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When asked to serve as the Guest Editor for an
issue of Radiologic Clinics of North America includ-
ing essential neuroradiology topics, I decided to focus
on some of the most common conditions in which
imaging plays a key role. Although common—or
rather, because they are common—advances in
treatment and management strategies as well as
imaging strategies make it necessary to constantly
reassess our understanding and approach to these
problems. The goal of this issue was to provide a
practical approach to each problem, incorporating
relevant clinical and radiologic advances.
Trauma is unfortunately all too common, and

this is the topic of the first two articles. Over the
last several years, cross-sectional imaging requests
from our trauma services have been increasing
quite steeply, at least partially due to the prolifera-
tion of multidetector CT scanners and the wealth
of information available with this technique. In the
first article, traumatic injury to the spinal column is
discussed. This is followed by an article discuss-
ing the imaging of neurovascular traumatic injury.
Screening for such injuries has become much
more aggressive, and yet, widely accepted guide-
lines for screening are not fully established. In the
next two articles, the focus is on the most common
0033-8389/06/$ – see front matter © 2005 Elsevier Inc. All rights
radiologic.theclinics.com
mechanisms of nontraumatic brain injury in the
adult and pediatric populations: ischemic injury in
adults and hypoxic injury with or without hypo-
perfusion for children. These types of injury can
certainly occur in both populations, but the etiolo-
gies and resulting patterns and mechanisms of
injury are quite different. The next two articles
thus focus on adult and pediatric populations sepa-
rately. In the outpatient setting, two of the most
common imaging requests are for cervical node
evaluation and multiple sclerosis. These are the
topics for the next two articles. Finally, for the
benefit of the reader, two additional articles rele-
vant to essential neuroradiology and previously
published in Neuroimaging Clinics of North America
have been included: one providing an overview of
epilepsy and a discussion of MR imaging interpre-
tation in this setting, and the other reviewing im-
aging of orbital pathology.
I am of course indebted to the authors for taking

time out of their busy schedules to provide com-
prehensive and practical discussions of these topics.
I would also like to express my gratitude to the
series editor, Mr. Barton Dudlick, for his guidance
and remarkable patience in the preparation of
this issue.
reserved. doi:10.1016/j.rcl.2005.10.005
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& Summary
& References
Approximately 30,000 injuries to the spinal col-
umn occur in the United States each year. Most
injuries are secondary to blunt trauma (motor vehi-
cle accidents, falls, sports injuries), although pene-
trating trauma accounts for approximately 10%
to 20% of the cases. Roughly 2% to 3% of blunt
trauma victims are affected, with the incidence of
cervical spinal trauma being increased in those with
significant craniofacial trauma. Approximately 40%
to 50% of spinal injuries produce a neurologic
deficit, often severe and sometimes fatal [1]. Sur-
vival is inversely correlated with patient age, and
mortality during initial hospitalization approaches
10% [2]. Because most patients affected are young,
the costs of lifetime care and rehabilitation are
extremely high, often exceeding $1,000,000 per
individual [3]. Plain radiography, CT, andMR imag-
ing may all be used in the evaluation of the spinal
column and are often complementary.
Indications for imaging

Pain, neurologic deficit, distracting injuries, altered
consciousness (caused by head injury, intoxication,
or pharmaceutical intervention), and high-risk
mechanism of injury have been shown to be appro-
priate, highly sensitive clinical indications for
spinal imaging. In the multicenter National Emer-
gency X-Radiography Use Study led by Hoffman
and coworkers [4], 34,069 blunt trauma patients
underwent cervical spine imaging, 4309 (12.6%) of
whom did not meet the clinical criteria for imaging
discussed previously. A total of 818 injuries were
reported in this study, eight occurring in the group
that would not otherwise have been imaged. Two
of those injuries were clinically significant. Overall
sensitivity for clinical evaluation was approximately
99.6%. Similarly, the Canadian C-Spine Rule study
identified patients judged to be ‘‘low risk’’ (ambu-
latory, without midline tenderness or immediate
onset of pain, able to attain a sitting position, vic-
tims of simple rear-end motor vehicle crashes).
Such low-risk patients who could actively turn
their heads 45 degrees in both directions were
deemed not to require imaging. Overall sensitivity
of clinical criteria in this study was 100% [5].
Similar clinical criteria have been evaluated in the
thoracic and lumbar spine. Frankel and coworkers
ool of Medicine, University of Pennsylvania Medical
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[6] reported 100% sensitivity when the clinical
criteria of back pain, the presence of a neurologic
deficit, a Glasgow Coma Scale score of 8 or less, a
fall from a height of 10 feet or more, ejection from
a motorcycle, or involvement in a motor vehicle
accident with speeds greater than 50 miles per hour
were applied.
Fig. 1. (A) Lateral plain film is quite limited, imaging only t
of C2. (B) Sagittal reformatted view reveals a fracture
odontoid view demonstrates lateral displacement of the la
reformatted view reveal a markedly comminuted fracture
eral mass.
Cervical spine imaging

In the setting of acute spinal trauma, CT scanning
has been shown to be more time efficient [7,8] and
significantly more sensitive for fracture detection
than plain films [9–16]. Multidetector CT provides
superior evaluation of bony anatomy and pathol-
o C2, demonstrating irregularity and possible fractures
through the base of the odontoid. (C) Open mouth
teral masses of C1. (D and E) Axial CT scan and coronal
of the atlas with lateral displacement of the left lat-
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ogy. Images may be rapidly acquired and re-
constructed at narrow intervals (eg, 1 mm) with
edge-enhancing algorithms. Multiplanar and three-
dimensional images can subsequently be created
[Fig. 1]. In a number of studies, the sensitivity of
CT scanning for cervical spinal fracture detection
has been reported to be between 90% and 99%
with specificities of 72% to 89%. In contrast, the
reported sensitivity of plain films has ranged from
39% to 94% with variable specificity. Sensitivity of
plain films has inversely correlated with severity of
trauma sustained [9–16]. Multiple studies have
demonstrated the limitations of plain radiography
in the cervical spine, particularly at the craniocervi-
cal and cervicothoracic junctions. In a 1995 study
by Link and coworkers [17], patients with sub-
stantial head trauma (Glasgow Coma Scale 3–6) un-
derwent axial CT scanning of the craniocervical
junction. Eighteen percent of patients had fractures
of C1, C2, or occipital condyles. Eight of nine oc-
cipital condyle fractures and 13 of 33 fractures of
C1 or C2 were not seen on plain films. Although
most condylar fractures are stable, these injuries
may be a cause of persistent pain, produce cranial
nerve deficits, or lead to vertebrobasilar vascular
injury or compromise [Fig. 2]. Furthermore, 6 of
13 fractures of C1 or C2 seen on CT only were un-
stable. Similarly, Nunez and coworkers [18] com-
pared lateral plain films with helical CT of the
cervical spine performed with 5-mm collimation and
sagittal and coronal reformatted images. Thirty-two
of 88 fractures detected by CT were not seen on
limited plain film evaluation, and one third of
those fractures were clinically significant or unstable.
In addition, a number of centers have reported

CT scanning in moderate- to high-risk trauma
patients to be a more cost-effective screening mo-
Fig. 2. (A and B) Axial and coronal reformatted CT scans
occipital condyle.
dality than plain radiography when the costs of
missed injuries and preventable paralysis (includ-
ing the costs of prolonged hospitalizations, rehabili-
tation, lost productivity, and malpractice suits) are
taken into account [10,11]. Delays in diagnoses of
clinically significant cervical spine injuries have
been reported in approximately 5% to 23% of
patients in various series, most of which used
plain radiography as the initial screening modal-
ity. Neurologic deterioration (possibly secondary to
mismanagement) occurred in 10% to 50% of these
patients [19]. In contrast, development of a second-
ary neurologic deficit occurred in only 1.4% of
patients whose injuries were detected on initial
screening in Reid and coworkers’ cohort [20]. CT
is rapidly becoming the initial screening modality
for osseous spinal pathology in adults, particularly
those judged to be at moderate to high risk for
spinal fracture based on mechanism of injury and
clinical data.
Thoracic and lumbar imaging

Thoracic and lumbar spinal injuries also affect
approximately 2% to 3% of blunt trauma victims
and are associated with an approximately 40% to
50% incidence of neurologic deficit. CT scanning
has been shown to be superior to plain films for
detection and characterization of fractures. In a
1995 study by Campbell and coworkers [21], 20%
of unstable burst fractures (involving the posterior
vertebral body cortex) of the thoracic and lumbar
spine were misdiagnosed as stable wedge compres-
sion fractures (single-column injuries) by plain
films. CT better detected fractures of the posterior
elements, malalignment, and intracanalicular frag-
ments. Given the frequency with which many vic-
demonstrate a mildly displaced fracture of the right



Fig. 3. (A) Axial reconstructed CT image reveals a comminuted burst fracture of L1 with retropulsed posterior
cortex and a large prevertebral hematoma. (B) Sagittal reformatted view demonstrates marked loss of height
of the vertebral body with retropulsed cortex and canal compromise.
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tims of blunt trauma undergo multidetector CT
scanning of the chest, abdomen, and pelvis, the
use of reformatted images from visceral protocol
CT scans to evaluate the spine has dramatically
increased [Fig. 3] [22–25]. When compared with
plain radiography in the study by Sheridan and
coworkers [22], visceral CT scans reformatted at
2.5-mm intervals with sagittal and coronal recon-
structed views were shown to improve sensitivity
for detection of lumbar fractures from 95% to 97%
and of thoracic fractures from 62% to 86%. Detail
and likely sensitivity can be further improved with
reformatting performed at 1-mm intervals.
Concerns about radiation dosing

Although CT scanning has been shown to be more
time efficient and in certain circumstances more
cost effective than plain radiography, there is a
significant increase in radiation exposure associated
with CT screening [26,27]. Adelgeis and coworkers
[28] reported an approximately 50% increase in
mean radiation dose to the cervical spine in pediat-
ric patients for helical CT compared with conven-
tional radiography. When organ-specific doses were
examined, the results were even more concerning.
Rybicki and coworkers [29] found an approxi-
mately 10-fold increase in radiation dose to the
skin (28 versus 2.89 mGy) and an approximately
14-fold increase in dose to the thyroid (26 versus
1.80 mGy) with CT examination of the entire cer-
vical spine (using 3-mm collimation, pitch of 1.5:1,
120 kV [peak], and 240 mA and single lateral ra-
diograph) rather than a four- to five-view radio-
graphic series.
Screening of pediatric patients

Spinal injuries in children occur somewhat less
commonly than in adults, with pediatric spinal
injuries accounting for approximately 2% to 5%
of all such injuries. The types of injuries sustained
in children, particularly younger children (under
age 8), also differ from those sustained in adults.
Mechanisms of injury often differ with age. The up-
per cervical spine is most often affected in children,
and dislocations and cord injuries without asso-
ciated fractures occur more often in children than
in adults [30,31]. Furthermore, the tissues and organs
of children, particularly those under age 5, are
more prone to development of radiation-induced
malignancies, because of increased radiosensitiv-
ity of certain organs; a longer expected lifetime in
which to develop a cancer; and frequent failure
of adjustment of scanning parameters (eg, tube
current) based on patient size [26]. Multiple series
have demonstrated little improvement in detec-
tion of fractures and malalignment with CT com-
pared with plain films in the pediatric population
[28,32], with substantial increases in radiation ex-
posure reported with CT. Many normal anatomic
variants in children, however, may mimic fractures
and warrant additional evaluation with CT or
MR imaging [33]. Because children often require
sedation for CT scanning, the improvements in
time efficiency and length of emergency depart-
ment stay observed in adults undergoing CT screen-
ing are often not appreciated in children [32].
Given these differences between children and adults,
spinal trauma screening protocols must be modi-
fied for the pediatric population. Plains films may
be used as the initial screening modality with CT



Fig. 4. Sagittal STIR image is notable for compression
deformities of the T12 through L2 vertebrae. Mar-
row edema is present within L2, indicative of frac-
ture acuity.
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scans limited to areas of interest. Reductions in
tube current and increases in table and gantry rota-
tion speeds may be used to reduce radiation expo-
sure [26,34]. MR imaging has a larger role in the
evaluation of pediatric spinal trauma because of
the increased incidence of spinal cord injury with-
out radiographic abnormality.
MR imaging

MR imaging, with superior tissue characterization,
provides the best evaluation of soft tissue pathol-
ogy and essentially the only direct evaluation of
the spinal cord [3]. Information obtained regarding
disks, ligaments, hematomas, and the spinal cord is
often complementary to the evaluation of osseous
pathology provided by CT scanning [3]. MR imag-
Fig. 5. (A and B) Axial and coronal high-resolution hea
small pseudomeningocele in the left neural foramen and
nerve root avulsion.
ing with STIR or fat-saturated T2-weighted se-
quences may also detect additional regions of
bone edema and aid in the determination of acuity
of osseous injuries [Fig. 4]. MR imaging is indicated
in the setting of spinal trauma when a neurologic
deficit is present or when there is clinical suspicion
of a soft tissue or vascular abnormality. High-reso-
lution, heavily T2-weighted sequences can be used
(as an alternative to myelography) for the detection
of potential nerve root avulsions and pseudome-
ningocele formation [Fig. 5]. MR imaging may also
be used to evaluate posttraumatic sequelae, such
as myelomalacia, syrinx formation, cord tethering,
and development of arteriovenous fistulas.
Many safety considerations arise when perform-

ing MR imaging in trauma victims with suspected
spinal injury. Many such patients are critically ill
and require extensive monitoring and ventilatory
support. Ventilators and pulse, blood pressure, and
oxygenation monitors must be MR imaging com-
patible. Spinal precautions must be maintained at
all times. Fixation devices, such as halos, may be
fitted with MR imaging–compatible vests that con-
tain graphite, thereby minimizing image degrada-
tion. Traction devices may impede table motion
and may prove a danger to the patient and the
MR imaging personnel, should they become pro-
jectiles [35]. Additional concerns arise in patients
who have suffered penetrating trauma with re-
tained metallic fragments [36,37]. The practice of
imaging patients with retained spinal bullets is
controversial. Most firearm ammunition is nonfer-
rous but rarely is the composition of the retained
projectile known. At least theoretically, a ferrous
fragment may become mobile in the magnetic
field and produce additional neurologic damage.
Multiple small case series have, however, reported
no adverse affects in patients with bullets within or
in proximity to the spinal canal. In many of these
vily T2-weighted images (FIESTA sequence) reveal a
absence of the traversing nerve root, indicative of a



Fig. 6. Sagittal STIR image demonstrates an acute
compression fracture of C5 with extensive bone
edema and retropulsion, resulting in effacement of
the ventral cerebrospinal fluid space. There is abnor-
mal signal intensity within the cord with associated
expansion, representing contusion, extending from C4
through C7. There is also a large prevertebral hema-
toma, and there is extensive signal abnormality within
the interspinous ligaments and posterior paraspi-
nal musculature.
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cases, management was altered by the MR imaging
findings [38].
Canal and foraminal compromise and cord

compression, in the presence or absence of acute
fracture, are well evaluated with MR imaging. Spon-
dylotic changes, disk herniations, and epidural and
subdural hematomas may all narrow the canal and
neural foramina. Thin-section T2-weighted gradient
echo images provide optimal evaluation of degen-
erative changes. T2-weighted images can best detect
areas of cord signal abnormality, representing con-
tusion and adversely effecting patient prognosis
[Fig. 6] [3,39].
Ligamentous and soft tissue injuries are best

detected on fat-saturated T2-weighted images. The
normal anterior and posterior longitudinal liga-
ments are seen as continuous, thin, hypointense
structures along the ventral and dorsal surfaces of
the vertebral bodies on sagittal images. The liga-
menta flava and intraspinous ligaments may also
be directly evaluated. When injury has occurred,
focal areas of increased T2-weighted signal intensity
or frank discontinuities in the ligaments may be
seen [Fig. 7] [3,39].
Fig. 7. Sagittal STIR image demonstrates extensive soft
tissue and ligamentous injury with increased signal
intensity throughout the posterior paraspinal muscu-
lature, interspinous ligaments, and prevertebral space.
A distraction injury at C1-2 was suspected and verified
on additional sequences and on CT. There is signal ab-
normality at the pontomedullary junction and within
the spinal cord at C2.
Clinical issues

Instability

Stability of the cervical spine is best assessed with a
functional examination that includes flexion and
extension views. Such an examination, however,
should be reserved for alert, cooperative patients
with a normal neurologic examination and without
radiographic evidence of injuries that are almost
certainly unstable. Because of pain and muscle
spasm present at the time of acute injury, patient
motion is often limited. As such, delayed flexion
and extension views (obtained 7–10 days following
the injury) may be more informative. Instability
is diagnosed when there is more than 3.5-mm hori-
zontal displacement between the flexion and ex-
tension positions. Other findings suggestive of
instability include displaced apophyseal joints,
widened disk spaces, loss of over 30% of the ver-
tebral body height, and the presence of a prever-
tebral hematoma. For those patients not suitable
for flexion and extension radiography, MR imaging
can be obtained. MR imaging directly images the
ligaments and soft tissues of the cervical spine and
can be used to infer stability or instability in such
patients [39].

Whiplash

Whiplash injuries are exceedingly common, fre-
quently following rear-end motor vehicle accidents
with hyperflexion and hyperextension of the neck.
Reported symptoms include neck pain or stiffness,
paresthesias, upper extremity pain, jaw pain, and
headaches. Recovery is often somewhat delayed,
taking weeks or months. Most patients, however,
report resolution of symptoms within a year of
the injury; in the Quebec Task Force study, 97%
of such patients reported resolution of symptoms,
although 10% to 42% of patients in other studies
have reported the development of chronic neck
pain [40–42]. The etiology of whiplash symptoms



Fig. 8. Coronal (A) and sagittal (B) reformatted maximal intensity projections reveal a linear defect in the proximal
right internal carotid artery. This was a blunt injury (struck in neck by hockey puck).

Fig. 9. (A and B) Axial CT scans demonstrate comminuted, mildly displaced fractures of the facet joints and a
fracture of the right pedicle extending into the foramen transversarium. (C) Two-dimensional time-of-flight MR
angiography demonstrates occlusion of the right vertebral artery in its midcervical portion. (D) Axial fat-saturated
T1-weighted image at the level of the facet fractures does not reveal a flow void in the right vertebral artery.
Hyperintensity within the right vertebral artery likely represents thrombus. There is surrounding signal abnor-
mality, hematoma, indicative of dissection.

7Spinal Trauma Imaging
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and the role of imaging in their evaluation remain
controversial. Proposed causes include muscle tears;
ligamentous injuries; apophyseal joint injuries;
temporomandibular joint injuries; discogenic dis-
ease; perineural scarring; and facet, pillar, end
plate, or vertebral body fractures. In the acutely
injured patient with whiplash, Ronnen and co-
workers [43] have suggested that imaging is not
cost effective. In their study of 100 such patients
who underwent MR imaging within 3 weeks of
injury, only 1 had an abnormality directly attribut-
able to the trauma. Similar findings were reported
by Borchgrevink and coworkers [44] in a group of
40 patients studied within 2 days of injury. Many
additional studies have found imaging, other than
Fig. 10. (A) Axial CT scan demonstrates a fracture of C2
and left lamina. (B) Sagittal T2-weighted MR image is not
at the fracture site and a large amount of prevertebral s
MR angiogram reveals marked irregularity of the right
enhanced three-dimensional time-of-flight MR angiogra
predominantly within the spinal canal, secondary to a ve
ventional angiography.
initial screening, to be of limited value [45]. Imag-
ing is, however, more likely to play a role in the
evaluation of the persistently symptomatic patient.
Jonsson and coworkers [46] did find eight acute
disk herniations in 24 patients who had neck
pain for 6 weeks or more following injury. Manage-
ment strategies are even more controversial [41].
Steroids, analgesics, soft collars, immobilization,
activity limitation, physical therapy, exercise, radio-
frequency neurotomies, acupuncture, diskectomies,
fusion procedures, and steroid, botulinum toxin,
and anesthetic injections have all been used. Many
have been shown to be of limited or no benefit. In
small, often uncontrolled series, high-dose methyl-
prednisolone given within 8 hours of injury has
extending through the right foramen transversarium
able for a mildly displaced fracture of C2 with edema
oft tissue swelling. (C) Two-dimensional time-of-flight
vertebral artery at the C1-2 level. (D) Gadolinium-
phy is notable for extensive venous opacification,
rtebrovenous fistula, subsequently confirmed on con-



9Spinal Trauma Imaging
been shown to reduce sick leave, active exercise has
been shown to reduce somatic complaints, and
trigger point injections with botulinum toxin have
provided short-term pain reduction [41]. Radiofre-
quency neurotomies and intra-articular local anes-
thetic injections have been shown in multiple
studies to improve patient symptomatology, parti-
cularly neck pain and headache [41].

