dataset and the combined
Cytokine and Clinical dataset. The other datasets
showed greatest accuracy when including all data
(Table 3). The most accurate model for each training
dataset was then applied to the relevant test dataset.

In this smaller dataset, the cytokine data by them-
selves do not classify the test subjects particularly
well (AUC = 0.60). In fact, in this cohort APOE ε4
dosage alone (AUC0.74) is a better predictor of con-
version than the cytokine or imaging data (Table 3).
The combination of the cytokine and imaging data is
the most accurate classifier (AUC = 0.78) showing a
modest improvement over APOE ε4 dosage.

The imaging or cytokine data alone predict the test
subjects with AUCs = 0.68 and 0.60, respectively. The
sensitivity, specificity, positive and negative predictive
values of each classifier is shown in supplementary
table 3.

DISCUSSION

This study focused, for the first time, on combinato-
rial biomarkers using readily available techniques in
order to identify a marker set predictive of conver-
sion from MCI to dementia within the time frame of a
typical disease modification trial. Alone, cytokine lev-
els showed some predictive value for MCI conversion
while imaging data showed a modest predictive accu-
racy. However, the predictive model using combined
cytokine levels and imaging measures outperformed
either individual classifier (Table 3 and Figure 2). The
cytokine classifier exhibits low sensitivity and a higher
specificity (supplementary table 3) whereas the con-
verse is true of the imaging classifier. When the two
data-types are combined the classification accuracy is
improved (Table 3 and supplementary table 3).

Table 3
Classification area under the ROC curve for the training and test datasets for cohort with cytokine and

imaging data (n = 48; best training set classifier in bold)

Training SVM Training SVM Training SVM Test
(all data) (10 attributes) (5 attributes)

Cytokine + imaging + 0.60 0.50 0.50 0.74
clinical + APOEε4 dosage

Cytokine + imaging 0.56 0.51 0.54 0.78
Cytokine + clinical 0.49 0.50 0.50 0.53
Imaging + clinical 0.63 0.54 0.52 0.67
Cytokine 0.48 0.50 0.50 0.60
Imaging 0.62 0.52 0.54 0.68
Clinical 0.50 N/A N/A 0.50
APOEε4 dosage 0.59 N/A N/A 0.74
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All
Cyt-lmag
Cyt-Clin
Imag-Clin
Cyt
Imag
Clin
APOE

Fig. 2. Cytokine and imaging cohort receiver operating charac-
teristic (ROC) curves of most accurate training classifiers applied
to the test datasets. All = Cytokine, Imaging, Clinical data and
APOE ε4 dosage, Cyt-Imag = Cytokine and Imaging data, Cyt-
Clin = Cytokine and Clinical data, Imag-Clin = Imaging and Clinical
data, Cyt = Cytokine data, Imag = Imaging data, Clin = Clinical data,
and APOE = APOE ε4 dosage.

Considering that the potential disease modifying
therapies are non-hazardous and aim to focus on an
early stage of the disease the ideal predictive model
would have a high negative predictive value and a
high specificity. From a clinical point of view our here
introduced model combining imaging and cytokine
measures is favorable above combined imaging mea-
sures alone, which have been a point of primary interest
in the literature so far.

Previous studies have looked at a number of
brain regions (e.g. volumes of hippocampus, entorhi-
nal cortex, ventricles, and whole brain) as potential
biomarkers of conversion from MCI to AD [10, 29,
41]. Devanand et al. integrated the baseline pre-
dictors cognitive test performance, informant report
of functional impairment, APOE genotype, olfactory
identification deficit, and magnetic resonance imag-
ing (MRI) hippocampal and entorhinal cortex volumes
[29]. Ultimately, they used five variables in a pre-
dictor: Pfeffer Functional Activities Questionnaire
(FAQ; informant report of functioning), University of
Pennsylvania Smell Identification Test (UPSIT; olfac-
tory identification), Selective Reminding Test (SRT)
immediate recall (verbal memory), MRI hippocampal
volume, and MRI entorhinal cortex volume. A recent
imaging study, also based upon the AddNeuroMed
patient cohort, has analyzed regional MRI volumes and

thicknesses as predictors of conversion from mild cog-
nitive impairment to AD [14]. Analysis of the expanded
patient cohort of 103 subjects (22 converters at year
one follow up) showed that the bilateral hippocam-
pus and amygdala, and right caudate baseline volumes
were significantly smaller in MCI to AD converters
compared to stable MCI subjects.