Vascular injury

The incidence of vascular injury in all victims of
blunt trauma is less than 1%. It is substantially
higher, however, in certain subsets of patients
deemed high risk [47–51]. The incidence of verte-
bral arterial injury following major blunt cervical
spinal trauma has been estimated to be as high as
24% to 46%; most of these lesions are, however,
Fig. 11. (A and B) Sagittal and axial T2-weighted images d
compression of the upper thoracic cord by an intradural ex
of cerebrospinal fluid (an arachnoid cyst, likely resulting f
alternatively represent adhesion/cord tethering/cord hern
image reveals no pathologic enhancement.
asymptomatic [48–50]. Screening for vascular
injury is indicated in patients with otherwise un-
explained neurologic deficits; in patients who sus-
tained hyperextension and hyperflexion injuries;
and in those with severe blunt trauma to the neck
(including that produced by seat belts) [Fig. 8].
Other indications for screening include cervical
spine or skull base fractures (particularly those
adjacent to or involving vascular foramina), and
penetrating injuries adjacent to vascular structures
[47–51]. Multiple modalities have been used for
detection, evaluation, or treatment of vascular inju-
ries [52–55]. In the absence of contraindications,
MR imaging and MR angiography may be used for
optimal detection of mural hematoma and dissec-
tion [Fig. 9] [52]. Pseudoaneurysms may be present
at the time of injury or may develop following
emonstrate anterior and left lateral displacement and
tramedullary lesion with signal intensity characteristics
rom adhesions in the subarachnoid space). This could
iation. (C) Gadolinium-enhanced sagittal T1-weighted



Fig. 12. Sagittal T2-weighted image demonstrates
cystic myelomalacia of the cord at C4 and C5. There
has been fusion of the C4 and C5 vertebrae. A disk-
osteophyte complex is present at C6–7.
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dissections. Pseudoaneurysms and arteriovenous fis-
tulae may also be detected with MR imaging and
MR angiography, but are optimally studied with
conventional angiography. Traumatic vertebral arte-
riovenous fistulae most often occur in the lower
cervical spine and may produce various neurologic
and nonneurologic symptoms, including pulsatile
tinnitus; neck pain; dizziness and syncope (caused
by steal phenomena); and paralysis [Fig. 10]. In
cases of penetrating trauma in stable patients,
CT and CT angiography may be superior for de-
tection of direct puncture injury and for delinea-
tion of trajectory of the penetrating instrument
[53,54]. Retained metallic fragments may, however,
degrade such studies. Conventional angiography
with potential for endovascular therapy is certainly
warranted in cases of active hemorrhage, new-onset
cerebral ischemia in patients without contraindi-
cations to thrombolysis, suspected arteriovenous
fistulae, expanding pseudoaneurysms, and when
noninvasive modalities have been inconclusive
[47–51].

Subacute and chronic injuries

Although some patients recover some neurologic
function in the months and years following injury,
others suffer progressive neurologic deterioration.
Worsening myelopathy, ascending neurologic level,
worsening pain, worsening sensory deficit, increased
spasticity, and autonomic dysfunction may occur.
Possible etiologies include myelomalacia, syrinx
formation, continued or progressive cord compres-
sion, instability, and development of adhesions
with associated cord tethering [56]. Adhesions and
tethering may be suggested when loculated collec-
tions of cerebrospinal fluid are seen and when the
cord appears abnormal in course, position, or con-
figuration (caused by compression) [Fig. 11]. The
imaging appearance of myelomalacia is that of
ill-defined signal abnormality with associated cord
atrophy Cystic myelomalacia is often associated
with chronic or recurrent cord compression. Micro-
cysts may initially develop in areas of prior hemor-
rhage, demyelination, or ischemia. These microcysts
may coalesce, and syrinx formation may ultimately
result [Fig. 12]. On MR imaging, signal-intensity
characteristics of the syrinx cavity typically follow
those of cerebrospinal fluid, although they may
differ if proteinaceous fluid is present. Additionally,
the spinal cord appears focally expanded. In pa-
tients with previous spinal cord injuries and new
neurologic deficits, syrinx formation is common.
Symptomatic intramedullary cysts or syrinx cavities
may be treated with surgical drainage or shunt-
ing [3,39].
Vascular injury was discussed in greater detail

previously, and is the topic of a more focused
discussion elsewhere in this issue. Briefly, arte-
rial dissections, transections, and arteriovenous
fistulae may occur at the time of injury with pro-
gression or regression of luminal compromise, de-
velopment and enlargement of pseudoaneurysms,
and development of venous hypertension over
time. MR imaging and MR angiography may di-
rectly image the vascular pathology or reveal indi-
rect signs of it, such as cerebral infarction resulting
from dissections or pseudoaneurysms or cord swell-
ing and enlarged pial veins seen with arteriove-
nous fistulae.
Summary

Spinal trauma often has devastating consequences.
Well-controlled clinical trials have established guide-
lines for appropriate use of imaging and clinically
based screening. As technology has evolved, multi-
detector CT scanning has assumed a significant role
as a primary screening modality, although radio-
logists and clinicians must be conscious of the
increased radiation dose that accompanies it, par-
ticularly when children are being imaged. MR imag-
ing is often a complementary examination, providing
improved soft tissue detail of the spinal cord, disks,
and ligaments. Vascular injuries have been increas-
ingly recognized in association with spinal trauma,
and MR angiography, CT angiography, and conven-
tional angiography all have roles in their detection
and possible treatment. Lastly, patients with spinal
injuries may suffer progressive neurologic dete-
rioration, and imaging again has a role in their
diagnosis and management.
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Stroke remains one of the most important clinical
diagnoses for which patients are referred to the
radiologist for emergent imaging. Timely and accu-
rate imaging guides admission from the emergency
department or transfer to a hospital with a dedi-
cated stroke service, triage to the intensive care unit
(ICU), anticoagulation, thrombolysis, and many
other forms of treatment and management. It is
important to approach each patient’s imaging
needs logically and tailor each work-up. Moreover,
it is important constantly to review the entire pro-
cess for potential improvements. Time saved in
getting an accurate diagnosis of stroke may indeed
decrease morbidity and mortality. This article dis-
cusses the current management of stroke imaging
and reviews the relevant literature.
Background

Epidemiology

Stroke is the third most common cause of death in
the United States, approximating 7% and trailing
only heart disease and cancer [1]. In recent years, it
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has become evident that estimates of stroke inci-
dence were either rising or underestimated [2].
Traditionally, the rate of stroke in the United
States was thought to be 500,000 per year based
on studies of patients in Rochester, Minnesota,
and Framingham, Massachusetts, which were then
extrapolated to larger populations. A study by Bro-
derick and colleagues [2] in 1998 using patients in
Cincinnati, Ohio, and within adjacent Kentucky
indicated the incidence of stroke was more like
700,000 per year. Williams’ data [3] confirmed
this estimate, identifying 712,000 strokes in 1995
that increased to 783,000 in 1996. This calculation
represented an overall rate for occurrence of total
stroke (both initial and recurrent) to be 269 per
100,000 population per year [3]. Williams [3]
hypothesized that the total increase was caused by
both increasing age of the population and the
population gain.

Motivations for stroke imaging

Stroke is a common disease and any radiologist
involved in neuroimaging is also involved in the
imaging diagnosis of stroke [4]. Not only does the
disease process carry a high mortality, but also vari-
able (but typically high) morbidity. Stroke is the
leading cause of severe disability in the United
States and the leading diagnosis for disposition of
patients from hospitals to long-term care facilities
[1]. Treatment does exist, however, for many pa-
tients [5]. There is a potential for prominent impact
of radiology imaging on patient care [6].

Therapeutic window

The early diagnosis of ischemic stroke is critical to
the success of therapeutic interventions, such as
thrombolysis and anticoagulation. Prior studies
have indicated the time-critical nature of this dis-
ease, with only a narrow therapeutic window in the
first few hours following stroke ictus, and a dra-
matic rise in hemorrhage complications thereafter
[7–20]. Diagnosis in the first 3 hours postictus
provides the opportunity for intravenous or intra-
arterial thrombolysis and intra-arterial clot me-
chanical treatment (attempts at removing the clot
or breaking it into smaller pieces), which has been
shown to improve outcome [12,15,16,21]. Diagno-
sis in the time period between 3 and 6 hours
provides an opportunity for intra-arterial thrombo-
lysis and mechanical treatment. Diagnosis in the
first 12 hours provides the opportunity for admin-
istration of neuroprotective agents, which may
improve outcome. Involvement of the posterior
circulation, especially the basilar artery, is treated
by some physicians regardless of time of onset or
up until 12 to 24 hours in some practices. This is
related to the potentially high mortality and mor-
bidity associated with basilar artery thrombosis.
New studies are being performed to evaluate the
possibility of basing treatment on imaging rather
than a time window related to ictal onset, but these
protocols remain strictly experimental at the time
of this writing.

Snapshot of the recent history of stroke
imaging

The mainstays of early stroke diagnosis are con-
ventional noncontrast head CT (NCCT) and con-
ventional brain MR imaging [10,19,22–28]. Some
facilities routinely use MR imaging with diffusion-
weighted imaging (DWI) in the detection of acute
stroke [29] because it has been shown to yield im-
proved sensitivity, negative predictive value, and
accuracy compared with NCCT and conventional
MR imaging [17,21]. CT angiography (CTA) of the
cerebral vasculature has been promoted by some
authors as a means to diagnose the vascular occlu-
sions of acute stroke [13,14,27,30–32], especially
in the hyperacute (<3 hours postictus) setting when
decisions regarding intervention are paramount
[11,33]. Specifically, CTA can reliably identify fill-
ing defects within the circle of Willis or its proximal
tributaries (most commonly the middle cerebral
artery [MCA] [34] and its branches) and parenchy-
mal filling-perfusion defects indicative of whole-
brain perfused blood volume [24]. CTA has been
shown to be very useful in the diagnosis of MCA
embolic stroke and predictive of infarction volume
in the MCA distribution [11,30]. In contradistinc-
tion, CTA may be less useful for stroke involving
the deep gray matter or brainstem [30].
Goals for stroke imaging

The theoretical goals for stroke imaging include

1. Access to high-quality equipment: The author’s
institution uses frequently updated hardware
and software and places MR imaging and CT
scanners in the emergency department, being
both close to each other and to the patients and
referring physicians so that examinations may
be done in short succession.

2. Ability to perform specialized examinations: Multi-
detector row CT scanners are necessary for most
modern specialized CT examinations including
CTA (hereafter all CTA denotations imply an
initial NCCT followed by CTA unless otherwise
noted) and CT perfusion (CTP). The author’s in-
stitution has a dedicated three-dimensional (3-D)
laboratory with technical coverage 24 hours a
day to provide maximum intensity projections,
volume-rendered reconstructions, and perfu-
sion maps. Multiplanar reformations are avail-



Box 1: Ictal symptom onset times

1. Undefined, unknown, or unclear onset time:
Traditionally these patients are not eligible
for thrombolysis
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able automatically from many modern CT
consoles. The author also reviews images on
soft copy and recommends a patient archiving
and communication system for subsequent
image manipulation and scrolling. MR im-
aging including MR angiography, DWI, and
perfusion-weighted imaging (PWI) is stan-
dard on most modern MR imaging devices
but does necessitate at least a 1.5-T magnet
strength, echo planar imaging modalities, and
a power injector.

3. Accurate and timely diagnosis: Imaging does not
benefit the patient until interpreted; the author’s
institution provides 24-hour coverage for con-
sultation, protocoling, performance, and inter-
pretation of patients’ examinations. The four
primary diagnostic questions are as follows:
a. Is there an infarct (an imaging manifesta-

tion of cytotoxic edema)?
b. Is there intracranial hemorrhage? The stroke

physicians do not alter treatment based on
petechial hemorrhage but that other types of
hemorrhage probably alter treatment plans.

c. Can stroke mimics, such as encephalitis or
tumor, be excluded?

d. What portion of brain is completely in-
farcted and what part is salvageable or mani-
fests as brain at risk of infarction? With
some variability, decreased or restricted dif-
fusion on DWI defines the former [35] and
perfusion-diffusion mismatch on PWI or
CTP defines the latter.
2. <3 hours postictus: Intravenous thromboly-
sis candidate

3. <6 hours postictus: Intra-arterial thrombo-
lysis candidate

4. >6 hours postictus: Usually the patient is not
a thrombolysis candidate but this contra-
indication may be made more relative in
the following scenarios:
a. Basilar artery thrombus: lifesaving attempts

are made in somewhat heroic circum-
stances in some of these cases, especially
if the patient is young and otherwise
healthy

b. Ictal onset time surrogates: perfusion
imaging; replacing the archetype of ictal
onset time with surrogates, such as per-
fusion imaging, is not yet ready for front
line use but is being studied and should
be considered to be controversial and at
best experimental under current stan-
dards of care in terms of replacing ictal
4. Vascular imaging: Fisher [36] identified in 1951
that most stroke was thromboembolic and fur-
thermore was related to atherosclerotic carotid
disease of the neck. The basic philosophy
yielded is to image the neck arteries when stroke
is suspected (the author prefers CTA to MR an-
giography or ultrasound but finds that the sur-
geons and neurologists are most comfortable
when combinations are used).

5. Radiation control: One should not lose sight
of the need for reduction of radiation expo-
sure to the patient [37]. Briefly, the concept
of ‘‘as low as reasonably allowable’’ should
be implemented and examinations should be
clinically indicated.

6. Cost: Although it is difficult to prove with cer-
tainty, many clinicians believe that an accurate
imaging diagnosis likely decreases overall cost
to the system.
onset time. It is, however, of great use in
terms of understanding the patient’s
physiology and many believe that pa-
tient management will soon be based
primarily on these modalities, following
successful studies.
Radiology triage of the stroke patient

First, a good history (not necessarily long or de-
tailed, just accurate and appropriate) should be
obtained. A proper history improves the ability to
make a correct diagnosis [38]. Does the patient’s
presentation sound in any way like a stroke? If so,
the patient has a high likelihood of stroke (perma-
nent) or transient ischemic attack and imaging is
indicated. If stroke is possible, expedite the neuro-
imaging (be aggressive in terms of getting imaging
quickly and appropriately). If the hospital has an
available neurologist or better yet a stroke team, ask
the referring physician strongly to consider calling
them immediately. Time is of the essence.
Ask the referring physician, patient, or family

members about symptom (ictal) onset time. In
general, the patient falls into the categories listed
in Box 1.
Neuroimaging directly affects the disposition

of the patient from the emergency department,
whether they are discharged; admitted to the regular
floor or to (neuroscience) ICU; and under what
service they are admitted and managed. Treatment
options guided by neuroimaging include anti-
coagulation; thrombolysis; mannitol or steroids;
blood pressure control (hypertension or hypoten-
sion); hypervolemia-hemodilution; craniotomy; and
placement of an intracranial pressure-measuring de-
vice. For patients presenting in an acceptable time
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frame for thrombolysis, the first task of neuro-
imaging (usually NCCT in most centers) is to dem-
onstrate lack of intracranial hemorrhage and lack
of large territorial infarct (usually MCA distribu-
tion) [39–42]. Contraindications for thrombolysis
include but are not limited to recent head surgery,
gastrointestinal bleeding, and other bleeding dia-
theses. For additional and more specific indications
for thrombolysis with intravenous or intra-arterial
medications, the reader is directed to the reviews
in the reference section. All of these factors should
Fig. 1. A 49-year-old woman with transient ischemic atta
territorial infarct is illustrated with a right insular ribbon sig
and (B) infarct extent better visualized using stroke windo
also manifest on the CTA source images with strokewindow
defect on a CTA maximum intensity projection (MIP) ima
infarct hyperintensity (long arrows) and prominent cortica
with acute infarct age. Axial DWI illustrates hyperintensity
area abnormal on CTA (arrows), consistent with acute infar
arterial input functions of the left internal carotid artery (IC
arrows) (the author does not primarily use the contralat
abnormality but does recognize that this is controversia
decreased cerebral blood flow (K) that partially normaliz
with mean transit timemaps (short arrow, J). This constellat
infarct and a larger territory at risk for infarction, and s
be evaluated while the patient is getting queued
up for scanning.
Protocols

Scenario classification and where to start

If the diagnosis is unknown and the scenario is non-
acute or late acute, work-up typically begins with
NCCT, with decisions for additional imaging based
on the results. Hyperacute is generally meant to ex-
ck and headache and visual field loss. (A) Right MCA
n on noncontrast head CT with brain windows (arrow)
ws (arrows, border infarct extent). (C ) Infarct extent is
s (arrows). (D, E ) Right MCA clot is visualized as a filling
ge (arrows). (F ) Axial FLAIR imaging illustrates partial
l vascular hyperintensity (short arrow), most consistent
(G) and ADC hypointensity (H) within a portion of the
ct. (I) There is increased mean transit time on PWI using
A) (bordered by arrows) and (J) right ICA (bordered by
eral input function because it overestimates the true
l so both are performed). There is a similar area of
es on the cerebral blood volume map (L), correlating
ion of findings is most consistent with amoderate-sized
uggestion of some, but incomplete collateralization.
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press symptoms lasting fewer than 3 to 6 up until
12 hours, whereas ‘‘acute’’ may mean a few hours
to several days, but usually means <24 hours. ‘‘Sub-
acute’’ generally means several days to weeks
and ‘‘chronic’’ means months to years (typically
>3 months). The literature regarding terminology is
variable, as are local usage customs. The best goal
is to be descriptive, specific, and internally con-
Fig. 1 (continued ).
sistent. The specific goal should be effectively to
communicate the impression of the case to the re-
ferring physician.

Renal failure

If there is known or suspected renal failure in a
patient not currently receiving routine dialysis, then
triage of the patient to MR imaging without con-
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trast material (and without PWI) is appropriate if
no other MR imaging contraindications exist. If the
patient is on dialysis, then dialysis should follow in
short succession any CT scan or MR image with
contrast. Renal failure does not necessarily create
an indication to use gadolinium-based contrast
material because there are theoretical risks of
heavy metal poisoning if the chelate disassociates
(refer to the particular package insert for details). If
the patient is to receive catheter angiography, the
CTA may be obviated. The author uses creatinine
values of <1.5 for normal, 1.5 to 2 for borderline
(relative contraindications), and >2 for contraindi-
cation to contrast material without dialysis. In
emergent circumstances, the patient’s physician
may approve the use of contrast material with
creatinine value still pending or within the border
zone region; in these cases, the risk for transient
and permanent renal failure is increased. A renal
medicine consult may be obtained if time allows.
Use of standard medications and therapies, such
as hydration and N-acetylcysteine, is no different
than with any other patients receiving iodinated
contrast material.

Access

MR imaging PWI, CTA, and contrast-enhanced MR
angiography require adequate peripheral intrave-
nous access, typically larger than 20 gauge. Larger-
access cannulas are necessary for higher flow rates
and access should be optimized to effect technically
adequate results. Flow rates may be adjusted down
for smaller access and known atrial fibrillation-
arrhythmia or decreased cardiac output but the au-
thor’s experience with bolus-chasing CT and MR
imaging techniques has been anecdotally variable.
Instead, in most instances the author simply ad-
justs the imaging time start point to 10 seconds
later in patients with these known diagnoses and
this is sufficient to obtain interpretable images in
most circumstances.

Contrast allergy

Iodinated contrast material allergy is an indication
for MR imaging or MR angiography, or gadolinium-
based contrast-enhanced CTA or catheter angiog-
raphy. Images obtained with the latter two are
typically diagnostic [43].

Hyperacute-acute stroke

For patients with hyperacute or acute stroke, the
author uses CTA of the head and neck combined
with CTP, followed by conventional brain MR im-
aging including DWI and susceptibility sequences
[Figs. 1–3]. This version of CTA begins scanning at
the skull base, extends up to the vertex, and then
starts again at the arch of the aorta to complete
imaging of the neck vessels. It is usually of great
value to include the great artery and vertebral artery
origins. Repeating arterial imaging with MR angi-
ography after CTA is usually not indicated unless
there is a problem-solving aspect to the MR angi-
ography. T1 fat-saturated sequences for potential
arterial dissection should be considered when set-
ting up the MR imaging. If there is no territory at
risk of infarction on perfusion imaging (no penum-
bra), it is thought that the patient is at increased
risk of hemorrhage with thrombolysis; the risks of
thrombolysis and mechanical intra-arterial therapy
likely outweigh the benefits [Fig. 4]. Initial imaging
should address this question.
Several different combinations of CT, MR imaging,

perfusion imaging, and vascular imaging can be
used to evaluate acute stroke. The author chooses
initial noncontrast head CT followed immediately
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by CTA and CTP to provide a rapid yet thorough
assessment of potential intracranial hemorrhage;
stroke mimics; large evolved infarct (contraindica-
tion to thrombolysis); arterial clot and stenosis;
infarct size and location; and penumbra. MR imag-
ing adds primarily DWI, which frequently improves
detail as to the presence and extent of infarct.
Many practitioners do not have quick access to

MR imaging for their stroke patients and CT im-
aging dominates those diagnostic work-ups. Quick
access to MR imaging suggests that MR imaging
may also be used in lieu of CT scanning but in
most situations CT scanning can be performed even
before the patient is cleared and prepared for MR
imaging. In some instances, more useful data can
be obtained with CT methods; for example, the
author finds that the increased detail in vessel im-
aging obtained with CT angiography is frequently
more helpful than MR angiography. Because many
radiologists and referring physicians believe that CT
is superior to MR imaging for the assessment of
intracranial hemorrhage, first-line MR imaging (in
lieu of CT scanning first) remains nonstandard. In
fact, MR susceptibility imaging is clearly superior to
CT in identifying hemosiderin blood products that
may increase the risk of intracranial hemorrhage
during stroke treatment. Some data presented
within the past several years have suggested that
MR imaging at least as good at detecting hemor-
rhage, but a definitive study is indicated to convert
current practice patterns. Finally, it must be re-
emphasized that there is no single absolute proto-
col to follow and the process should be constantly
re-examined for potential improvements.
Subacute stroke

For patients with subacute stroke, the author uses
CTA of the head and neck without perfusion, fol-
lowed by conventional brain MR imaging includ-
ing DWI and susceptibility. CTP is generally not
performed because most available treatments for
patients in this clinical scenario do not involve per-
fusion data input (eg, carotid endarterectomy).
There may be situations, however, in which CTP
or PWI is appropriate for an individual patient.
Chronic stroke

For patients with chronic stroke the author uses
conventional brain MR imaging including DWI
and susceptibility combined with MR angiogra-
phy of the head and neck. The author routinely
performs neck MR angiography with gadolinium-
based contrast material and MR angiography of the
circle of Willis using 3-D time-of-flight methodol-
ogy (unenhanced). Two-dimensional time-of-flight
MR angiography of the neck may complement 3-D
contrast-enhanced MR angiography in some pa-
tients. Phase-contrast imaging is useful for determi-
nation of arterial flow directionality.
Neck CT angiography without noncontrast
head CT

Neck CTA only (both without initial NCCT and
with only a portion of the circle of Willis imaged)
may be performed but the author does not recom-
mend this option unless this is to be used for
problem solving. For example, clarification of an
abnormal ultrasound result is indicated.
Interpretation

Pearls

The traditional reason for performing NCCT ini-
tially is to exclude hemorrhage and obvious non-
infarct disorders. Although useful in this regard,
NCCT may also yield signs leading directly to a
diagnosis of infarct.
In a recent study of patients, hemorrhage on NCCT

was identified in approximately 5% [44]. This blood
is thought to represent primarily hemorrhagic trans-
formation of ischemic infarct. In younger patients,
however, underlying vascular lesions should be
considered. If a nonarterial-distribution abnormal-
ity with hemorrhage is identified, consider venous
infarct. Delayed hemorrhagic conversion is most
likely related to late increased arterial flow or col-
laterals to damaged brain (ie, reperfusion injury)
or coagulopathy.
When proctoring a CTA, account for patency of

the bilateral internal carotid and vertebral arteries.
If there is lack of apparent contrast material filling
on the initial images, the author immediately per-
forms delayed images to see if there is delayed fill-
ing as a manifestation of hairline lumen (which
usually is treated surgically) as opposed to occlu-
sion (which likely does not undergo surgery) [45].
Anecdotally, this is at least somewhat clinically
useful in every case in which it is performed.
When proctoring a CTP, consider splitting the

entire contrast material bolus to cover a larger
area of brain (ie, two or more scans) and be sure
to include an artery in the area imaged (slab) that
can be used to perform the technical aspects of
the map performance (ie, arterial input function).
There is controversy regarding whether to use the
ipsilateral or contralateral arteries for an arterial
input function and the author has chosen to use
the ipsilateral artery because the contralateral artery
gives an overestimate of perfusion abnormality.
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If a susceptibility-weighted sequence is not avail-
able or not obtained, the author has found anec-
dotally that similar data may be obtained from the
DWI or a subset map of apparent diffusion coeffi-
cient called low-B (setting the B value to nearly 0 for
preparation of the map). Because the contrast on
the baseline acquisition from diffusion-weighted
sequences is T2 and not T2* (as in the dedicated
susceptibility) sequence, it is likely that the DWI
data are not optimal for detection of magnetic
susceptibility artifact related to blood products;
furthermore, its use has not been validated. The
Fig. 2. A 16-year-old man with hemiparesis and neck pain.
right lentiform nucleus sign on noncontrast head CT with
FLAIR imaging illustrates partial infarct hyperintensity (long
(short arrow), most consistent with acute infarct age. (D) Ax
(arrow) and lentiform nucleus hyperintensity, most consiste
An axial gradient echo susceptibility sequence image (E) il
(F ) Postcontrast axial T1-weighted imaging illustrates intra
hyperintensity (arrow) and (H) ADC hypointensity (arrow) w
acute infarct. (I) Loss of flow-related enhancement is note
arrows) on 3-D time-of-flight MR angiography of the circle
increased mean transit time on PWI using both in the infa
and within the posterior division territory of the right MC
DWI. There is an essentially matched area (arrows) of d
normalizes on the cerebral blood volume map (L). This
moderate-sized completed infarct and a larger territory a
dedicated magnetic susceptibility (T2*) sequence
is preferable [46,47].

Signs and pitfalls

Acute infarct hallmarks on routine imaging [48]
include obscuration of gray-white matter interface
related to cytotoxic edema; wedge-shape; vascu-
lar territorial; decreased tissue enhancement; and
restricted diffusion (DWI hyperintense, apparent
diffusion coefficient (ADC) hypointense, and expo-
nential map hyperintense [49]). The intravascu-
lar enhancement sign is characteristically visible
Right basal ganglia infarct (arrows) is illustrated with a
brain windows (A) and stroke windows (B). (C ) Axial
arrow) and prominent cortical vascular hyperintensity
ial T2-weighted imaging redemonstrates right caudate
nt with an infarct of several hours to a few days in age.
lustrates no evidence for hemorrhagic transformation.
vascular enhancement (arrow). (G) Axial DWI illustrates
ithin the area of abnormality on CTA, consistent with
d within a portion of the right M1segment (between
of Willis, consistent with nonocclusive clot. (J) There is
rcted area defined by restricted diffusion (long arrow),
A (between short arrows), not yet infarcted based on
ecreased cerebral blood flow (K) that only minimally
constellation of findings is most consistent with a

t risk for infarction, with incomplete collateralization.
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within the first 3 days (75%), best seen on spin
echo sequences and remaining one of the earliest
and most sensitive signs of acute infarct [50]. This
sign is relatively nonspecific, however, and resolves
within 5 to 7 days, providing a narrow window
of detection. The dural (meningeal) enhancement
sign is best seen at the tentorium, and on coronal
imaging [50]. This sign appears within the first
3 days and resolves by 7 days in most patients.
Gyral enhancement of infarct is best recalled ac-
Fig. 2 (continued ).
cording to Elster’s rule of 3’s: as early as 3 days,
maximal at 3 days to 3 weeks, and gone by
3 months [50]. Use of double- or triple-dose gado-
linium contrast material or use of single-dose gado-
linium contrast material with magnetic transfer
techniques effects earlier appearance (1 day) and
a longer-lasting sign (up to 6 months) [50], al-
though such an approach is rarely necessary.
On MR imaging, hyperintensity on T2-weighted

and fluid-attenuated inversion-recovery (FLAIR)
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images takes several hours to a few days to develop.
This observation can be useful to age an infarct.
Phase and evolution hallmarks include the follow-
ing milestones (caution is advised because these
guidelines vary):

1. Hyperacute infarct (< 6–12 hours): NCCT is
likely normal and DWI is abnormal in approxi-
mately < 30–120 minutes and abnormality per-
sists up to 2 weeks [35,50].

2. Acute infarct (12–48 hours): Meningeal en-
hancement, edema, and mass effect. Fogging
Fig. 3. A 67-year-old man with weakness. (A) A small, distal
MIP reconstruction from CTA source images. (B) In the n
lumen (long arrow) with atherosclerotic plaque (short arrow
large area of prolonged mean transit time within the le
decreased cerebral blood flow (D, arrows), and nearly nor
most consistent with territory at risk for infarction, and
imaging without thrombolysis (the patient did not meet in
illustrates acute left MCA infarct on axial FLAIR (F ) par
hyperintensity (short arrow), no abnormal enhancement o
hemorrhagic transformation on susceptibility-weighted im
DWI (H) and decreased on ADC maps (I). PWI illustrates
cerebral blood flow (arrows) and (L) cerebral blood volume
completed infarct, which was proved on follow-up imagin
changed between the scans most consistent with propaga
thrombolysis inclusion criteria will depend more on surrog
and pseudonormalization may occur on NCCT
and ADC-DWI [50].

3. Subacute infarct (2 days–2 weeks): Parenchymal
enhancement commences at 4 days; edema re-
solves (maximal at 3 days); and mass effect
decreases at 7 to 10 days [50]. Luxury perfusion
is most evident and is likely best evidenced by
increased cerebral blood volume (CBV) on PWI.
In the author’s experience, CBV is the most
accurate initial parameter to predict outcome
and final infarct volume but is not routinely
obtained or necessary in the subacute setting.
left MCA nonocclusive clot (arrow) is demonstrated on
eck, the CTA MIP image illustrates a hairline residual
) within the proximal left cervical ICA. CTP illustrates a
ft MCA distribution (C, arrows), essentially matched
malized cerebral blood volume (E); these CTP data are
good collateralization. Immediately subsequent MR

clusion criteria in that the ictal onset time was unclear)
enchymal (between long arrows) and cortical vessel
n T1-weighted imaging (not shown), no evidence for
age (G), ill-defined and variably increased signal on
(J) increased MTT (arrow) and (K) relatively matched
maps (arrows); this appearance is most consistent with
g (not shown). The implications of the perfusion data
tion of clot. Perhaps in the future, decisions regarding
ate markers, such as imaging results.
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4. Chronic infarct (> 2 weeks): Encephalomalacia
(appears at 6–8 weeks) and cortical laminar
necrosis [50].

Infarct signs on NCCT [51] include the following:
insular ribbon sign; obscuration of the lentiform
nucleus; hyperdense artery; and the MCA dot (en
face) and dash sign (in profile) [52]. The author’s
Fig. 3 (continued).
data [52] suggest that not all dense arteries corre-
spond to clot on CTA. Despite potential biases
of CTA, it is nonetheless used for acute decision-
making and the correlation to actual clot is thought
to be excellent [14].
Any portion of the stroke imaging process is

subject to potential pitfalls, and a few are described
here. During acquisition of CTA source images it is



Fig. 3 (continued ).
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preferable to review the images quickly while the
patient is still on the scanner for at least a few
reasons: (1) assessment likely governs what treat-
ment the patient receives (especially anticoagulants
and thrombolytics) and any time saved may impact
the results; (2) the contrast material could have
extravasated and it is important to note this and
treat the patient appropriately; and (3) if the typi-
cal important four vessels (bilateral internal ca-
rotid and vertebral arteries) within the neck are
not opacified on all images, then delayed images
may be obtained to assess whether the finding rep-
resents complete occlusion (typically not treated
surgically or endovascularly) or is a critical stenosis
or hairline residual lumen (treated surgically in
most cases). If this is not recognized initially, ad-
ditional imaging, such as sonography, catheter
angiography, or MR angiography, needs to be con-
templated. Another pitfall pertains to the identifi-
Fig. 4. A 60-year-old woman with hemiparesis. Intra-
cranial hemorrhage is illustrated (hyperdensity) on
noncontrast head CT following intra-arterial tissue
plasminogen activator administered for left MCA ter-
ritorial infarct (arrows border infarct).
cation of artifacts on CT scans and MR imaging,
particularly DWI.
DWI used routinely (at 1.5-T field strength) may

not identify all infarcts (false-negatives), most
commonly in the posterior fossa, brainstem, and
along areas near the sinuses and surface of the
brain. Moreover, DWI may indicate abnormalities
that eventually resolve (false-positive for infarct).
These instances are sometimes related to ischemia
with or without treatment but may also be seen
with seizure activity and demyelination. Brain tu-
mors may show restricted diffusion and have occa-
sionally been mistaken for infarcts, at least initially.
It is important to use all facets of the MR image
characteristics to determine whether the lesion fits
typical criteria across all sequences (eg, subacute
infarct with T2 hyperintensity, DWI hyperintensity,
ADC isointensity, possible gyral enhancement, and
no mass effect). If the lesion does not demonstrate
an expected appearance across all sequences, a
short-term follow-up examination may be indi-
cated to confirm expected evolution. Correlation
to the clinical scenario may also benefit the diag-
nosis because stroke is an acute event, whereas
tumor is typically insidious in onset.
A search for motion artifact on perfusion imag-

ing should be evaluated in every case performed
because the resultant perfusion maps may be erro-
neous and misleading, or simply uninterpretable.
Evaluation of the source images using cine mode
on a softcopy review system is usually helpful for
evaluating the initial data before map formation
and to evaluate for motion.

Infarct evaluation on angiography
(CT angiography and catheter
angiography)

CTA is an excellent first-line examination for evalua-
tion of the head and neck arteries [Figs. 5 and 6]



Fig. 5. A 78-year-old man with hemiparesis. Left MCA territorial infarct is illustrated with (A) distal left MCA filling
defect consistent with thrombus (arrow), (B) increased mean transit time on CTP (bordered by arrows), and (C ) a
smaller area of decreased cerebral blood flow that (D) partially normalizes on the cerebral blood volume map.
This constellation of findings is most consistent with a small infarct and a larger territory at risk for infarction, and
suggestion of good collateralization. (E) Follow-up noncontrast head CT confirms this assessment because the final
infarct volume (between arrows) approximates the area of infarct only on CTP, following appropriate stroke
treatment (including thrombolysis).

53Modern Emergent Stroke Imaging



Fig. 6. A 61-year-old woman with hemiparesis. Nonocclusive left MCA thrombus on 3-D imaging performed from
CTA source data (A) and was confirmed at catheter angiography (B), illustrating the typical accuracy of CTA for
identification of thrombus. The arrows point to the proximal aspect of the thrombus.
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[14,53]. In comparison with catheter angiography,
what it gives up in resolution and dynamic prop-
erties it makes up for with rapid acquisition of a
3-D dataset and the potential for assessment of
whole-brain perfusion [54] and better parenchymal
evaluation [14]. Moreover, CTA illustrates not only
arterial stenosis or occlusion, but also the vessel
wall. This factor is most important for evaluation
of intramural dissection [Fig. 7] and thrombosed
aneurysms, which may both complicate evaluation
of stroke patients.
CTA can be treated as a noninvasive angiogram,

evaluating the vessels just as would be done with
a conventional angiogram. More specifically, the
Fig. 7. A 37-year-old woman with neck pain and nonfo
dissections are illustrated on curved reformatted image fr
dissection (arrow) with smoothly tapering wall, and T1 hyp
noncontrast fat-saturated imaging (B). The left ICA abnor
are consistent with acute or subacute right ICA dissectio
images depends on age of blood products, so the left ICA
chronic dissection.
signs that are evaluated for both examinations
include vessel occlusion or cutoff related to throm-
boemboli; aneurysms; arterial dissection; meniscus
or flattened shape to clot (recent) versus reverse
meniscus (older); tram track (nonocclusive or re-
canalized clot); delayed (antegrade) flow (manifest
as decreased whole-brain perfusion on CTA); and
(retrograde) collateral flow [55].
Use of stroke window and level settings has been

shown to improve infarct detection on NCCT
[Fig. 8] [56]. The author routinely uses these win-
dow and level settings also to evaluate CTA source
images, as a supplement to routine window and
level settings.
cal clinical findings. Bilateral internal carotid artery
om CTA source data (A) illustrating a left cervical ICA
erintensity within the wall of the right ICA on axial T1
mality is isointense on T1-weighted imaging. Findings
n (arrow ; methemoglobin). Intensity on T1-weighted
findings (isointense) could suggest either very early or



Fig. 8. A 72-year-old woman with hemiparesis. (A) Late acute left MCA infarct is illustrated on noncontrast head CT
with brain windows (arrows border infarct); (B) noncontrast head CT with stroke windows (arrows border infarct);
and (C ) 3-D imaging performed from CTA source data showing a T-lesion of clot within the left ICA, M1, and A1
segments (arrow). The left ACA territory appears spared, suggesting that the primary arterial supply of the left
ACA is not by the left A1 segment. (D and E) CTA 3-D reformatted images of the neck illustrate a severe proximal
left cervical ICA stenosis (arrow) that includes the origin and is relatively smooth, potentially suggesting arterial
dissection but more likely atherosclerotic in a patient of this age.
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Factors to evaluate on CT angiography of the
head and neck for stroke

Internal carotid artery stenosis [see Fig. 8] tradi-
tionally has been described by percent stenosis be-
cause of conventions used in the NASCET trials.
The author, however, uses residual lumenal diame-
ter because it more appropriately describes the
physiology regardless of anatomic variations in
background artery size [45]. The author describes
stenoses with measurements of the smallest re-
sidual lumen and a subjective grade (mild, mod-
erate, severe, critical). In the author’s facility,
1.75-mm residual lumen corresponds to a 70%
stenosis, but this may vary from laboratory to
laboratory. Moreover, ultrasound velocity cutoffs
for 70% stenosis vary in a similar fashion and
each group must set its own standards. Previous
work by the NASCET trial suggests a benefit of
carotid endartarectomy for patients with symptom-
atic internal carotid artery stenosis >70% [57].
Identification of ulcerated plaque is also relevant

because of an increased risk of thromboembolism.
This diagnosis may be made to some extent on
catheter angiography, but the author also routinely
makes this assessment on CTA. Reporting of loca-
tion of calcifications or plaque without stenosis
related to atherosclerosis may benefit the patient’s
primary caregiver using medical management. In
the future, it is likely that identification of so-called
vulnerable plaque that is at increased risk of being a
source of thromboembolic disease may be per-
formed with such techniques as sonography, CTA,
or MR angiography. This assessment, however, is
not used routinely at present. Hemodynamic sig-
nificance on CTA, may be inferred by observing
poststenotic dilatation, and this observation is
worth at least suggesting when communicating
findings and their implications; however, it must
be noted that this type of implication has not been
definitely correlated in the literature and is strictly
anecdotal. In the author’s hospital, sonography
results with velocity measurements are generally
used in conjunction with CTA results to guide sur-
gical planning. Furthermore, the vascular surgeons
ask for performance and agreement between results
of two of the following three examinations before
consideration for endartarectomy: (1) sonography,
(2) CTA, and (3) MR angiography.

Perfusion imaging

The primary goal of CTP and PWI is to determine
potential brain (territory) at risk of infarction,
which is thought to represent an ischemic penum-
bra that is salvageable if treated appropriately
[58–63]. Several different types of maps may be
computed from the raw data and a detailed dis-
cussion of the techniques and variations in these
techniques is beyond the scope of this article, but
the reader is encouraged to pursue additional clari-
fication in the literature [64].
Standardized and semiautomated software is

commercially available to assist in the task of form-
ing perfusion maps. There are, however, a couple of
technical points that should be made. First, motion
artifact may not only cause the maps to appear
uninterpretable but may also cause erroneous in-
terpretation if this artifact is not identified. Second,
there exists a controversy as to which side should
be used as the arterial input function for the perfu-
sion characterization. The author primarily uses the
ipsilateral side because the data suggested that the
contralateral side overestimated the potential terri-
tory at risk for infarction. Third, results may vary
prominently if the user input functions are changed
even slightly [64].
The routine perfusion maps that the author uses

are mean transit time(similar to time to peak),
cerebral blood flow, and CBV. The author’s inter-
pretation starts with the mean transit time map,
because it yields typically the largest potentially ab-
normal area. On this map, increased signal is bad,
indicative of delayed blood supply to this brain
parenchyma. On the cerebral blood flow map, de-
creased signal is bad and is usually contained
within the mean transit time abnormal region, rep-
resenting delayed or decreased blood flow to the
brain parenchyma through the normal antegrade
arterial pathways. The CBV maps are likely the best
estimate of collateral flow. Here, decreased signal
is bad, indicative of delayed or decreased blood
volume or flux into the brain parenchyma. CBV is
likely the best predictor of final infarct volume but
most patients end up with a final infarct volume
somewhere between the size of the cerebral blood
flow abnormality and the CBV abnormality (which
is usually smaller than and contained within the
cerebral blood flow abnormality). Increased signal
may be obtained with luxury perfusion and reper-
fusion. In practice, relative or semiquantitative
parametric maps are created for MR PWI instead
of absolute quantitation. The processing for abso-
lute quantitation is not trivial, and off-the-shelf
software for this purpose is not widely available
for MR PWI. There are, however, several vendor-
supplied packages for quantitative CTP.
CTP and PWI are currently comparable, so use

should be based on local access and practice cus-
toms. If the abnormal regions on CBV and cerebral
blood flow are matched, this scenario likely repre-
sents completed infarct without good collaterals. If
the abnormal regions on cerebral blood flow are
greater than CBV, this is suggestive of some normali-
zation and indicative of likely good collaterals; this
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situation is unlikely to extend to complete infarct if
treated appropriately and aggressively. This patient
is likely the best candidate for therapy. If the abnor-
mal regions on mean transit time are greater than
cerebral blood flow or CBV, no one has shown for
certain what the area abnormal on mean transit
time mean transit time only represents, but some
clinicians treat this as potential territory at risk for
infarction. If there is a perfusion deficit of any kind
and the patient has hypotension or hypoxia, these
regions may become ischemic or infarcted. If an
area of restricted diffusion on DWI is matched to
the perfusion abnormality, this scenario likely rep-
resents a completed infarct. A caveat must be made,
however, that DWI can reverse rarely and although
some think of restricted diffusion as infarcted tis-
sue, there is controversy as to what portion of these
cases manifest ischemia. Conversely, where there is
a DWI-PWI mismatch, this likely represents brain
tissue at risk [51] for infarction.
Assessment of the findings: synthesis and
putative etiologies

Prognosis, risk of recurrence, and management op-
tions are influenced by stroke subtype. Most ische-
mic infarcts are thromboembolic, but the etiology
is not always clear on clinical examination. Aug-
menting clinical evaluation with neuroimaging
methods, such as those described previously, can
be helpful in categorizing etiology into one of five
subsets: (1) cardioembolic; (2) large-vessel stenotic-
occlusive; (3) small-vessel occlusive; (4) other, but
determined cause (eg, arterial dissection, vasculitis,
and so forth); and (5) cryptogenic [65,66]. Visu-
alizing the vessels (and often the heart and aortic
arch) is a critical part of this process. In addition,
Fig. 9. A 54-year-old man with visual complaints and atria
DWI by hyperintensities within the occipital (arrows), PCA
bilaterally and the left frontal (arrow) ACA territory (B).
the pattern of ischemia-infarction in the brain can
provide clues to etiology.
For example, infarcts of different ages but in the

same region with a stuttering clinical course is sug-
gestive of large-vessel stenosis, whereas infarcts of
different ages in different arterial territories is more
suggestive of a central embolic etiology, perhaps
cardiac. Infarcts of the same age involving different
arterial territories suggest a central embolic source
[Fig. 9], again usually related to the heart, aortic
arch, or perhaps a right-to-left shunt. Multiple
small, primarily cortical infarcts of similar age
or different ages could suggest a systemic process,
such as vasculitis, but could also have a proximal
embolic etiology like endocarditis. Borderzone or
watershed infarct patterns might suggest a proximal
embolus or large-vessel stenosis complicated by
hypotension, or a combination of these. More dif-
fuse and symmetric injury patterns are seen with
global hypoxia or anoxia, such as in the setting of
prolonged cardiac arrest. In practice, the exact etiol-
ogy is not always clear, and combinations of pat-
terns may be present.
The combination of anterior and middle cerebral

infarcts (ACA and MCA, respectively) infarcts is
suggestive of an internal carotid artery clot (also
known as a T-lesion [Fig. 10]), a lesion with a poor
prognosis. In a patient with an embolus to the
MCA, infarction of the lentiform nucleus suggests
a proximal M1 clot (also known as a stem clot) and
its absence suggests clot distal to the lateral len-
ticulostriate arteries. Circle of Willis variants can
modify the pattern of ischemia. For example, pres-
ence of large posterior communicating arteries
may explain involvement of anterior and poste-
rior circulation territories from a single embolic
event through the internal carotid artery, and a
l fibrillation. Embolic acute infarcts are manifested on
territories bilaterally (A) and parietal, PCA territories



Fig. 10. A 59-year-old woman with hemiparesis. Similar situation to Fig. 8 but in this case the left ACA territory has
infarcted (A), whereas the right ACA territory is spared, indicating more balanced circle of Willis configuration.
T-lesion is again illustrated on the left on 3-D imaging performed from CTA source data. (B) ICA clot (short arrow);
M1 clot (long arrow); A1 clot (open arrow). (C ) Left M1 clot (short arrow); left MCA calcified embolus versus
atherosclerosis (long arrow).
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small or absent contralateral A1 segment can lead
to bilateral ACA territory infarcts from a unilateral
proximal embolus like an internal carotid artery
occlusion or T lesion. In general, lacunar infarcts
are unlikely to be embolic, but this remains theo-
retically possible. In patients with lacunar infarcts,
check for signs of hypertension and atherosclerotic
disease on imaging, including tortuous arteries in
the neck and signs of leukoaraiosis (also known as
nonspecific white matter change).