We analyzed a subset of 7 of the 18 signaling pro-
teins for MCI conversion identified by an earlier study
[23] (see Materials & Methods for details). We trained
an SVM using these 7 cytokines and applied the model
to a test set resulting in an AUC of 0.60. Our find-
ings suggest that the inflammatory markers identified
by Ray et al. may show some differential expression
in people with established AD, and we are able to
show some prognostic value of these markers for the
more demanding, but more clinically important task of
predicting MCI conversion.

Some of the cytokines we have examined have
been previously implicated in AD as potential mark-
ers. Reports describing IL-1� levels in serum of
AD patients have been conflicting with some groups
describing an increase in IL-1� serum levels in AD
patients compared to controls [42, 43], but others find-
ing no change [44]. A meta analysis also found a
genetic association of a IL-1� polymorphism and AD
[45-47]. It has been hypothesized that proinflamma-
tory cytokines, such as IL-1� are activating a cascade
of neurotoxic changes in the brain, that are related
with the development of neuritic plaques and neurofib-
rillary tangles characteristics in AD [48]. VEGF is
associated with neuroprotection and regeneration in
the brain. It co-localizes with plaques in AD brain
[49] and some studies report an increase in VEGF lev-
els in serum and CSF [50, 51], whereas others find a
decrease in serum [52] and no change in CSF [53]. In
the cytokine/imaging cohort the classifier using APOE
ε4 dosage alone performs better than most other clas-
sifiers. It is not surprising that APOE performs well
as it is clear that the ε4 allele is associated with AD
and has previously been associated with the time to
progression from MCI to AD [54]. In addition, in this
smaller dataset the mean APOEε4 dosage per convert-
ing patient is much greater than in converters in the
entire cohort (0.77 compared to 0.54 – Table 1).

There are limitations to our study. Most obviously,
the sample size of the cytokine and imaging cohort
is relatively small (n = 48), which meant constructing
a predictive model with a training set of 31 subjects.
When applying our predictors to the set of 17 subjects,
although the combination of cytokines outperforms
APOEε4 dosage, the increase in performance is mod-
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est. It is noteworthy that adding clinical information
(including basic cognitive tests, diagnosis and medical
history but not very detailed neuropsychometry) adds
nothing to the predictive power. This emphasises that
the clinical assessment of MCI alone does not predict
conversion.

As such, our predictor would need to be applied
to a larger dataset to independently assess its accu-
racy. Nonetheless, we show preliminary evidence that
a combined set of imaging and cytokine measures pro-
vides a small improvement in prediction of MCI to AD
conversion than either cytokine or imaging data alone.
It remains to be seen whether the accuracy reported
here may be improved still further by the addition of
other biomarkers or by alternative MRI analytical rou-
tines. As the prediction in this case was over only one
year after test these data hold out the promise of a com-
binatorial biomarker for use in both clinical practice
and, perhaps more pressingly, for patient stratifica-

tion and enrichment in trials of disease modification
agents.
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Supplementary Table 1
Proteins measured with luminex 30- and 6-plex (HGNC, HUGO Gene Nomenclature Committee)

Cytokine Official full name (HGCN) Gene symbol (HGNC)