Stroke follow-up imaging

The following are the primary aspects to be evalu-
ated on follow-up imaging of patients with stroke
(in most cases, this is accomplished with NCCT
[Fig. 11]):

1. Has there been extension of previous infarct?
2. Is there any new location of infarct?
3. Has there been hemorrhagic transformation?
4. If there was previous hemorrhage, has it increased?
5. Has there been bleeding away from infarct?
6. Is there hydrocephalus?
7. Is there cerebral edema?
8. Is there brain herniation?
What imaging examination is really the best?

Detection of blood products

NCCT has an overall sensitivity of approximately
91% to 92% [50]. Decrease in accuracy with time is
likely caused by evolution of blood density. FLAIR
may be positive as early as 23 minutes, and yields
sensitivity of 92% to 100% and specificity of 100%
in small groups [50]. The T1-weighted MR imaging
sequence is useful for identification of methemoglo-
bin. Susceptibility (gradient recalled echo) sequences
are most useful for identification of hemosiderin but
are also useful for acute blood products.



Fig. 11. A 47-year-old man with ataxia. Right PICA territory infarct (arrow) is illustrated on DWI (A) and on
follow-up noncontrast head CT (B).
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Detection of infarct

It is traditionally taught that MR imaging with
DWI is superior [67–72] to NCCT and conven-
tional MR imaging without DWI for the detection
of infarct. NCCT becomes more accurate approxi-
mately 12 hours following presentation to the
emergency department [72]. Data also suggest
that CTA and perfusion imaging provide improve-
ment over NCCT, with CTA placing somewhere
between NCCT and MR imaging with DWI in
terms of statistical values [73]. The author’s results
are similar to those in the literature [74–77].

Access and time of examinations

Availability of MR imaging scanners has been indi-
cated as a limitation to the widespread use of con-
ventional MR imaging and DWI for the diagnosis
of acute stroke. CT scanners have a better penetra-
tion in the community, and may be accessed more
easily and faster. Moreover, the time needed to
perform NCCT followed by CTA (approximately
15 minutes) is comparable with an acute stroke
protocol MR image at the author’s facility. The
inclusion of an MR imaging angiogram, however,
nearly doubles the time of the examination for
MR imaging. The inclusion of NCCT with CTA
remains necessary to exclude intracranial hemor-
rhage, which might otherwise be overlooked be-
cause of contrast enhancement.
Summary

Stroke remains a challenge for all physicians and an
important public health issue. Accurate and timely
neuroimaging may affect every facet of patient care
where stroke is suspected. Access to advanced CT
and MR imaging techniques likely improves the
ability to detect infarct and brain at risk for infarc-
tion but classical NCCT is also of use, especially
where other modalities are unavailable. Because of
the greater penetration of CT scanners, speed of
examination, and the absence of MR imaging safety
considerations with CT, CTA and CTP have become
first-line evaluations of the patient with symptoms
of stroke. MR imaging, and especially DWI, have
become excellent diagnostic tools and may ulti-
mately serve as first-line examinations across the
United States and internationally.
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& Summary
& References
Head and neck cancer accounts for 3% to 4% of
all malignancies with approximately 65,000 new
cases detected every year [1]. The male/female
ratio is 2:1 with 90% of cancers representing squa-
mous cell carcinomas. Critical to the treatment
planning and prognostic assessment of these malig-
nancies is identification of regional cervical nodal
metastatic disease. Clinical palpation in malignant
disease is not highly reliable with a sensitivity of
65% and an accuracy of approximately 75% [2,3].
Imaging improves accuracy to 80% to 85%, iden-
tifying pathologic cervical adenopathy in a sig-
nificant number of patients with head and neck
cancer who have no palpable adenopathy on
physical examination [4]. For example, retropha-
ryngeal nodes can only be identified on cross-
sectional imaging. Imaging also identifies necrosis
(indicative of metastatic disease) in enlarged and
normal-sized nodes, although it is limited in de-
tecting microscopic disease in normal-sized nodes.
Even on initial pathologic sectioning of lymph
nodes, however, metastatic disease may be missed
in up to 3% of cases. This article addresses the
assessment of cervical lymph nodes in head and
neck cancer, emphasizing what clinicians need to
know to stage and manage their patients.
The first step in assessing the neck for metastatic

disease is knowledge of the nodal classification,
namely the anatomic level of pathologic nodes.
The American Joint Committee on Cancer Staging
classifies the lymph nodes as level I through
level VII [5]. Level I refers to nodes in the subman-
dibular and submental region. Levels II, III, and IV
refers to lymph nodes along the anterior cervical
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chain. Level V is those nodes in the posterior com-
partment previously referred to as the ‘‘spinal ac-
cessory chain’’ because they follow the spinal
accessory nerve. Level VI nodes are in the visceral
compartment of the neck, whereas level VIIs are
in the superior mediastinum [Box 1 and Fig. 1].
In the assessment of regional nodal metastases in

patients with head and neck cancer, the radiologist
must identify if pathologic nodes are ipsilateral,
contralateral, or bilateral. Pathologic lymph nodes
are established either by size (enlargement) or the
presence of abnormal nodal architecture. In addi-
tion, the presence of extracapsular spread of tumor,
carotid encasement, and fixation of the tumor to
the skull base or prevertebral space should be evalu-
ated because these features of cancerous nodes af-
fect prognosis and management. The presence of
nodal metastases decreases the patient’s morbidity
and mortality by 50%; if there is bilateral lymph-
Box 1: American Joint Committee on Cancer
classification of cervical lymph nodes based on
level and location

Level I
Ia: Submental
Ib: Submandibular

Level II: Anterior cervical lymph node chain.
Lymph nodes in the internal jugular chain
from the skull base to the level of the
hyoid bone.
IIa: Nodes anterior, medial, or lateral to the

internal jugular vein
IIb: Nodes posterior to the internal jugular

vein with a fat plane between the node
and the vessel

Level III: Nodes along the internal jugular
chain between the hyoid bone and the
cricoid cartilage

Level IV: Nodes along the internal jugular
chain between the cricoid cartilage and
the clavicle

Level V: Nodes along the spinal accessory
chain, posterior to the sternocleidomas-
toid muscle
Va: Level V nodes from the skull base to

lower border of cricoid cartilage
Vb: Level V nodes from lower border of

cricoid cartilage to the clavicle
Level VI: Nodes in the visceral compartment

from the hyoid bone superiorly to the
suprasternal notch inferiorly. On each side,
the lateral border is formed by the medial
border of the carotid sheath.

Level VII: Nodes in the superior mediastinum

Data from American Joint Committee on Can-
cer Staging. American Joint Committee on Can-
cer Staging manual. 5th edition. Philadelphia:
Lippincott Raven; 1997.

Fig. 1. Imaging classification of pathologic lymph
nodes. (From Som PM, Curtin HD, Mancuso AA. An
imaging-based classification for the cervical nodes de-
signed as an adjunct to recent clinically based nodal
classification. Arch Otolaryngol Head Neck Surg 1999;
125:388–96; with permission.)
adenopathy the patient’s prognosis is reduced by
another 50%; the presence of extracapsular spread
reduces the patient’s morbidity and mortality by
another 50%; and when there is nodal fixation
the prognosis is reduced further by 50%.
Imaging characteristics: cross-sectional
imaging

Lymph node size and contour

The size criteria for lymph nodes that have been
established are somewhat arbitrary. Using maxi-
mum longitudinal diameter, the upper limits of
normal in size for lymph nodes at level I (submen-
tal and submandibular) and the jugulodigastric
nodes at level II is 1.5 cm in transverse dimension.
For the remaining cervical lymph node levels, 1 cm
is the accepted upper limits of normal in size. There
have been no large studies looking at the size cri-
teria for retropharyngeal lymph nodes. Retropha-
ryngeal lymph nodes are always abnormal when
necrotic in the setting of cancer. In patients with
pharyngeal cancer (nasopharynx, soft palate, tonsil,
or base of tongue), retropharyngeal lymph nodes
should be viewed with concern when they are 6 to



Fig. 3. Contrast-enhanced axial CT scan at the level of
the base of the tongue with normal-sized but necrotic
level IA lymph node (arrowhead) in a patient with
carcinoma of the base of the tongue (arrow).
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8 mm in size. In the setting of papillary thyroid
cancer, retropharyngeal nodes must also be care-
fully assessed, and if enlarged, especially with ele-
vated thyroglobulin levels, may be aspirated with
imaging guidance. It should be noted that these
numbers have been somewhat arbitrarily deter-
mined, and many malignant nodes may be normal
in size, whereas enlarged nodes may be benign.
Lymph node shape is not specific; however, benign
nodes tend to be kidney bean or flat in appear-
ance, whereas malignant nodes tend to be rounded.
Using the ratio of long axis dimension to short
axis dimension has been suggested. Long axis
dimension/short axis dimension > 2 favors a be-
nign node, whereas a ratio < 2 is more concern-
ing for metastatic disease [6]. The ratio depicts the
fact that malignant nodes tend to be more rounded
when compared with normal nodes. Size criteria
alone are not reliable, with a false-positive and
false-negative rate of 15% and 20%, respectively.
In the assessment of nodes that are borderline by
imaging criteria, knowledge of the nodal drainage
patterns for a spectrum of primary cancers can be
helpful in gauging ones level of suspicion.

Necrotic and cystic lymph nodes

The presence of fat within a node is usually indica-
tive of a benign node. The hilus of lymph nodes
contains fat, which may be distinguished from
necrosis by its location at the periphery of the
node, compared with necrosis, which occurs cen-
trally, and its density on CT or intensity on MR
imaging, which is similar to the fat in the surround-
ing tissues of the neck.
Identification of nodal necrosis is important and

implies the presence of regional metastases until
proved otherwise in patients with squamous cell
carcinoma of the head and neck. Necrotic or cystic
nodes are not uncommonly seen in metastatic thy-
Fig. 2. Contrast-enhanced axial CT scan at the level of
the base of the tongue with bilateral enlarged ne-
crotic level II lymph nodes (arrowheads) in a patient
with carcinoma of the base of the tongue (arrow).
roid cancer, most commonly papillary carcinoma.
Rarely, non-Hodgkin’s lymphoma may present
with necrotic lymphadenopathy (less than 4% of
the time). On CT a necrotic lymph node has central
low density with a thick rind of residual enhancing
lymphatic tissue [Figs. 2 and 3]. On MR imaging,
necrosis is identified as low signal intensity on
T1-weighted images with corresponding high signal
intensity on T2-weighted images with peripheral
enhancement. It has been suggested that CT may
be slightly superior to MR imaging in the detec-
tion of nodal necrosis [7]. Recent studies, however,
indicate that MR imaging has sensitivity compara-
ble with CT, especially when using surface coils and
larger matrix size, both being more sensitive when
compared with ultrasonography (US). The reported
accuracy, sensitivity, and specificity by CT and
MR imaging range between 91% and 93%. Using
US, the reported accuracy, sensitivity, and speci-
ficity are 85%, 77%, and 93%, respectively [8].
The frequency of necrosis in a metastatic lymph
node increases with lymph node size, with 10%
to 33% of metastatic nodes smaller than 1 cm
showing necrosis and 56% to 63% of nodes larger
than 1.5 cm showing necrosis [9,10].
Cystic lymphadenopathy is the term used to de-

scribe nodes completely replaced by material simi-
lar in density (CT) or intensity (MR imaging) to
water (0–20 HU) with a thin or imperceptible wall
[Fig. 4]. Not uncommonly, some cystic nodes have
increased protein content resulting in higher at-
tenuation on CT (HU > 20) and high signal inten-
sity on unenhanced T1-weighted MR images. Cystic
nodes are often seen in metastatic papillary thy-



Fig. 6. Contrast-enhanced axial CT scan of the neck
shows a large cystic lesion (arrowhead) medial to the
right sternocleidomastoid muscle. Imaging features
may suggest a branchial cleft cyst; however, the loca-
tion is atypical for it. Pathologic examination revealed
metastasis from papillary thyroid cancer.

Fig. 4. Contrast-enhanced axial CT scan of the neck
with a cystic level II-III lymph node (arrowhead) in a
patient with tonsillar cancer.
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roid carcinoma [Fig. 5]. In addition, in squamous
cell cancer of the head and neck, cystic adenopathy
may occur. In this setting, primary malignancies
arising from the base of the tongue and tonsil
should be strongly considered.
A common pitfall is to attribute a large cystic neck

lesion in an adult as a branchial cleft cyst. Some-
times the distinction is difficult [Fig. 6]; how-
ever, detection of a cystic neck mass in an adult
should prompt the radiologist to look for head
and neck cancer and papillary carcinoma of the
thyroid gland.

Calcified nodes

Cervical lymph node calcification is rare and is
seen in about 1% of lymph nodes [11]. Presence
of nodal calcification is not a reliable predictor
of either benign or malignant disease; however,
it does provide a limited differential diagnosis
as to the possible etiology. Calcification in lymph
nodes is most common in papillary thyroid cancer
[Fig. 7]. It is occasionally seen in metastatic mu-
Fig. 5. Axial T2-weighted MR image at the level of
nasopharynx with a large cystic right retropharyngeal
lymph node (star) in a patient with papillary carci-
noma of the thyroid gland.
cinous adenocarcinoma, treated lymphoma, and
granulomatous disease.
Imaging characteristics: sonography

Sonography of the neck offers an inexpensive and
readily available means to evaluate for cervical
adenopathy; however, operator experience is im-
portant because some of the sonographic findings
of malignant disease may be subtle. The examina-
tion should be performed with a high-frequency,
linear transducer, preferably with Doppler capa-
bility. The central compartment of the neck and
both lateral compartments should be thoroughly
scanned in both transverse and longitudinal orien-
tation. Normal nodes are commonly seen on rou-
tine examination and typically are oval or oblong
in shape, with a uniform hypoechoic cortex sur-
rounding an echogenic hilus [Fig. 8]. The echo-
Fig. 7. Contrast-enhanced axial CT scan of the neck
with necrotic calcified lymph nodes (arrow) in a pa-
tient with papillary carcinoma of the thyroid gland.



Fig. 10. Transverse sonogram showing an irregular
anterior border (arrowheads) with possible infiltration
of the adjacent connective tissue of this metastatic
lymph node (calipers) from tall cell papillary thyroid
carcinoma that proved to have extracapsular exten-
sion on surgical pathology.

Fig. 8. Longitudinal sonogram shows an oval-shaped
normal lymph node with an echogenic central hilus
(arrow) and a uniformly hypoechoic periphery.
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genicity of the hilus had been attributed to pres-
ence of hilar fat; however, Vassallo and coworkers
[12,13] determined that the appearance is caused
by a large number of lymph-collecting sinuses pos-
ing numerous acoustic interfaces, reflecting the
US beam. On color Doppler, normal nodes may
have no detectable flow or only flow within the
hilar vessels [14].
Metastatic disease may be detected by noting an

increase in the short axis diameter, a change in the
shape or contour, or an alteration in the consis-
tency or internal echotexture of the affected node
[15]. A rounded shape is also considered abnormal
in smaller node with the exception of the sub-
mandibular and parotid nodes, which commonly
appear more rounded. Focal or eccentric hypertro-
phy of the peripheral cortex is a useful sign to
identify malignant nodes, because it usually indi-
cates tumor infiltration and may be seen before
nodal enlargement has occurred. Absence of the
echogenic hilus may be useful as a sign of an
abnormal lymph node, but should not be used as
the sole criteria to identify abnormality because it
may result from both benign and malignant causes
or may be related to sonographic technique or
small node size rather than a true abnormality.
Increased short axis diameter and absence of cen-
Fig. 9. Longitudinal sonogram shows two adjacent en-
larged hyperechoic lymph nodes (arrowheads) in a pa-
tient with carcinoma of the thyroid gland.
tral hilar echogenicity are the criteria most predic-
tive of metastatic involvement of lymph nodes
[16,17]. Metastatic nodes are usually hypoechoic
relative to muscle, with the exception of meta-
static papillary carcinoma of the thyroid, which
may appear hyperechoic, resembling the echo-
genicity of the thyroid gland [Fig. 9]. Identifica-
tion of a hyperechoic node should prompt the
operator to evaluate the thyroid gland for a pos-
sible thyroid carcinoma.
Metastatic lymph nodes tend to have a distinct

margin; an indistinct margin raises the possibil-
ity of extracapsular spread of disease [Fig. 10].
Necrosis and cystic change are frequently seen in
metastatic disease, but may also be seen in granu-
lomatous diseases. Clinical information is vital for
interpretation. A nearly entirely cystic lymph node
is suspicious for metastatic papillary thyroid carci-
noma [Fig. 11]. Microcalcification within a lymph
node has been reported to occur with metastatic
papillary thyroid cancer and medullary carcinoma
of the thyroid gland. This is best seen with a high-
frequency transducer and appears as small flecks
of punctuate hyperechogenicity without acoustic
Fig. 11. This lateral cervical lymph node is nearly
entirely cystic in its appearance with a few thin inter-
nal septations and a slight irregular border. A pre-
dominantly cystic lymph node in the lateral cervical
chain is suspect for metastatic thyroid carcinoma.



Fig. 12. Longitudinal sonogram of a lateral cervical
lymph node with several punctate echogenic foci
(arrowheads) indicating microcalcifications from meta-
static papillary thyroid carcinoma. The underlying inter-
nal jugular vein is compressed but not invaded.
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shadowing [Fig. 12]. This pattern is somewhat
unique, because calcification seen in granuloma-
tous disease or following chemotherapy or radia-
tion tends to be larger and coarse in morphology.
Doppler US can also be used to predict further

the metastatic nature of the enlarged nodes [18].
Central or hilar vascularity can be seen in normal
or benign reactive nodes, whereas peripheral or
combined peripheral and central hypervascularity
is strongly suggestive of malignancy [Fig. 13]. The
one exception is lymphoma, which may only have
hilar flow. The use of flow patterns, such as pe-
ripheral vascularity with or without central vascu-
larity, improves the overall accuracy of sonography
to 92% in identifying metastatic nodes [19].
US-guided fine-needle aspiration can be per-

formed to obtain cells for cytologic evaluation and
confirmation of suspected metastatic disease and
to obtain samples for microbiologic evaluation.
US-guided fine-needle aspiration cytology has an
accuracy of 95% to 97% to provide the appro-
priate diagnosis and is commonly used to evaluate
cervical adenopathy [20,21].
What the clinician needs to know

Once the presence of regional metastases has been
determined, staging is the next important step, with
guidelines determined by the American Joint Com-
mittee on Cancer [Box 2]. In general, features of
Fig. 13. (A) Gray scale shows an abnormal lateral cervical
central hilus. (B) Color Doppler examination shows multip
lymph nodes that determine surgery include later-
ality, nodal size, single versus multiple nodes, and
relationship to site of the primary tumor. Several
additional features of nodal metastases should be
communicated to the surgeon because they have a
significant impact on prognosis and management.
Specifically, the presence of extracapsular exten-
sion, carotid encasement or invasion, or extension
or fixation to the skull base or prevertebral space
may render the patient inoperable in addition to
having a significant negative impact on prognosis.