BDNF Brain-derived neurotrophic factor BDNF
DR5 Tumor necrosis factor receptor superfamily, member 10b TNFRSF10B
EGF Epidermal growth factor EGF
Eotaxin Chemokine (C-C motif) ligand 11 CCL11
FGF Fibroblast growth factor 2 (basic) FGF2
G-CSF Colony stimulating factor 3 (granulocyte) CSF3
GDNF Glial cell derived neurotrophic factor GDNF
GM-CSF Colony stimulating factor 2 (granulocyte-macrophage) CSF2
HGF Hepatocyte growth factor
IFN-� Interferon, alpha 1 IFNA1
IFN-� Interferon, gamma IFNG
IL-1� Interleukin 1, alpha IL1A
IL-1� Interleukin 1, beta IL1B
IL-1RA Interleukin 1 receptor, type I IL1R1
IL-2 Interleukin 2 IL2
IL-2R Interleukin 2 receptor, alpha IL2RA
IL-3 Interleukin 3 IL3
IL-4 Interleukin 4 IL4
IL-5 Interleukin 5 IL5
IL-6 Interleukin 6 IL6
IL-7 Interleukin 7 IL7
IL-8 Interleukin 8 IL8
IL-10 Interleukin 10 IL10
IL-12 Interleukin 12 IL12
IL-13 Interleukin 13 IL13
IL-15 Interleukin 15 IL15
IL-17 Interleukin 17 IL17
IP-10 Chemokine (C-X-C motif) ligand 10 CXCL10
MCP-1 Chemokine (C-C motif) ligand 2 CCL2
MCP-3 Chemokine (C-C motif) ligand 7 CCL7
MIG Chemokine (C-X-C motif) ligand 9 CXCL9
MIP-1� Chemokine (C-C motif) ligand 3 CCL3
MIP-1� Chemokine (C-C motif) ligand 4 CCL4
RANTES Chemokine (C-C motif) ligand 5 CCL5
TNF-� Tumor necrosis factor TNF
VEGF Vascular growth factor A VEGFA
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Supplementary Table 2
MRI regional cortical thickness from 34 areas and the regional cor-

tical volume measured bilaterally from 24 areas

Volumes Cortical thicknesses

3rd Ventricle Banks of STS
4th Ventricle caudal anterior cingulate
5th Ventricle caudal middle frontal
Brain Seg Vol corpus callosum
Brain Stem cuneus
CC Anterior entorhinal
CC Central frontal pole
CC Mid Anterior fusiform
CC Mid Posterior inferior parietal
CC Posterior inferior temporal
CSF isthmus cingulate
Left Accumbensarea lateral occipital
Left Amygdala lateral orbito frontal
Left Caudate lingual
Left Cerebellum Cortex medial orbitofrontal
Left Cerebellum White Matter middle temporal
Left Cerebral Cortex para central
Volumes Cortical thicknesses
Left Cerebral White Matter para hippocampal
Left choroid plexus pars opercularis
Left Hippocampus pars orbitalis
Left Inf Lat Vent pars triangularis
Left Lateral Ventricle pericalcarine
Left non WM hypointensities post central
Left Pallidum posterior cingulate
Left Putamen precentral
Left Thalamus Proper precuneus
Left Ventral DC rostral anterior cingulate
Left vessel rostral middle frontal
Left WM hypointensities superior frontal
Optic Chiasm superior parietal
Right Accumbensarea superior temporal
Right Amygdala supra marginal
Right Caudate temporal pole
Right Cerebellum Cortex transverse temporal
Right Cerebellum White Matter
Volumes Cortical thicknesses
Right Cerebral Cortex
Right Cerebral White Matter
Right Hippocampus
Right Inf Lat Vent
Right Lateral Ventricle
Right non WM hypointensities
Right non WM hypointensities
Right Pallidum
Right Putamen
Right Thalamus Proper
Right Ventral DC
Right vessel
Right WMhypointensities

Supplementary Table 3
Sensitivity (SN), specificity (SP), positive predictive value (PPV),
negative predictive value (NPV) and Accuracy (ACC) for the

cytokine and imaging cohort classifiers

SN SP PPV NPV ACC

Cytokine + imaging + 0.75 0.67 0.67 0.75 0.71
clinical +
APOE�4 dosage

Cytokine + imaging 0.75 0.78 0.75 0.78 0.76
Cytokine + clinical 0.38 0.78 0.60 0.59 0.59
Imaging + clinical 0.63 0.67 0.63 0.67 0.65
Cytokine 0.50 0.78 0.67 0.64 0.65
Imaging 0.88 0.44 0.58 0.80 0.65
Clinical 0.25 0.67 0.40 0.50 0.47
APOE�4 dosage 0.75 0.67 0.67 0.75 0.71
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