Extracapsular spread

The presence of macroscopic extracapsular exten-
sion of metastatic disease increases the local recur-
rence rate by 3.5 times when compared with
absence of nodal metastasis or metastatic adeno-
pathy without extracapsular spread in a patient with
squamous cell cancer [22]. When two or more
nodes show extracapsular spread, regional recur-
rence rate is 58.3%, and the rate of distant metas-
tases is 33.3% with a median survival of less than
1 year reported [23]. Lymph node size is also an
indicator of extracapsular spread. Although 25% of
malignant lymph nodes ≤ 1 cm in size may be as-
sociated with microscopic extracapsular extension,
75% of nodes > 3 cm are associated with such
extracapsular spread.
Extracapsular extension may be suspected when

there are poorly defined nodal margins or when
there is soft tissue infiltration or stranding of the
muscles or fat in the neck [Fig. 14]. The sensitivity
of CT to diagnose extracapsular spread is about
81% and the specificity about 72% [24]. The sensi-
tivity and specificity by MR imaging ranges from
57% to 77% and 57% to 72% for extracapsular
spread, respectively [25].

Carotid invasion

Preoperative identification of carotid encasement
by neoplasm (primary or nodal) is important for
treatment planning. In a surgical candidate, an
internal carotid artery balloon occlusion test may
be performed to determine if the patient is able to
lymph node, which is enlarged without an echogenic
le vessels within the node.



Fig. 15. Contrast-enhanced axial CT scan of the neck
shows a large left retropharyngeal lymph node mass
encasing the internal carotid artery (arrow).

Box 2: American Joint Committee on Cancer
nodal staging and features in head and neck
cancers

Stage N0: No nodes
Stage N1: Single, ipsilateral node ≤ 3 cm
Stage N2a: Single, ipsilateral node > 3 cm and

≤ 6 cm
Stage N2b: Multiple, ipsilateral nodes ≤ 6 cm
Stage N2c: Bilateral, or contralateral nodes

≤ 6 cm
Stage N3: Nodal metastases > 6 cm

Data from American Joint Committee on Cancer
Staging. American Joint Committee on Cancer
Staging manual. 5th edition. Philadelphia: Lip-
pincott Raven; 1997.
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tolerate sacrifice of the carotid artery if necessary in
the operating room.
Carotid encasement is usually assessed by evalu-

ating the fatty interface between the tumor and the
vessel wall. The presence of tumor around the
internal carotid artery by a circumference of less
than 180 degrees normally indicates the absence of
invasion, whereas tumor that encases the carotid
artery by greater than 270 degrees is usually indica-
tive of invasion [Fig. 15]. Using CT, MR imaging,
or US, carotid involvement of 270 degrees or
more predicted arterial wall invasion with a sensi-
tivity of 92% to 100%, and a specificity of 88%
to 93% [26,27].

Skull base and vertebral invasion

Identification of tumor extension to the skull
base or prevertebral compartment is important be-
cause it frequently indicates inoperability and in-
curable disease. MR imaging can be used in the
assessment of involvement of the prevertebral
space. Recently, a larger series of patients with ad-
vanced head and neck carcinomas were evaluated
Fig. 14. Contrast-enhanced axial CT scan of the neck
shows a necrotic lymph node (arrowhead). The fat
plane between the lymph node and the adjacent
muscle is lost signifying extracapsular spread.
with MR imaging for preservation of the retro-
pharyngeal fat between the tumor and the prever-
tebral musculature on unenhanced T1-weighted
images. This study showed that preservation of this
fat plane correctly identified the absence of fixa-
tion to the prevertebral muscles in 97.5% of pa-
tients [28].
The prevertebral longus muscle complex is evalu-

ated for muscle contour, irregular tumor-muscle in-
terface, T2 hyperintensity, and enhancement. Using
these criteria, the accuracy for detection of prever-
tebral fixation ranges from 56% to 60% [29]. For
primary pharyngeal tumors, when there is persis-
tent concern for prevertebral extension, a barium
swallow can be obtained to assess whether the
posterior pharyngeal wall moves appropriately or
whether it is fixed.
Evaluation of adenopathy with an occult
primary

In the assessment of pathologic nodes with an
unknown primary, knowledge of lymphatic drain-
age pathways of primary head and neck cancers
can be helpful because head and neck cancer has
a relatively predictable pattern of metastatic adeno-
pathy based on the site and stage of the primary
cancer [Table 1] [30–32]. Nasopharyngeal carci-
noma spreads commonly to nasopharyngeal, level
II, and level V nodes. Oral cancers, such as floor of
mouth and oral tongue cancer, commonly involve
level I and II nodes. Cancers of the oropharynx,
such as tonsillar and base of tongue carcinoma,
typically spread to level II followed by level III
nodes. Nodes can be cystic in morphology. The
larynx can be divided into three compartments:
(1) the supraglottis, (2) the glottis, and (3) the
subglottis. Supraglottic larynx has the most abun-
dant lymphatic drainage with nodal metastasis
most commonly to level II followed by level III.



Table 1: Most frequently affected nodal levels
by head and neck cancers

Location
of cancer

Frequently affected nodal
levels

Nasopharynx Ipsilateral and contralateral
levels I and V

Floor of mouth
and oral tongue

Ipsilateral levels I and II

Base of tongue
and tonsil

Ipsilateral levels II, III and
contralateral level II

Soft palate Ipsilateral and contralateral
level II, ipsilateral level III

Supraglottic
larynx

Ipsilateral levels II, III, and
contralateral level II

Glottis Ipsilateral levels II and III
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The glottis has relatively sparse lymphatic drainage.
As a result nodal metastasis is relatively uncom-
mon at the time of presentation of these cancers.
The subglottis has intermediate lymphatic drain-
age, but represents less than 3% of all primary
laryngeal cancers.
Paratracheal lymph nodes are frequently asso-

ciated with laryngeal, thyroid, or lung carcinomas,
whereas the presence of supraclavicular and infra-
clavicular lymphadenopathy may be associated
with lung, breast, or gastrointestinal malignancies.
The imaging work-up for an unknown primary
should include an esophagram and upper gastro-
intestinal series, and a CT or MR imaging of the
chest and abdomen. More recently investigators
have been exploring the potential role for positron
emission tomography (PET) imaging in this setting.
Conventional radiologic techniques usually detect
only 25% of primary cancers.
Evolving techniques and contrast agents

Two major pitfalls with conventional MR imaging
and CT imaging in assessing for the presence of
nodal metastases include misinterpreting benign
enlarged, reactive nodes as having metastases, and
the inability to detect disease in normal-size nodes
that are not necrotic. It is in these nodes in par-
ticular that tissue-specific imaging techniques, such
as ultrasmall superparamagnetic iron oxide agent
(USPIO), can play a significant role in detecting or
excluding nodal metastases, improving the diag-
nostic accuracy of pretherapeutic MR imaging. Ad-
vantages of these agents over gadolinium-based
contrast agents (or iodine for CT) are that they
have a long intravascular half-life (greater than
30 hours) such that delayed imaging 24 to
36 hours after administration continues to show
localization of USPIO in the lymph nodes [33].
This gives flexibility in imaging and, in combina-
tion with the fact that USPIO causes T1 and T2
shortening (relaxation), provides great potential for
their use as an MR imaging contrast agent.
Dextran-coated USPIO accumulates in normal

functioning lymph nodes because small iron
oxide particles are taken up by macrophages in
these nodes. Because of the magnetic susceptibility
effects of iron oxide, normal nodes have reduced
signal intensity (negative enhancement) on post-
contrast T2-weighted spin echo and T2*-weighted
gradient echo images [34]. In contrast, because they
have reduced phagocytic activity, metastatic nodes
remain partially or completely hyperintense on
enhanced T2-weighted spin echo and T2*-weighted
gradient echo images with a spectrum of observed
imaging patterns [35]. Some potential pitfalls of
USPIO imaging include obscuration of normal-
sized (ie, 4–5 mm) but pathologic lymph nodes
because of ‘‘blooming’’ effects on gradient echo
imaging of adjacent normal-sized nodes (causing
apparent enlargement of nodal size and masking
of small nearby metastatic nodes) [35]; reactive fol-
licular hyperplasia, whichmaymimicmetastatic dis-
ease because of reduced macrophages-phagocytic
activity in these nodes; and necrotic nodes without
viable tumor following radiation therapy. The role
of USPIO imaging in assessing for recurrent nodal
disease in the treated neck requires further prospec-
tive investigation.
Tumor recurrence versus treatment changes:
a job for positron emission tomography
imaging?

One of the most significant challenges facing the
radiologist is distinguishing neoplasm from scar
following treatment. CT in this regard has limited
use because these tissues frequently have overlap-
ping densities, making their distinction difficult.
MR imaging can be more sensitive in making this
distinction. Postoperative granulation tissue, scar,
and fibrosis are dynamic tissues that may have a
wide range of intensity and enhancement charac-
teristics. Early scar and granulation tissue tend to be
hyperintense on T2-weighted images and enhance
following the administration of contrast material,
which may make distinction from tumor difficult
until growth is demonstrated.
New imaging techniques outside of cross-

sectional imaging have focused on the physiologic
properties of tumors and tissue characterization,
rather than anatomic detail. PET using 2-[F-18]
fluoro-2-deoxy-D-glucose (FDG) relies on the me-
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tabolic activity of neoplasms relative to adjacent
tissues (normal neck soft tissues, scar, fibrosis, in-
flammatory changes) in positively identifying the
presence of tumor [36]. PET imaging may be useful
in the detection of unknown primary cancers, in
guiding endoscopic biopsies, in evaluating recur-
rent tumors, and in distinguishing recurrent neo-
plasm from radiation changes. One of the potential
pitfalls of CT and MR imaging is their inability to
distinguish treatment changes from recurrent tu-
mor. In general, recurrent neoplasms show signifi-
cant uptake of FDG compared with fibrotic tissue
and radiation-induced changes; however, occasion-
ally, radiation necrosis may demonstrate increased
metabolic activity resulting in significant uptake of
FDG [36,37]. Furthermore, the timing of FDG PET
following irradiation is important in the distinction
of radiation changes from tumor. PET performed
shortly after radiotherapy may not accurately re-
flect disease activity, whereas PET acquired several
months out may more reliably identify recurrence.
Summary

Clinical palpation for lymph nodes in malignant
disease is not highly reliable with a sensitivity of
65% and an accuracy of approximately 75%. Imag-
ing can identify pathologic cervical adenopathy in
a significant number of patients with head and
neck cancer who have no palpable adenopathy on
physical examination. This article reviews nodal
classification, drainage patterns of different head
and neck cancers, various cross-sectional imaging
features of metastatic lymph nodes from head and
neck cancer, nodal staging, and certain features like
extracapsular spread and carotid and vertebral inva-
sion that the clinician should know because they
have therapeutic and prognostic implications. New
imaging techniques and the role of FDG PET imag-
ing in recurrent disease are discussed.
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The first half of this article is devoted to providing
an introduction and overview for MR imaging of
epilepsy. Several MR imaging epilepsy topics will be
discussed in great detail in separate articles, such
as hippocampal sclerosis, developmental disorders,
and functional MR imaging. The remainder of this
review will discuss strategies for successful interpre-
tation of MR images from the seizure patient and
how to avoid potential pitfalls.
Overview of epilepsy

Epilepsy is a chronic, neurologic disorder charac-
terized by spontaneous, recurrent seizures. Seizures
are caused by excessive and abnormal electrical
discharges from the cortical neurons.
The epilepsies and epilepsy syndromes are

broadly classified into generalized and focal [1].
Partial (focal) seizures originate from a localized
area of the brain, whereas generalized seizures
originate simultaneously from both cerebral hemi-
spheres. Partial seizures are further subdivided
into simple partial, without loss of any conscious-
ness, and complex partial, with loss of conscious-
ness. Partial seizures can spread from one area to
another and become secondarily generalized sei-
zures. Though most patients with epilepsy caused
by generalized seizures respond to antiepileptic
drugs, 30% of those with partial seizures are resis-
tant to antiepileptic drugs [2,3]. In these patients,
surgical resection of the brain region provoking
seizures is often the only effective treatment. Medi-
cally refractory epilepsy is a social, economic, and
medical burden not only to the affected individual
but also the community in general. Thus, the clas-
sification of seizures has prognostic and therapeutic
values that help in the improved management and
care of patients with epilepsy.
Epilepsy is a common disorder, with a prevalence

of 0.4% to 1% of the population [4–6]. MR imaging
is an excellent tool for detecting anatomic substrates
that underlie regional brain epileptogenesis, but this
potential is dependent on the particular population
that is being examined. In a study of 300 consecu-
tive patients presenting with first seizure, an epilep-
togenic lesion was identified by MR imaging in
nics of North America 14:349–72, 2004.

cine, 333 Cedar Street, New Haven, CT 06510.

reserved. doi:10.1016/j.rcl.2005.09.002



Fig. 1. Coronal T1-weighted diagram of hippocampal sclerosis. Hippocampal atrophy (open arrow), the primary
finding of hippocampal sclerosis, is demonstrated on the right (the other primary finding of abnormal increased
T2 signal intensity is not depicted). The right hippocampus shows loss of the normal alternating gray and white
matter internal architecture (compare with the normal left hippocampus). Secondary MR findings of mesial
temporal sclerosis include ipsilateral atrophy of the temporal lobe, parahippocampal white matter (PHG), fornix,
and mammilary body (mb). The insert represents the mammilary body on a more anterior image. Ipsilateral
temporal horn dilatation (arrowheads) and atrophy of the white matter (CWM) between the hippocampus and
gray matter overlying the collateral sulcus (CS) is also depicted. (From Bronen RA. MR of mesial temporal sclerosis:
how much is enough? AJNR Am J Neuroradiol 1998;19(1):15–8; with permission.)
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14% (38/263) [7]. In another study, MR imaging
detected etiologically relevant structural abnormali-
ties in 12.7% (62/388) of children with newly di-
agnosed epilepsy [8]. In intractable epilepsy, the
overall sensitivity of MR imaging in identifying sub-
strates is in the range of 82% to 86% [9,10]. In a
study of 117 patients with intractable epilepsy who
underwent surgery, the sensitivities of CT and MR
imaging in detecting structural abnormalities were
32% (35/109) and 95% (104/109) respectively [9].
However, MR imaging is of little benefit in those
with idiopathic generalized epilepsy. One study
found no structural abnormalities in subjects with
idiopathic generalized epilepsy or benign rolandic
Fig. 2. Hippocampal sclerosis and choroidal fissure cyst. C
lesion adjacent to the right hippocampus, which did not m
focused solely on this obvious lesion, one would neglect th
was surgically proven to represent hippocampal sclerosis
It was isointense to CSF on all pulse sequences and lo
(From Bronen RA, Cheung G, Charles JT, et al. Imaging
pathology. AJNR Am J Neuroradiol 1991;12(5):933–40; wit
epilepsy [7]. Based on these and other studies, pub-
lished guidelines indicate that MR imaging must
always be performed in the nonemergent setting
in patients with epilepsy, with the exception of pri-
mary idiopathic generalized epilepsy. CT still has a
role in the initial evaluation of seizures when asso-
ciated with focal neurologic changes, fever, trauma,
or in an emergency setting [11–14].
Role of MR imaging

The main purpose of neuroimaging in epilepsy
patients is to identify underlying structural ab-
normalities that require specific treatment (ie, sur-
oronal T2-weighted image (A) shows a hyperintense
atch a left temporal lobe clinical seizure source. If one
e small hyperintense left hippocampus (arrow), which
(B). The right-sided lesion was a choroidal fissure cyst.
cated in choroidal fissure above the hippocampus.
findings in hippocampal sclerosis: correlation with

h permission.)
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gery in most instances) and also to aid in formulat-
ing a syndromic or etiologic diagnosis. With recent
advances in techniques, previously undetectable
subtle structural abnormalities are now routinely
demonstrated by MR imaging. As compared with
CT, MR imaging—with its higher sensitivity, better
spatial resolution, excellent soft tissue contrast,
multiplanar imaging capability, and lack of ioniz-
ing radiation—emerged as primary modality of
choice in the evaluation of patients with epilepsy.
In epilepsy surgery, MR plays a crucial role not

only in identifying the anatomic location of a sub-
strate but also in depicting the relationship of
Fig. 3. Balloon cell focal cortical dysplasia (also known typ
cortical dysplastic lesion (A, B) has hyperintense signal ch
images, it may be confused with a neoplasm (C ). Howev
is associated with cortical thickening (compare the thicken
A radial band (arrowheads in B) in this case of dysplasia also
RA, Vives KP, Kim JH, et al. Focal cortical dysplasia of Tay
grade tumors. AJNR Am J Neuroradiol 1997;18(6):1141–51
the substrate to the eloquent regions of the brain
(eg, cortices involved with motor, speech, or mem-
ory function). Correlation and concordance of
MR imaging identified substrate with clinical and
electrophysiologic data is essential to avoid false
positive localization of the epileptogenic sub-
strate [15]. Concordance of noninvasive electro-
physiologic data with MR may obviate the need
for invasive electroencephalographic monitoring.
Postoperative MR imaging may identify the com-

plications of surgery as well as causes for the surgi-
cal treatment failure, such as residual/recurrent
lesion. MR imaging can also prognosticate the post-
e II cortical dysplasia). Because this balloon cell focal
anges in the subcortical white matter (A) on long TR
er, unlike tumors, balloon cell focal cortical dysplasia
ed cortex in (A) to the normal cortex in (C ) (arrows).
helps to distinguish this from neoplasm. (From Bronen

lor balloon cell subtype: MR differentiation from low-
; with permission.)



114 Vattipally & Bronen
operative seizure control of epileptogenic sub-
strates. Postoperative seizure control depends on
the identification of the substrate by MR imaging
and the characteristics of the MR abnormality [16].
Fig. 4. Pachygyria and heteropia. T1-weighted coronal
image demonstrates pachygyria with macrogyria, cor-
tical thickening, and loss of gray-white distinction
(arrows) as well as heterotopia (arrowheads) and
agenesis of corpus callosum.
MR imaging of epileptogenic substrates

Focal epilepsy can be categorized into the following
five groups or substrates: (1) hippocampal sclero-
sis, (2) malformations of cortical development, (3)
neoplasms, (4) vascular abnormalities, and (5) glio-
sis and miscellaneous abnormalities [17]. Each
substrate can be defined by a set of characteristic
parameters, which unite all abnormalities within
each particular substrate category. These parameters
include etiology, mechanism of action, treatment
options, and postoperative outcome. Because hippo-
campal sclerosis and developmental abnormalities
are discussed separately, here the authors concentrate
on the vascular, neoplastic, gliosis, and miscella-
neous substrates, with brief references to hippocam-
pal sclerosis and developmental disorders.

Hippocampal sclerosis

Hippocampal sclerosis is the most common epilep-
togenic substrate seen throughout various surgical
epilepsy series. Anterior temporal lobectomy cures
the epilepsy in 67% of patients with hippocampal
sclerosis [18]. Hippocampal sclerosis is character-
ized by neuronal loss and gliosis [19,20]. The most
important MR findings in hippocampal sclerosis
are atrophy and abnormal T2 signal [Figs. 1 and 2]
[20–22]. Other minor findings include loss of in-
ternal architecture, loss of hippocampal head inter-
digitations [23], atrophy of ipsilateral mammilary
body and fornix [24], dilatation of the ipsilateral
temporal horn, volume loss of the temporal lobe,
and atrophy of the collateral white matter between
the hippocampus and collateral sulcus [25]. The
sensitivity of MR in detecting hippocampal sclerosis
by qualitative assessment is in the range of 80%
to 90%, and by quantitative methods, the sensitiv-
ity climbs to 90% to 95% in surgical intractable
epilepsy patients [26–28]. Bilateral hippocampal
atrophy without obvious signal changes on long
TR images, which occurs in 10% to 20% of cases,
can be diagnosed by hippocampal volumetry and
T2 relaxometry. Hippocampal volumetry and T2
relaxometry can also be useful in lateralizing the
epileptogenic lesion [29,30]. Dual pathology is the
coexistence of hippocampal sclerosis with another
epileptogenic substrate. It occurs in 8% to 22% of
surgical epilepsy patients [31]. The most common
substrate visualized along with hippocampal scle-
rosis is cortical dysgenesis. Lesionectomy and hip-
pocampectomy may improve the surgical success in
controlling seizures in patients with dual pathology
[32,33].

Malformations of cortical development

Developmental malformations are increasingly rec-
ognized by MR imaging as causes of epilepsy in
children and young adults. At the present time,
developmental malformations constitute 10% to
50% of pediatric epilepsy cases being evaluated for
surgery and 4% to 25% of adult cases [34–36]. The
most widely used classification of malformations
of cortical development (MCD) divides these enti-
ties into four categories: (1) malformations due
to abnormal neuronal and glial proliferation or
apoptosis, (2) malformations due to abnormal neu-
ronal migration [Figs. 3 and 4], (3) malformations
due to abnormal cortical organization [Fig. 5], and
(4) malformations of cortical development, not
otherwise classified [37].
MR imaging findings in MCD include cortical

thickening, morphologic abnormalities in sulci
and gyri, blurring of gray/white matter junction,
areas of T2 prolongation in the cortex or subjacent
white matter with/without extension toward the
ventricles, heterotopic graymatter [21,38], and cere-
bral spinal fluid (CSF) clefts and cortical dimple
[Box 1] [39]. Many developmental malformations
are intrinsically epileptogenic. It is important to be
aware that the extent of the epileptogenic zone may
be more extensive than the structural abnormalities
visible on MR images and that epileptogenic zone
may not correlate directly to the malformation
but may be at a distance from the malformation
[34,40,41]. Thus, invasive electrophysiologic stud-
ies (ie, subdural and depth electrodes) are usually
considered in the presurgical evaluation of these



Fig. 5. Polymicrogyria. (A) Coronal T1-weighted imaging shows an abnormal sylvian fissure morphology associated
with marked cortical thickening (arrows). The sagittal image (B) demonstrates an abnormal sylvian fissure
(arrowheads), which has become contiguous with the central sulcus.
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malformations [35,42]. Because many of these mal-
formations may be subtle, high-resolution imaging
with good gray-white matter differentiating se-
quences and a systemic approach in interpretation
of images are essential for identification and char-
acterization of these substrates [43].
Neoplasms

Brain tumors constitute 2% to 4% of epileptogenic
substrates in the general epilepsy population. MR
imaging has a sensitivity of nearly 100% in detect-
ing neoplastic lesions, 68% of which are located in
temporal lobes in epilepsy patients [9]. Epilepto-
genic neoplasms associated with chronic epilepsy
are located near the cortex in 90% of patients, in the
temporal lobe in 68%, and not usually associated
with mass effect or vasogenic edema [44]. These
focal lesions are often associated with calvarial re-
modeling corresponding with their indolent nature
and chronic presence. The epileptogenic focus is
usually localized in the surrounding brain paren-
chyma, but in some cases, such as hypothalamic
Box 1: Imaging features of cortical dysgenesis

Cortical thickening
Blurring of gray-white junction
Irregularity of gray-white junction
Macrogyria
Mini-gyria (polymicrogyria)
Paucity of gyri
Sulcal cleft and cortical dimple
Sulcal morphologic changes
Radial bands of hyperintensity
Transmantle gray matter
Gray matter heterotopia
Band heterotopia
hamartomas, the neoplasm has intrinsic epilepto-
genicity. Complete resection of the neoplasm and
overlying cortex results in successful control of sei-
zures in most cases; partial resection of tumor can
result in improvement in quality of life by decrease
in the frequency of seizures [44,45].
Various neoplasms are found in patients with

seizures, including low-grade astrocytic tumors, gan-
glioglioma, dysembryoplastic neuroepithelial tumor
(DNET), oligodendroglioma, pleomorphic xantho-
astrocytoma, and cerebral metastasis. Most neo-
plasms are hypointense on T1-weighted images
and hyperintense on T2-weighted images. It is
often difficult to predict tumor histology in an in-
dividual from the MR imaging findings, although
certain characteristics tend to be associated with
some types of tumors.
Astrocytomas
Astrocytomas have nonspecific imaging features. As
a group, the fibrillary subtype (WHO grade 2) is
often a low-grade, ill-defined infiltrative tumor that
usually does not enhance with contrast, whereas
pilocytic astrocytomas are well-defined lesions
that usually enhance with contrast [45,46].

Oligodendroglioma
Oligodendroglioma is a slow-growing, peripherally
located lesion commonly seen in the frontal or
frontotemporal cortex. On MR imaging, these tu-
mors may appear as cortical-based lesions in the
frontal lobe with calcifications and adjacent calvar-
ial changes. Contrast enhancement is variable.

Ganglioglioma
Ganglioglioma is commonly seen in temporal lobe,
usually occurring in patients less than 30 years old
(peak age is 10 to 20 years). These are benign,
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mixed solid and cystic lesions, cortically based
with minimal or no mass effect or edema. Calcifica-
tion is often present. Contrast enhancement is vari-
able [47,48]. The combination of calcification
and cysts in a cortically based lesion in a patient
with seizures should make the practitioner consider
this diagnosis.

Dysembryoplastic neuroepithelial tumors
DNETs are benign, low-grade, multicystic, and
multinodular cortical-based tumors predominantly
seen in children and young adults. These lesions
may be associated with calvarial remodeling or cor-
tical dysplasia. The MR imaging appearance and
contrast enhancement is variable and nonspecific,
unless the imaging features present as a multicystic
cortically based tumor [Fig. 6] [46,47].

Pleomorphic xanthoastrocytomas
Pleomorphic xanthoastrocytomas are peripherally
located (adjacent to the leptomeninges) cystic le-
sions with enhancing mural nodule. Involvement
of the leptomeninges is the characteristic feature
of this tumor. Prognosis is good after surgical re-
section; however, local recurrence and malignant
transformation can occur in these tumors [46,47].
Vascular malformations

Vascular malformations constitute 5% of epilepto-
genic substrates in the generality of epilepsy pa-
tients. Arteriovenous malformations (AVMs) and
cavernous malformations (also known as cavern-
omas or cavernous hemangiomas) are the most
common vascular malformations causing seizures
in epilepsy patients. The sensitivity of MR imag-
ing is close to 100% in detecting these malforma-
tions [44].
Fig. 6. Dysembyroplastic neuroepithelial tumor. Coronal
(B) images demonstrate a peripherally based lesion (arrow)
images, it appears that the lesion is extra-axial because gra
in (A). However, it is not uncommon for an intra-axial ne
because it is situated within or replaces the cortex and ha
cross-sectional planes. Thin section imaging allowed visua
enhanced image (B).
Arteriovenous malformations
AVMs are congenital, developmental anomalies of
blood vessels. AVMs consist of a tangle of blood
vessels lacking intervening capillary network and
leading to direct arteriovenous shunting of blood.
Thrombosis, calcification, hemorrhage, and fibrosis
are common secondary changes in these lesions. The
possible mechanisms for seizure generation include
(1) focal cerebral ischemia from steal phenomena
due to arteriovenous shunting, and (2) gliosis
and hemosiderin deposition from subclinical hem-
orrhage in the brain parenchyma [45]. T1- and
T2-weighted images demonstrate serpigenous flow
voids with areas of T2 prolongation in the adjoin-
ing brain parenchyma. Surgical resection of the
AVM is effective in controlling seizures in patients
with epilepsy [49].

Cavernous malformations
Cavernous malformations are composed of well-
circumscribed vascular spaces containing blood in
various stages of evolution. The absence of any
intervening neural tissue within the lesion is the
hallmark of this lesion. From 15% to 54% of these
lesions are multiple, and 50% to 80% of multiple
lesions occur on a familial basis [50]. The typical
MR appearance of a cavernous malformation is
popcorn-like with a heterogeneous hyperintense
signal centrally on all pulse sequences, surrounded
by a rim of low signal intensity from hemosiderin
[Fig. 7]. Because hemosiderin results in magnetic
susceptibility artifacts (which are visualized as sig-
nal voids on MR images), sequences that are more
affected by magnetic susceptibility artifacts will
tend to have the greatest sensitivity for detecting
small cavernomas. Thus, gradient echo images have
a much higher sensitivity when compared with
conventional or fast spin echo sequences. Though
proton density-weighted image (A) and postcontrast
with trabeculated enhancement. Based solely on these
y matter can be seen surrounding the lesion, especially
oplasm causing chronic epilepsy to appear extra-axial
s the appearance of being outside the cortex in some
lization of the multicystic nature of this lesion on the



Fig. 8. Gliotic scar. This region of encephalomalacia
and gliosis (arrow) appears as a widened CSF space
on this proton density-weighed image. Surgical re-
moval cured the seizures. (From Bronen RA, Fulbright
RK, Kim JH, et al. A systematic approach for interpret-
ing MR images of the seizure patient. AJR Am J Roent-
genol 1997;169(1):241–7; with permission.)

Fig. 7. Cavernous malformation. Coronal T2-weighted
image with a temporal lobe lesion. The central hyper-
intense signal intensity (due to chronic blood pro-
ducts, methemoglobin) surrounded by a rim of signal
void (due to hemosiderin) is typical of an occult vas-
cular malformation, which is usually the result of a
cavernous malformation, as in this case.
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MR imaging has high sensitivity in detecting these
lesions, it cannot reliably differentiate between a
cavernous hemangioma, a partially thrombosed
AVM, or a hemorrhagic metastatic lesion [44]. How-
ever, in a patient with epilepsy and typical MR im-
aging popcorn lesion with a hemosiderin ring, the
most likely diagnosis is cavernous malformation.
Developmental venous malformations are dis-

cussed in the normal variant section that follows.

Gliosis and miscellaneous abnormalities

A number of disparate entities that are associated
with intractable epilepsy have certain histologic
findings, with gliosis (and neuronal loss) in com-
mon. Gliosis is the end result of various focal and
diffuse central nervous system injuries. Examples
include trauma, infection, and infarctions, which
may be focal or diffuse. Stroke is a common cause
of epilepsy in the elderly population [51]. Rasmus-
sen’s encephalitis, perinatal insults, and Sturge-
Weber syndrome are examples of diffuse entities,
which may involve an entire cerebral hemisphere
and lead to atrophy of that hemisphere. MR imag-
ing findings of gliosis are nonspecific, consisting of
hyperintense changes on long TR sequences and
hypointense signal intensity on T1-weighted im-
ages, which may be associated with volume loss,
encephalomalacia, sulcal widening, and ventricular
enlargement. Some of the more important epilep-
togenic entities in this gliosis and miscellaneous
category will be discussed in detail.

Prenatal, perinatal, and postnatal insults

Diffuse and focal destructive lesions of the brain
constitute a major group of pathologic processes in
children presenting with seizures [52]. The appear-
ance of these lesions depends on the timing of the
insults to the brain.
Early injury to the brain of the developing fetus

(less than 6 months) leads to the formation of
smooth-walled porencephalic cavities with mini-
mal or no glial reaction in the surrounding brain
parenchyma [53]. These porencephalic cavities are
commonly located in perisylvian regions and are
filled with CSF and may communicate with the ven-
tricles, subarachnoid space, or both. Porencephaly
is associated with increased incidence of hippocam-
pal sclerosis ipsilateral to the porencephalic cavity,
or bilateral [52].
Brain injury occurring in the perinatal or postna-

tal period leads to a pattern of encephalomalacia
or ulegyria. Encephalomalacia (diffuse or focal) re-
sults from late gestational, perinatal, and postnatal
injuries to the brain. Encephalomalacia results in
multiple, irregular cystic cavities with prominent
astrocytic proliferation [Fig. 8] [53]. Ulegyria, also
a result of perinatal insult to the brain, is com-
monly seen in the parieto-occipital region. It is
characterized by destruction of the gray matter in
the depths of the sulci, sparing the crowns of gy-
ral convolutions [54]. MR imaging is useful not
only in identifying these lesions and defining
their extent in surgically fit patients but also in
diagnosing periventricular leucomalacia and multi-
cystic encephalomalacia.

Posttraumatic epilepsy

Posttraumatic epilepsy may be considered a special-
ized form of postnatal injury epilepsy. The overall
risk of seizures is in the range of 1.8% to 5% for
civilian injuries, but can be as high as 53% for war
injuries [55]. In closed head injuries, the most
common sites of injury are along the inferior ante-
rior regions of the brain because of irregularities
of the skull base at these locations—the orbital
surfaces of the frontal lobe, the undersurface of
the temporal lobe, the frontal pole, and the tempo-
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ral pole. These traumatic shearing injuries of the
brain, or contusions, are often associated with hem-
orrhage, which eventually results in hemosiderin
deposition and reparative gliotic changes [56].
Hemosiderin and gliosis are known to be involved
in seizure generation/propagation [57].
Risk factors for late posttraumatic epilepsy in-

clude (1) early posttraumatic seizures, (2) severe
initial brain injury (loss of consciousness or amne-
sia for more than 24 hours), (3) complex depressed
skull fracture, (4) subdural hematoma, (5) penetrat-
ing injury, (6) intracranial hemorrhage, (7) brain
contusion, and (8) age over 65 years [55,58]. De-
pressed skull fractures, intracerebral hematoma
and subdural hematoma carry a risk of 25% for
Fig. 9. Cysticercosis. (A) Multiple ring enhancing lesion
tory reactive stage of cysticercosis on this contrast enhan
(B) shows calcification of these lesions. In a different pati
void (arrow) in the right frontal lobe on this proton den
represent a calcified granuloma due to cysticercosis tha
Fulbright RK, Kim JH, et al. A systematic approach for int
Roentgenol 1997;169(1):241–7; with permission.)
developing post traumatic seizures [58]. MR imag-
ing is an effective modality for demonstrating
diffuse axonal injury, intracerebral hematoma, sub-
dural hematoma, contusions, and gliosis. Because
hemosiderin is not completely removed from the
brain, MR imaging can detect evidence of old
hemorrhagic lesions. Thus, MR imaging plays a
role in the management of patients with trauma
and may be a useful tool in predicting the prog-
nosis for the patient in the long run.

Infections
Seizures can be an early clinical sign in bacterial,
viral, fungal, mycobacterial, and parasitic infec-
tions. In the acute phase, the seizures may be re-
s with surrounding edema represent the inflamma-
ced T1-weighted axial image. Corresponding CT scan
ent, the only MR abnormality was the punctate signal
sity-weighted image (C). This was surgically proven to
t caused chronic epilepsy. (Fig. 9C from Bronen RA,
erpreting MR images of the seizure patient. AJR Am J



Fig. 10. Rasmussen´s encephalitis. Coronal FLAIR image
demonstrates encephalomalacia in the left frontopa-
rietal region with abnormal signal in the left paracen-
tral lobule and exvacuo dilatation of the left lateral
ventricle in a patient with pathologically proven Ras-
mussen´s encephalitis.
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lated to the host’s inflammatory response, and may
be due to gliotic changes in the chronic phase. With
the recent advances in imaging and increase in the
immigrant population, tuberculosis and neurocys-
ticercosis are increasingly documented as the most
common infections, with seizure presentation in
developed and developing countries.
Neurocysticercosis results from infestation with

larval form of pig tapeworm Taenia solium. Neuro-
cysticercosis can be seen in parenchyma, ventricles,
subarachnoid spaces, or a combination of these.
Seizures are the result of the inflammatory response
to the dying and degenerating parasite.
In the active parenchymal form, cysticercosis is

visualized onMR images as thin-walled nonenhanc-
ing cystic lesions isointense to CSF on all pulse
sequences. Within the cyst, an eccentrically located
scolex may be seen, which usually enhances. In the
inactive parenchymal or dying form, with increas-
ing inflammatory changes from the host response,
the cyst wall thickens and enhances after contrast
administration. Vasogenic edema is usually seen in
the adjoining brain parenchyma, and the fluid in
the cyst also increases in signal on T1-weighted
images. With further progression of inflammatory
changes, the cystic lesion is replaced by granuloma,
seen on MR imaging as an enhancing nodule. After
the death of the larvae, the cysts and scolices are
replaced by dense calcification, which are visual-
ized as signal voids on gradient echo images as a
result of susceptibility artifacts [59]. Most of the
calcified lesions are located at the gray/white matter
junction [Fig. 9].
Tuberculosis is a chronic granulomatous infec-

tion caused by Mycobacterium. It is characterized
by caseous central necrosis and the presence of
multi-nucleated giant cells in the granuloma. Risk
factors include elderly age, poverty, human immu-
nodeficiency virus (HIV), immunosuppression, and
lymphoma. Incidence of central nervous system
tuberculosis in the HIV-negative pulmonary tuber-
culosis population is 2%, and 19% in the HIV-
positive pulmonary tuberculosis patients [60].
Central nervous system tuberculosis can involve
the meninges and brain parenchyma, and the lep-
tomeningeal version can cause hydrocephalus, neu-
ropathies, arthritis, and deep gray matter infarction.
Parenchymal tuberculomas can be single or mul-

tiple. The MR imaging findings are nonspecific and
depend on the host hypersensitivity reaction to the
bacillus. The amount of host hypersensitivity reac-
tion predicts the amount of inflammatory cells,
gliosis, and free radical deposition in the granu-
loma. The noncaseating tuberculoma can be seen
as an iso- to hypointense lesion on T1-weighted
images and as a variable signal intensity lesion on
T2-weighted images, with surrounding edema. The
granuloma enhances homogenously after contrast
administration. Caseating granulomas are hypo- to
isointense on T1-weighted images and hypointense
to brain parenchyma on T2-weighted images, en-
hancing in a ring-like manner. Small lesions de-
tected by MR imaging are more amenable to medical
treatment, and thus MR imaging can have a prog-
nostic value by identifying and determining their
size [60].

Rasmussen´s encephalitis
Rasmussen’s encephalitis is chronic encephalitis
characterized by partial motor seizures and pro-
gressive neurologic and cognitive deterioration
[54,61,62]. It usually affects one cerebral hemi-
sphere, which later becomes atrophic. Most cases
are seen in children, though some are also reported
in adolescents and adults.
The disease progresses through three phases.

In the initial prodromal phase, the patient pres-
ents with few partial motor seizures. The second
phase, the acute stage, is characterized by an in-
crease in frequency of partial motor seizures. In the
last or residual phase, there are permanent and
stable neurologic deficits [61]. MR imaging find-
ings in the acute phase include areas of T2 prolon-
gation in the cortex and subcortical white matter,
usually starting in the frontoinsular region and
extending to other parts of the brain. These signal
changes in the cortex and subcortical white matter
can be fleeting—changing in size and location over
time. Cortical atrophy with ventricular enlargement
and caudate nucleus atrophy can be seen as the
disease progresses [61]. In late stages of this disor-
der, atrophy of the entire cerebral hemisphere with
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hemi-atrophy of the ipsilateral brain stem may be
seen, and when associated with contralateral cere-
bellar diaschis is due to degeneration of cortico-
pontocerebellar fibers [Fig. 10].

Sturge-Weber syndrome
Sturge-Weber syndrome is a sporadic, congenital
neurocutaneous syndrome characterized by the as-
sociation of ipsilateral facial angioma in the dis-
tribution of the trigeminal nerve with angiomatosis
of the leptomeninges. Clinically, patients present
with facial angioma, intractable seizures, hemipa-
resis, hemianopsia, and mental retardation. A dys-
genetic venous system is responsible for most of the
imaging and clinical findings in these patients.
Fig. 11. Hemiatrophy and hemisphere asymmetry. (A) T1-w
hemispheres. Because the CSF spaces and ventricle are larg
hemiatrophy. Based solely on this image, it is difficult to d
this case of Sturge-Weber syndrome, a contrast-enhance
along the pial surface and ipsilateral choroidal plexus. (C
sphere and ventricular asymmetry, but the larger ventricle
also associated with heterotopias (H) and cortical thickeni
Intractable epilepsy is the earliest and most com-
mon clinical presentation in these patients. MR can
demonstrate the structural abnormalities in the
brain, which include (1) pial angiomata in the
parietal occipital region on post–contrast-enhanced
images, (2) cortical calcifications subjacent to the
cortex and white matter in the parieto-occipital
region, which are depicted as signal voids or hy-
pointense curvilinear structures, (3) enlarged cho-
roid plexus, especially on postcontrast enhanced
images, (4) atrophy of the ipsilateral cerebral hemi-
sphere (angioma side), and (5) enlarged and elon-
gated globe of the eye [Fig. 11] [63]. The pial
angioma is believed to be due to the persistence
of embryonic vasculature. It is generally accepted
eighted coronal image demonstrates asymmetry of the
er ipsilateral to the smaller hemisphere, this represents
istinguish the cause of the hemiatrophy. However, in
d scan (B) is helpful, depicting marked enhancement
) Hemimegalencephaly is also associated with hemi-
(V) is ipsilateral to the larger hemisphere. This entity is
ng (C).



Fig. 12. Subcapsular Virchow Robbin spaces. This subcapsular lesion is isointense to CSF on coronal T1-weighted
(A) and T2-weighted (B) images. This unilateral lesion may give one pause, but Virchow Robbin spaces in this
location inferior to the basal ganglia are common, although they are usually bilateral and smaller in size.
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that the calcifications in the cortex and the subja-
cent white matter are caused by chronic ischemia,
and enlarged choroids plexus is the result of
shunted venous drainage from the cerebral hemi-
sphere to the choroids plexus. Other associated
features include prominent and enlarged subepen-
dymal and medullary veins (due to dysgenetic
superficial venous system) and secondary signs of
cerebral atrophy, which include dilated paranasal
sinuses, mastoid air cells, and thickened calvarium.
Fig. 13. Subinsular Virchow Robbin spaces. The hyper-
intense signals (arrows) in the extreme and exter-
nal capsules on this T2-weighted coronal image are
caused by Virchow Robbin spaces. Their true nature
can be recognized by noting the feathered configura-
tion, typical location, and isointensity to CSF on all
sequences. (From Song CJ, Kim JH, Kier EL, Bronen
RA. MR and histology of subinsular T2-weighted
bright spots: Virchow-Robbin spaces of the extreme
capsule and insula cortex. Radiology 2000;214:671–7;
with permission.).
Imaging issues: strategies for successful
interpretation

Successful MR imaging of the seizure patient can be
more demanding than brain imaging of other
patients because the abnormalities may be subtle
and not easily visualized with routine brain imag-
ing sequences. This necessitates dedicated imaging
sequences, a high index of suspicion, and careful
review of imaging studies. Some abnormalities pres-
ent as minor asymmetries of brain structure, so
practitioners must be able to differentiate normal
variations from pathologic conditions. This section
discusses some practical issues with respect to MR
imaging of epilepsy: normal anatomic and imaging
variations, an approach to image interpretation,
differential diagnosis, and imaging protocol.

Normal variations

CSF or cystlike structures are frequently present in
healthy individuals. The following CSF structures
have no relationship to epilepsy in general and
must be differentiated from pathologic conditions.
One correlative MR-histologic study found cysts
and punctate foci of T2 signal changes in 17%
(n=17) of patients with surgical intractable epilepsy
[9]. Arachnoid cysts and choroidal fissure cysts are
isointense to CSF on all pulse sequences [see Fig. 2]
[64]. Perivascular Virchow-Robbin spaces are com-
monly visualized in patients with seizures because
the dedicated imaging sequences allow for better
detail than routine sequences. Asymmetric large
Virchow-Robbin spaces in the region of the ante-
rior perforated substance and subcapsular region
may give pause to the uninitiated, but are com-
mon occurrences [Fig. 12]. Virchow-Robbin spaces
in the subinsular zone (ie, between the extreme
and external capsules) may appear lesion-like on
T2-weighted fast spin echo sequences [Fig. 13] [65].
However, because Virchow-Robbin spaces repre-
sent CSF in perivascular space, these ‘‘anomalies’’
are always isointense to CSF. Feather-like configu-
rations may be detected on T2-weighted images.



Fig. 14. Cyst of hippocampal sulcal remnant. A com-
mon variation occurs when the lateral portion of the
hippocampal sulcus (arrow) does not normally invo-
lute and instead forms a hippocampal sulcal remnant
cyst (arrowheads). (From Bronen RA, Cheung G. MRI of
the normal hippocampus. Magn Reson Imaging 1991;
9(4):497–500; with permission.)

Fig. 15. Uncal recess. The hypointense finding in the
left temporal lobe on this contrast-enhanced T1-
weighted coronal image could easily be misinter-
preted as a cystic lesion. However, it represents CSF
in the uncal recess or anterior recess of the temporal
horn and is contiguous with the temporal horn (al-
though the bridging CSF may be small). The uncal
recess is normally asymmetric in 60% of individuals.
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Partial volume effects with the brain may lead to
mild hypointense signal intensity compared with
brain on T1-weighted images rather than the more
marked hypointensity of CSF that is found in the
ventricles. Punctate or linear enhancement within
the center of these represents the vasculature and
confirms the diagnosis (but there should be no other
enhancement associated with these). Similar find-
ings may be found along the subcortical zone of the
anterior temporal lobe cortex, which also represents
Virchow-Robbin spaces (Zhang W et al, unpub-
lished data) and these again need to be distin-
guished from pathologic conditions. A normal
variant seen in 10% to 15% of the normal popula-
tion is the cyst of hippocampal sulcal. The hippo-
campal sulcus, located between the cornu ammonis
and dentate gyrus, normally involutes in utero. In
some cases, a cystic fluid collection forms if the
lateral potion of the sulcus fails to involute. This
cyst is located in the hippocampus itself, between
dentate gyrus and cornua ammonis and is isointense
to CSF in all pulse sequences [Fig. 14]. It does not
demonstrate any contrast enhancement [66,67]. The
uncal recess or anterior-most portion of the tem-
poral horn is asymmetric in 60%of epilepsy patients
as well as healthy individuals and has no relation-
ship to epileptogenic zone (Messinger JM, Bronen
RA, Kier EL, unpublished data), and is easily mis-
interpreted by those unfamiliar with this finding
[Fig. 15].
Isolated developmental venous malformations,

also known as venous angiomas or developmental
venous anomalies, have not been implicated in
epileptogenesis [68,69]. However, venous anoma-
lies are not infrequently found in conjunction with
other abnormalities that have been linked to epi-
lepsy, such as cavernous malformations and mal-
formations of cortical development (such as the
perisylvian polymicrogyria and other polymicro-
gyrial syndromes).
Detection of cortical abnormalities underlying
malformations of cortical development can be dif-
ficult, and practitioners need to be cognizant about
the normal variants of gyral and sulcal configura-
tions. The cortex adjoining the superior temporal
sulcus on the right side is usually slightly thicker
than that of the left side (Zhang W, Schultz R,
Bronen RA, unpublished data) and can be misin-
terpreted as a region of dysplasia. Similarly, the gyri
surrounding the calcarine sulcus usually indents
the occipital horn (in an area known as the calcar
avis), giving rise to the appearance of thickened
gyri, which can be misinterpreted as cortical dys-
plasia if it is asymmetric [70]. Because of the nor-
mal undulations of the cortex, there are frequently
brain regions with the appearance of cortical thick-
ening on cross-sectional images, if the gyrus is
parallel to cross-sectional plane. Dysplasia can be
distinguished from this normal finding by observ-
ing cortical thickening on multiple images (usu-
ally at least three contiguous this section images)
or confirming that cortical thickening is present
in another plane [Fig. 16]. The signal intensity of
gray and white matter in the immature myelinated
infant can be confusing and lead to misinterpreta-
tions. For instance, the myelinated optic radiation
surrounded by unmyelinated white matter could be
mistaken for gray matter and labeled as band het-
erotopia (ie, the double-cortex syndrome) [Fig. 17].
Another potential area for confusing normal find-

ings for cortical dysplasia is in the perirolandic
fissure region. On coronal images, there is often
poorer visualization of the gray matter thickness in
the perirolandic fissure region compared with the
rest of the frontal lobes as well as poor distinction
between gray and white matter (Bronen RA, unpub-
lished data). This variation appears to be caused by
a combination of factors, one of which is that the



Fig. 16. Polymicrogyria differential diagnosis. Coronal T1-weighted images demonstrate a conglomeration of gray
matter (arrows) in (A) and (B), which could represent polymicrogyria. Sagittal reformatted images (C) show that
this is caused by gray matter along a prominent vertical portion of the posterior extent of the superior temporal
sulcus (line). The cortical thickness is normal on sagittal images.

Fig. 17. Band heterotopia differential diagnosis. (A) Coronal T2-weighted image shows a bilateral structure
(arrows) that is isointense to gray matter. This represents myelinated optic radiations against a backdrop of
unmyelinated white matter in this infant and should not be confused with band heterotopia. (B) Compare with
true band heterotopia in (B). B, band hetertopia; W, periventricular white matter; black arrow, subcortical white
matter; white arrowhead, cortex.
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gray matter surrounding the rolandic fissure is nor-
mally thinner than cortices in the rest of the brain.
Another factor is that the frontal sulci and gyri
anterior to the rolandic fissure (ie, superior, mid-
dle, and inferior frontal gyri) are perpendicular to
the coronal plane, allowing for good definition of
their cross-sectional surfaces; whereas the rolandic
fissure and adjacent gyri are parallel to the coronal
plane, allowing for partial volume effects with
white matter. Because of the difficulty interpreting
this region on coronal images, reference to axial
(or axial reformatted) images should be performed,
especially as frontal lobe epilepsy is secondary only
to temporal lobe epilepsy in terms of the most
common regions of partial seizures.
Other potential sources for errors with interpreta-

tion include evaluation of the hippocampus. As
Fig. 18. Head rotation and the hippocampus. On the initia
markedly smaller than the left, suggesting hippocampal sc
rotation as confirmed by the marked asymmetry of the in
After patient repositioning (C–E), head rotation is correcte
and fornices (arrows) on the T2-weighted coronal imag
apparent hippocampal asymmetry.
previously discussed, the key features of hippo-
campal sclerosis are hippocampal asymmetry and
signal hyperintensity on FLAIR imaging. Artifi-
cial hippocampal size asymmetry can be created
by head rotation because the cross-sectional size
of the hippocampus is greatest anteriorly (at its
head) and progressively tapers on more posterior
sections. Correct interpretation depends on (1) ac-
curate alignment of the patients head in the scanner
and (2) taking head rotation into account for deter-
mining hippocampal symmetry in those subjects
who fail to be properly aligned [Fig. 18]. Caution
is also advised when interpreting FLAIR sequence
images. The signal intensity of the hippocampi on
FLAIR sequences is slightly greater than the cortex
in healthy individuals and this has the potential of
leading to a false diagnosis of bilateral hippocam-
l T1-weighted images (A, B), the right hippocampus is
lerosis (A). However, this is the result of marked head
ternal auditory canal (arrowhead) and fornix (arrow).
d as noted by the symmetry of the IACs (arrowheads)
es. With head rotation corrected, there is no longer



Fig. 20. Postictal changes. Multifocal regions of hyper-
intensity of the cortex are present on this coronal
FLAIR image from a patient that was in status epilep-
ticus. This is more problematic when postictal changes
occur in the hippocampus unilaterally.
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pal sclerosis in seizure patients. The configuration
of the hippocampus can be variable, and this may
also lead to difficulties with interpretation. The
hippocampal body usually has an oval or round
shape in the coronal plane. Infrequently, it may
have a more vertical configuration, which may
lead to an erroneous diagnosis of cortical dysgene-
sis. In cases of corpus callosum agenesis or holo-
prosencephaly, there may be associated incomplete
infolding of the cornu ammonis and dentate gyrus,
which manifests as a vertically shaped hippocam-
pus with a (shallow) medial cleft on coronal im-
ages [Fig. 19].

Differential diagnosis: avoiding the pitfalls

Potential misinterpretations of imaging findings in
seizure patients may be due to a number of situa-
tions in addition to the normal variations listed
above. Perhaps the most troubling are transient
lesions, because of the potential for performing
lesional resective surgery in a setting where epilep-
togenesis is either widespread (eg, Rasmussen’s
encephalitis) or outside the lesional area. Focal
transient signal abnormalities in seizure patients
may be the result of infections or of prolonged or
frequent seizures [20]. Postictal changes can pre-
sent as focal or multifocal hyperintense abnor-
malities of the cortex or hippocampus on long
TR images and as restricted diffusion (ie, hyper-
intensity) on diffusion-weighted images [Fig. 20].
Though these latter findings may indicate ischemic
changes, perfusion studies show increased blood
Fig. 19. Unfolded hippocampus. In this patient with
agenesis of the corpus callosum, the hippocampi have
characteristic features of an unfolded hippocampus—
a medial CSF cleft (arrow) with a vertically oriented
hippocampus, typical of a hippocampus that failed to
completely infold the dentate gyrus and cornu ammo-
nis together during development. (From Kier EL, Kim
JH, Fulbright RK, Bronen RA. Embryology of the hu-
man fetal hippocampus: MR imaging, anatomy, and
histology. AJNR Am J Neuroradiol 1997;18:525–32;
with permission).
flow rather than decreased blood flow associated
with infarction. In Rasmussen’s syndrome, signal
changes may not only be transient, but also
move from location to location. Therefore, caution
should be exercised in interpreting findings and
recommending invasive studies for actively seizing
patients [21,71]. Morphologic and signal abnor-
malities are also reported in recurrent focal or fe-
brile seizures in the hippocampus [72,73]. Transient
lesions may also affect the splenium of the corpus
callosum [74]. This rare isolated focal lesion, occur-
ring in 0.5% epilepsy patients, is characterized by
hyperintensity on long TR images, restricted diffu-
sion, and lack of enhancement [Fig. 21]. This par-
Fig. 21. Splenial signal intensity. Isolated hyperintensity
of the splenium of the corpus callosum (arrow) on this
axial T2-weighted image in this patient with epilepsy.
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ticular lesion is thought to result from either fre-
quent seizures or abrupt changes in antiepilep-
tic drug concentrations that may elevate arginine
vasopressin and possibly cause cytotoxic edema in
the splenium.
Differentiating neoplasms from either focal cor-

tical dysplasia or hippocampal sclerosis may be
problematic at times. Hyperintense signal changes
on T2-weighted images in the subcortical white
matter may be present in neoplasms as well as
focal cortical dysplasia (particularly balloon cell
focal cortical dysplasia). Surgical strategies may dif-
fer for these entities, especially if an epileptogenic
lesion is located in an eloquent area of the cortex
(ie, primary motor or speech). Imaging findings
suggestive of dysplasia rather than neoplasm in-
clude cortical thickening, the presence of a radial
band extending from lesion to the ventricle, and
homogenous appearance of subcortical white mat-
ter hyperintensity [see Fig. 3]. High-resolution im-
aging, perhaps with a high field-strength magnet or
phased array surface coils may be helpful for
demonstrating cortical thickening. A frontal lobe
location is more commonly seen in dysplasias,
whereas a temporal lobe location is more com-
monly seen in tumors. The presence of subepen-
dymal or multiple subcortical lesions should raise
concerns for tuberous sclerosis.
In individuals with a hyperintense hippocampus

on long TR images, practitioners must distinguish
tumor from hippocampal sclerosis. This is not par-
ticularly difficult if the hippocampus is ipsilaterally
small, which represents the cardinal finding of hip-
pocampal sclerosis. However, the hippocampus is
not small in all cases of hippocampal sclerosis.
Findings suggestive of neoplasm include hetero-
geneous signal changes and extension of signal
changes beyond the hippocampus into the para-
hippocampal white matter [Fig. 22].
Fig. 22. Hippocampal hyperintensity differential diag-
nosis. Heterogeneous signal intensity, extension be-
yond the confines of the hippocampus, and lack of
hippocampal atrophy are signs of neoplastic involve-
ment as opposed to hippocampal sclerosis. This hetero-
geneous hippocampal lesion (arrow) was a neoplasm.
Malformations of cortical development can
sometimes be difficult to distinguish from one
another and from normal structures. Differenti-
ating polymicrogyria from the pachygyria/agyria
(lissencephaly) spectrum appears to be a particu-
lar problem [compare Figs. 4 and 5]. Both entities
present with cortical thickening on imaging, which
may be bilateral and appear as smooth cortices
(because of the ‘‘micro’’ gyri in polymicrogyria
entity). One differentiating feature is the tendency
for polymicrogyria to affect the sylvian fissure and
to be associated with a CSF cleft. Sagittal images
may be particularly helpful—perisylvian polymi-
crogyria often results in a sylvian fissure that is
continuous with the central sulcus, which is easily
depicted on the sagittal images. Though polymicro-
gyria may be bilateral, it is not as diffuse and
pervasive as pachygyria (even though pachygyria
may affect the brain regionally, such as the frontal
lobes). With high-resolution imaging, multiple gyri
in polymicrogyria may be visualized.
The differential diagnosis for periventricular

findings that are isointense to gray matter on
T1-weighted images include periventricular hetero-
topia, normal caudate nucleus, and subependymal
tuberous sclerosis hamartomas. True gray matter
follows the signal intensity of the cortex on all
pulse sequences, not only T1-weighted sequences.
Regarding the caudate nucleus, the head is easily
identified, allowing the identification of body
and tail on subsequent slices and differentiation
from heterotopia.
The asymmetric hemisphere may also be prob-

lematic—hemimegalencephaly may sometimes be
mistaken for the hemiatrophic syndromes [see
Fig. 11]. In both entities, there is ventricular en-
largement (and one hemisphere is larger than the
other), and there may be diffuse white matter hyper-
intensity. However, the ventricular enlargement in
hemiatrophy is in the smaller hemisphere; ven-
tricular enlargement occurs in the larger hemisphere
in hemimegalencephaly. Unlike hemiatrophy, hemi-
megalencephaly is associatedwith cortical thickening,
sulcal abnormalities, heterotopias, and radial bands.
An important pitfall to avoid relates to dual

pathology. As discussed previously, dual pathology
refers to the presence of an extrahippocampal le-
sion and hippocampal sclerosis [Fig. 23]. It is easy
to focus on an obvious lesion and neglect assess-
ment of the hippocampus, especially if there are
correlative electroclinical features. However, co-
incidental hippocampal sclerosis is not infrequent,
especially with developmental anomalies.
The temporal lobe encephalocele is an extremely

rare cause of epilepsy that can lead to errors in in-
terpretation (occurring in 1 of 600 patients who
have undergone epilepsy surgery in the last 18 years



Fig. 23. Dual pathology. (A) Coronal T2-weighted image shows findings of hippocampal sclerosis—hippocampal
atrophy and hyperintensity (arrow). (B) Coronal T1-weighted image in this same patient demonstrates an
additional finding of bilateral heterotopia (arrowheads).
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at the authors’ institution). Because it occupies an
extra-axial location, it is easily overlooked unless
the basal temporal lobe is specifically scrutinized
for this disorder. The need to distinguish this
pathologic condition from the normal protrusions
of brain tissue occurring along the basal temporal
lobes is important [Fig. 24].
Postoperative imaging

MR imaging plays a crucial role not only in the
presurgical evaluation of patients with medically
refractory epilepsy but also in the postoperative im-
aging of these patients. MR imaging can determine
the extent of surgical resection for epileptogenic
substrates and surgical divisions for functional
hemispherectomies. In patients who have not
had success with surgery, MR imaging can iden-
tify (1) residual substrate at the operative site,
(2) any other previously unrecognized epilepto-
genic substrates at other locations in the brain,
Fig. 24. Temporal lobe encephalocele. This rare cause
of temporal lobe epilepsy was visualized retrospec-
tively on MR (arrow) after it was discovered at surgery.
This is easily overlooked when concentrating on
the hippocampus and cortex, if it is not scrutinized
for prospectively.
and (3) persistent connections in functional hemi-
spherectomies [11].
Knowledge of the normal patterns of enhance-

ment is essential to avoid misinterpretation of the
benign findings in the postoperative MR imaging
scans. During the first postoperative week, a thin
linear enhancement can be seen at the pial margins
of the resection site [75]. In those with temporal
lobe surgery, enlargement and enhancement of the
choroid plexus occurs on the ipsilateral side [76].
Pneumocephalus is commonly present during the
first 4 to 5 days after surgery. In patients with
persistence of this finding after 5 days, a fistula or
infectious process may need to be excluded.
One week to 1 month after surgery, the resection

margin enhances with a thick linear or nodular pat-
tern and may mimic residual neoplastic or inflam-
matory processes [Fig. 25]. Sometime between
1 month and 3 to 5 months after surgery, the
Fig. 25. Postoperative enhancement. Coronal en-
hanced image 3 weeks after temporal lobectomy for
hippocampal sclerosis shows nodular enhancement
(black arrow) that could be mistaken for tumor, if
this resection had been performed for a neoplasm.
Dural enhancement (white arrow) is usually seen post-
operatively as well. (From Sato N, Bronen RA, Sze G,
Kawamura Y, Coughlin W, Putman CM, et al. Post-
operative changes in the brain: MR imaging findings
in patients without neoplasms. Radiology 1997;204(3):
839–46; with permission.)



Fig. 26. Hypothalamic hamartoma. Coronal T2-
weighted image shows a hypothalamic hamartoma
(white arrow), causing mass effect on the third ven-
tricle and ipsilateral mammillary body. This patient
presented with right frontal seizures, and this lesion
was not detected on the initial MR study because the
hypothalamus was not scrutinized. It was detected on
this subsequent MR study after the seizures took on a
gelastic quality.
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resection margin stops enhancing. The course for
dural enhancement mimics that of pial enhance-
ment, except that dural enhancement persists and
can last for years [75].
MR imaging is more sensitive in detecting com-

plications of hemispherectomy, such as extra- or
intra-axial hemorrhage, hydrocephalus, or infec-
tions. MR imaging can also demonstrate sequela
of placement of intraparenchymal depth electrodes.
Punctate hyperintense signal abnormalities on long
TR sequences can be seen in these cases, repre-
senting gliosis along the tracks of the electrode
[77]. Rarely, punctate hemosiderin is visualized
along a depth electrode tract, representing evidence
of prior hemorrhage.

Interpretation of MR images: a systematic
approach

Many epileptogenic lesions are subtle and can be
easily missed unless a systematic approach is used
during the interpretation of MR images from a
seizure patient [43]. One approach can be followed
using the mnemonic ‘‘HIPPO SAGE’’ [Box 2]. The
hypothalamus is reviewed to detect a hypothalamic
hamartomas, particularly in children. These can be
subtle and overlooked, especially if the patient does
not present with gelastic seizures [Fig. 26]. Hippo-
campal size, symmetry, and signal abnormalities
are assessed in the coronal plane to evaluate for
hippocampal sclerosis. Because head rotation may
lead to a false diagnosis of hippocampal atrophy,
head rotation is assessed based on symmetry of the
internal auditory canals and symmetry of the atria
of the left lateral ventricles [see Fig. 18]. If head
rotation is present, assessment of hippocampal
symmetry must be compensated for by comparing
compatible coronal hippocampal sections (ie, the
right hippocampal section adjacent to the right
internal auditory canal should be compared with
left hippocampal section adjacent to the left inter-
nal auditory canal). Periventricular regions should
be scrutinized for subependymal gray matter het-
Box 2: Systematic evaluation of MR scans of
seizure patients (HIPPO SAGE)

• Hypothalamic hamartoma; hippocampal size
and signal abnormality

• Internal auditory canal and atrial
assymmetry

• Periventricular heterotopia
• Peripheral abnormalities

° Sulcal morphologic abnormalities

° Atrophy

° Gray matter thickening

° Encephalocele of anterior temporal lobe
• Obvious lesion
erotopias, which occur most commonly adjacent
to the atria of lateral ventricles. Gray matter inferior-
lateral to the temporal horns is abnormal [see Fig. 4;
Fig. 27].
Because focal epilepsy is a cortical-based pro-

cess, the periphery of the brain should be carefully
scrutinized for developmental anomalies, atrophic
processes, and small neoplasms or vascular malfor-
mations. The authors closely inspect for the sulcal
and gyral morphologic changes (which underlie
developmental disorders) [Fig. 28], atrophic pro-
cesses (which may underlie glottic substrates or
represent developmental CSF clefts) [see Fig. 8],
and gray matter thickening and indistinctness of
Fig. 27. Periventricular heterotopia. The abnormal
gray matter (arrows) on this coronal T1-weighted im-
age may be difficult to detect because it blends in
with the normal gray matter of the hippocampus.
The periventricular regions need to be scrutinized for
heterotopia in all seizure patients. (From Bronen RA,
Fulbright RK, Kim JH, et al. A systematic approach for
interpreting MR images of the seizure patient. AJR
Am J Roentgenol 1997;169(1):241–7; with permission).



Fig. 28. Sulcal morphologic changes, cortical dysplasia.
The perirolandic region is a common location for fron-
tal lobe dysplasias causing epilepsy. Detection requires
assessment of the normal cortical anatomy on axial
images. This inversion recovery image shows the nor-
mal perirolandic fissure configurations on the right
side, the superior frontal sulcus (F), precentral sulcus
(Pre), central sulcus (C), and postcentral sulcus (P). On
the left side, the normal anatomic configuration is
distorted by the dysplastic cortex (D), which has
caused loss of the typical superior frontal, precentral,
and central sulci pattern.
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gray-white matter junction (associated with devel-
opmental disorders) [see Figs. 3–5, 11C]. The infe-
rior aspect of the anterior temporal lobe is assessed
to exclude a temporal lobe encephalocele, an ex-
tremely uncommon cause of epilepsy but one that
is easily overlooked if not specifically assessed for
[see Fig. 24] [43].
Finally, the authors evaluate the obvious lesion in

the brain and assess its characteristics. The obvious
lesion could be an incidental finding, an epilepto-
genic substrate, or an additional lesion. By concen-
Fig. 29. Technique. Coronal T2-weighted images demonstr
epileptogenic abnormalities. (A) The left temporal lobe les
gap of 2.5 mm (ie, effective slice thickness of 7.5 mm) and a
the lesion (arrow) is easily seen on this and adjacent section
slices and a 256 × 256 matrix.
trating only on an obvious lesion, there is a chance
that concurring hippocampal sclerosis will not
be detected in those patients with dual pathology
[see Figs. 2 and 23].

Recommendations for imaging protocols

Most standard or routine MR imaging protocols
typically used to evaluate intracranial disease are
suboptimal in the identification of epileptogenic
substrates, such as cortical dysplasia, hippocampal
sclerosis, and band heterotopia [78]. Optimal im-
aging parameters (image orientation, slice thick-
ness, and pulse sequences) need to be employed
to identify these substrates [Fig. 29].
With regard to hippocampal sclerosis, the most

ideal plane for depicting the findings of hippocam-
pal atrophy, signal changes and disruption of in-
ternal architecture is the oblique coronal (ie, the
imaging plane perpendicular to the long axis of the
hippocampus). FLAIR sequences appear to have
the best sensitivity for demonstrating abnormal
signal in the hippocampus [79], though the authors
use a combination of coronal FLAIR and fast spin
echo T2-weighted sequences to assess signal inten-
sity because the hippocampus is normally slightly
hyper-intense compared with gray matter on FLAIR
sequences in certain individuals [80], making inter-
pretation difficult if relying solely on the FLAIR
images. Most epileptic centers employ T1-weighted
gradient volume acquisitions (SPGR or MP-RAGE)
to help assess the morphology of the hippocampus
and to evaluate for developmental disorders. The
raw data from these high-resolution images can be
reconstructed in any plane and aid in qualitative,
morphometric, and volumetric analysis of the
hippocampus. Inversion recovery sequences with
good gray/white matter differentiation also pro-
vide information regarding morphology and signal
abnormalities. Some centers use T2 relaxometry
or spectroscopy to further assess the hippocam-
pus and medial temporal lobes. T2 relaxometry
ate the value of high-quality techniques for detecting
ion cannot be visualized on this 5-mm thick slice with a
256 × 192 matrix. (B) On this higher resolution image,

s. This scan was performed with 3-mm thick contiguous
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is useful in cases where the findings on visual
analysis are equivocal or in lateralization of sei-
zure focus when bilateral abnormalities exist in
the hippocampi.
Recommended sequences for developmental

anomalies include FLAIR sequence to assess for
hyperintense signal changes and radial bands and
a sequence capable of depicting good contrast
between gray matter and white matter, particularly
with thin slices. Malformations of cortical develop-
ment are subtle abnormalities and can be missed
easily without employing high-resolution imaging
and sequences with good gray/white matter differ-
entiation [81,82]. Coronal T1-weighted gradient
volume sequences (SPGR or MP-RAGE) with thin
slice thickness (1 to 1.6 mm) can demonstrate
subtle developmental malformations [83]. There
are many additional measures that can be used to
increase the yield for detecting MCD. Postprocess-
ing of the raw data from a 3D volume set can yield
high-resolution 3D reformations, which can dem-
onstrate cortical dysplasia, abnormal sulcal mor-
phology, gray/white matter indistinctiveness, and
the relationship of developmental abnormalities to
the eloquent cortical regions [84]. High-resolution
imaging with phased array coils, image registra-
tion and averaging, and high-field scanners (greater
than 3T) can provide adequate information in
locating the cortical dysplasia [81,82]. FLAIR/T2-
weighted images demonstrate abnormal signal in
the subcortical/deep white matter associated with
developmental malformations. Quantitative analy-
sis of gray and white matter, when compared with
normal controls, may show widespread develop-
mental abnormalities. However, the location and
extent of cortical dysplasia identified by MR im-
aging may not correlate with the seizure semiol-
ogy or the electrophysiologic studies [34].
Routine use of intravenous contrast (gadolinium)

is not indicated in the evaluation of chronic epi-
lepsy patients but may play a role in the evalua-
tion of patients with new onset of epilepsy to look
for infectious, inflammatory and neoplastic pro-
cesses, especially in those over 50 years old
[85–87]. One clear exception to this is in the
patient with hemiatrophy, where contrast may
diagnosis Sturge-Weber syndrome [see Fig. 11].
However, after identification of a lesion on MR im-
aging, contrast is often helpful. Infusion of intrave-
nous contrast increases the diagnostic confidence,
delineates the extent of lesion, differentiates be-
tween an aggressive and a nonaggressive lesion,
and may be useful for guidance for obtaining the
biopsy specimen [86].
Some techniques appear to be useful, but are not

easily implemented on a routine basis or early in
the evaluation process. Apparent diffusion coeffi-
cient maps and diffusion tensor imaging can iden-
tify the abnormal diffusion at the epileptogenic foci
in normal-appearing standard MR imaging studies
[88–90]. Abnormal magnetization transfer ratios in
epilepsy patients with negative conventional MR
imaging may detect and delineate the extent of oc-
cult malformations of cortical development [91].
Various image analysis, segmentation, and quanti-
tative techniques have shown benefits in the detec-
tion of epileptogenic abnormalities but are not
routinely available with commercial clinical MR
scanners or work stations. Functional MR imaging
is useful in preoperative localization of the motor
strip in relation to the epileptogenic foci in this
region [92]. fMR imaging information of lateraliza-
tion of memory and language is promising and
may be useful in the prediction of postsurgical
seizure relief and cognitive deficits after anterior
temporal lobectomy [93]. fMR imaging has also
been shown to detect the cortical activation in the
brain before the clinical seizure activity, but this
appears to be a rare finding [94].
Summary

MR imaging plays a pivotal role in the evaluation of
patients with epilepsy. With its high spatial resolu-
tion, excellent inherent soft tissue contrast, multi-
planar imaging capability, and lack of ionizing
radiation, MR imaging has emerged as a versatile
diagnostic tool in the evaluation of patients with
epilepsy. MR imaging not only identifies specific
epileptogenic substrates but also determines spe-
cific treatment and predicts prognosis. Employing
appropriate imaging protocols and reviewing the
images in a systematic manner helps in the identi-
fication of subtle epileptogenic structural abnor-
malities. With future improvements in software,
hardware, and post-processing methods, MR im-
aging should be able to throw more light on epilep-
togenesis and help physicians to better understand
its structural basis.
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Immediately after the first descriptions of the
application of MR imaging to multiple sclerosis
(MS) in the early 1980s, MR imaging assumed an
important role beyond that of CT in increasing
confidence in the diagnosis, and in excluding clini-
cal presentations mimicking MS but caused by
other pathology. In large part because MR imaging
could provide multiple important outcome mea-
sures in MS clinical trials, a great deal of informa-
tion was collected from these and related studies
relevant to the natural history of MS lesions, the
underlying pathology, the sensitivity of MR im-
aging to pathology in the normal-appearing tissues,
and its value as a predictor of clinical MS. Recently,
MR imaging has provided new tools that can be
used to understand the relationship between the
focal and diffuse pathology, including the quanti-
tative MR imaging techniques (magnetization trans-
fer, T1 and T2 relaxation based methods, diffusion
tensor MR imaging and tractography, MR spectros-
copy, perfusion), and the functional consequences
and early compensatory mechanisms that the cen-
tral nervous system (CNS) uses to minimize dis-
ability based on functional MR imaging studies.
In this update on MS, the basic features of the

focal MR imaging lesions and the underlying
pathology are first reviewed, including new insights
into MS as a disease with early axonal pathology.
Next, the diffuse pathology in the normal-appearing
white matter (NAWM) and normal-appearing gray
matter (NAGM) as revealed by conventional and
quantitative MR imaging techniques is discussed,
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including reference to how the focal and diffuse
pathology may be in part linked through axonal-
neuronal degeneration. MR imaging findings have
been shown to be predictive of MS, and the MR
imaging criteria incorporated for the first time into
formal clinical diagnostic criteria for MS are next
discussed. Finally, a discussion is provided as to
how MR imaging is used in monitoring subclinical
disease either before or subsequent to initiation of
treatment, in identifying aggressive subclinical dis-
ease, and treatment of nonresponders.
Clinical multiple sclerosis overview

MS is a chronic, inflammatory, demyelinating dis-
ease of the CNS that has been estimated to af-
fect about 250,000 to 350,000 individuals in the
United States and more than 2.5 million world-
wide. The etiology remains unknown, although en-
vironmental (viral) and immune-mediated factors
in genetically susceptible individuals are thought
to be responsible. Typically beginning in early
adulthood, the prognosis is highly variable, but
left untreated 50% of patients require assistance
in walking within 15 years of onset, and more
than 50% have cognitive deficits detected by formal
neuropsychologic testing, many in the early relaps-
ing stages of disease [1,2].
Approximately 80% to 85% of patients present

with a relapsing-remitting course, with symptoms
and signs evolving over days, and typically improv-
ing over weeks. The female/male ratio is about
2:1 for relapsing MS. A secondary progressive
course develops after about 10 years in as many
as 50% of patients, with disease progression occur-
ring between relapses, and relapses less frequent
over time. In about 15% of patients, the disease is
progressive from onset (primary progressive MS),
with males and females more equally affected.
Rarely, patients show an initially progressive course
with subsequent superimposed relapses (progressive-
relapsing MS) [3]. About 10% to 20% of MS pa-
tients do well for 20 years, and are considered to
have ‘‘benign’’ MS, a diagnosis that can at this time
only be made in retrospect [4], and included in this
group may be individuals with unrecognized cog-
nitive deficits.
Presenting signs and symptoms of MS frequently

include those associated with a clinically iso-
lated syndrome (CIS) affecting one optic nerve
(optic neuritis); brainstem or cerebellum (diplopia-
internuclear ophthalmoplegia, ataxia, trigeminal
neuralgia); or a spinal cord syndrome with partial
transverse myelitis (weakness, numbness). Bladder-
bowel symptoms are common. Fatigue is described
by many patients as especially debilitating [1,2].
Relapsing MS is a treatable disease [1,2]. Ther-
apy for MS is based on immunomodulatory agents
including interferon beta-1a, interferon beta-1b,
and glatiramer acetate. In late 2004 the Food and
Drug Administration approved a monoclonal
antibody (anti-α4 integrin) that inhibits the traf-
ficking of leukocytes across the CNS endothelium
by blocking binding of α4β1 integrin to a vascu-
lar cell adhesion molecule [5], but natalizumab
(Tysabri) was voluntarily suspended from the mar-
ket based on safety concerns as progressive multi-
focal leucoencephalopathy (PML) was discovered
with an occurrence greater than expected as it
occurred in a few trial patients on combination
therapy. The effectiveness of immunomodulatory
or other therapies is more difficult to demonstrate
in secondary progressive MS, in part because
these treatments probably do not target already
injured tissue. Betaseron and mitoxantrone are
approved for treatment of secondary progressive
MS. There are no proved therapies for primary
progressive MS [1]. MR imaging–based outcome
measures have been instrumental in the approval
process for the MS therapies. The cumulative num-
ber of gadolinium-enhancing lesions on monthly
MR imaging is the primary outcome measure for
many phase II trials [6]. Enhancing lesions, number
of new and enlarging T2 lesions, and T2 lesion
volume change are important secondary outcome
measures in phase III (definitive) trials [6,7].
The focal and diffuse multiple sclerosis
pathology by MR imaging

The MS pathology detected by direct neuropatho-
logic examination or MR imaging is both focal and
diffuse. Focal, classic MS lesions represent a range
of pathology from nondestructive edema to injury
from demyelination and most severe injury related
to axonal loss [8]. The diffuse pathology may be
evident by MR imaging only indirectly as indicated
by atrophy [9–11], or detected in the normal-
appearing white or gray matter by the advanced
quantitative MR imaging methodologies [12,13].
As discussed later, there is mounting evidence that
the clinical and cognitive consequences of the MS
pathology require an understanding of the focal
pathology, yet the diffuse pathology may be equally
if not more important.

Enhancing lesions, the blood-brain barrier,
and inflammation

The acute enhancing MS lesion, which is al-
most always associated with hyperintensity on
T2-weighted imaging, is visualized as a result of
abnormal leakage and accumulation of contrast
material across disrupted tight junctions of the vas-
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Fig. 1. Time course for enhancing lesion. Serial monthly MR imaging shows development of a new enhanc-
ing lesion (arrows) at 1 month, and the typical decrease in size over the subsequent 2 months. The duration
of enhancement can range from less than 1 week to about 16 weeks. The time course for enhancement in
MS parallels that for inflammation, but more accurately enhancement measures the integrity of the blood-
brain barrier.

Fig. 2. Aggressive MS over 2 years. Patient with relatively early disease onset at age 15 and death 7 years later
related to MS. Disease was initially relapsing-remitting but converted relatively quickly to secondary progressive
MS (progression without relapses). Top row: contrast-enhancement left pons (left) and left frontal-parietal white
matter (middle) both showing a relatively rare edge enhancement pattern (arrows). Typical confluent
T2 hyperintensities and mild-moderate volume loss based on lateral ventricle size (right). Bottom row: two
years later MR imaging shows different edge enhancing lesions (arrows) in posterior fossa (left) and both edge
enhancement (arrows) and ring enhancement (dotted arrow) in deep white matter along the lateral ventricles
(middle). Progressive volume loss based on moderately large lateral ventricles and more extensive confluent
T2 hyperintensity (right). This enhancement pattern is relatively rare (arrows), and in this case apparently related
to an aggressive disease course. Ring enhancement has also been associated with more severe pathology, but not
all patients with ring enhancement show an aggressive course by MR imaging.
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cular endothelium that are a crucial component of
the blood-brain barrier [14]. The factors associated
with the initial barrier disruption are complex,
but central to this process is entrance of activated
T cells through the junctions of the capillary en-
dothelium. These activated lymphocytes recognize
CNS antigen and trigger a cytokine-chemokine
cascade that further mediates disruption of the
blood-brain barrier [15,16] with additional cel-
lular infiltration that is characteristic of this in-
flammatory process. Contrast enhancement in MS
serves as a convenient marker for the events as-
sociated with macroscopic inflammation in MS
[17–19], appearing at the time inflammation can
be easily observed under the microscope, and last-
ing for the same time course, about 4 to 8 weeks
in most cases (range <1–16 weeks) [Fig. 1] [20,21].
There is strong evidence, however, that weeks to
months before lesions become evident on contrast-
enhanced MR imaging, changes occur in the cor-
responding NAWM that can be detected by the
quantitative MR imaging methodologies [22–26]
including measures of perfusion [26]. Unfortu-
nately, these measures to detect the earliest stages
of MS lesions are not practical for evaluation of
Fig. 3. High-frequency monthly MR imaging. The response
the MR imaging, even at yearly intervals, may suggest a
follow-up, responsiveness to initiation of therapy with i
activity with cessation of therapy. Because monthly MR
T2 lesions over a 1-year interval (not shown) provides a
because most new lesions leave a permanent T2 residue
any point in time provide a measure of inflammation ar
matter lesion load; CEL, contrast-enhancing lesion number
(From Richert ND, Zierak MC, Bash CN, et al. MRI and clini
with interferon beta-1b. Mult Scler 2000;6:86–90; with pe
individual patients at this time and they remain
research tools.
The enhancement pattern (size, shape, solid ver-

sus ring) may be strikingly variable within and
more so between patients, which is highly sugges-
tive of a heterogeneous pathology, possibly related
to the host response and severity [Fig. 2] [27–29].
Ring enhancement, for example, may suggest a
more severe pathology [29]. Enhancement seen
only after high (triple dose) MR imaging contrast
infusion tends to be smaller and may indicate less
destruction than that detected by single (standard)
dose MR imaging contrast [30,31]. The correlation
between pattern of enhancement, the underlying
pathology, and clinical course in individual pa-
tients may not be straightforward, however, and is
not well understood at this time.
Enhancement, which is associated with early le-

sions and inflammation in MS, is now also known
to be associated with axonal injury. Biopsy and
autopsy series show that acute, inflammatory MS
lesions are accompanied by an impressive degree of
axonal injury that includes axonal transection, in
addition to the classic findings of demyelination
[32]. Axonal injury, which is mostly irreversible,
to therapy may be followed by MR imaging because
ctivity trends. In this idealized monthly MR imaging
nterferon-β is apparent, as is return toward baseline
imaging is not practical in the clinic, counting new
good estimate of intercurrent MR imaging activity,

, the footprint of prior activity. Enhancing lesions at
ound the time of MR imaging. BWMLL, brain white
; EDSS, expanded disability status scale; IFN, interferon.
cal activity in MS patients after terminating treatment
rmission.)



Fig. 4. Development of a T2 hyperintense lesion by
serial MR imaging. Upper left: case of relapsing MS
with low T2 hyperintense lesion burden including
chronic lesions in the corpus callosum (arrow). Upper
right: 1 month later, a new T2 hyperintense lesion
develops in the left parietal-occipital white matter
(solid arrow), whereas the corpus callosum lesions re-
main stable (dotted arrow). Lower left: corresponding
enhancement in acute lesion (arrow), from blood-
brain barrier breakdown and concurrent inflamma-
tion. Lower right: exploded view of the new lesion
shows the complex structure, centrally hyperintense
most likely from mixed pathology including demye-
lination, matrix including glial change, and impor-
tantly axonal degeneration. The intermediate black
ring may be a zone of macrophage infiltration, and
the outer ring is likely from edema.
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is an important factor even in early MS and is
thought to contribute to progression to secondary
progressive stages or further disability. The MR
spectroscopy literature supports early axonal degen-
eration in the NAWM and in focal, enhancing-
inflammatory lesions based on the finding of
reducted N-acetyl aspartate (NAA), a neuronal
marker [33–35].
The number and volume of enhancing lesions

within individual MS patients varies over time, as
most dramatically documented in high-frequency
(weekly and monthly) MR imaging series [Fig. 3]
[6,20,21]. General activity patterns, however, can
often be recognized in individuals. Some indi-
viduals on most monthly enhanced MR imaging
studies show little or no enhancing lesion activity,
whereas others are more likely than not to have one
or more lesions on most observations. These trends
are used to great advantage in MS clinical trials
where pooled results for many, often hundreds of
patients are analyzed. Analysis based on individual
patients can be informative but must be under-
stood in the context of expected intraindividual
variation over time.

Cellular imaging

Contrast enhancement suggests inflammation, but
is more accurately a measure of leakage of moderate-
size molecules across the damaged tight-junctions
of the CNS endothelium. Cellular imaging based
on superparamagnetic iron oxide–tagged cells is a
more specific probe of the migration occurring
at the level of the blood-brain barrier basic to
the inflammatory process. In one approach, the
superparamagnetic iron oxide particles after intra-
venous injection concentrate within macrophages
and can then be followed in vivo in research stud-
ies in humans as they pass into the CNS. The
intracellular particles exert a strong influence on
the local magnetic field, which is detected as signal
loss on T2 and T2*-weighted pulse sequences
[36,37]. The location of lesions and their time-
course based on superparamagnetic iron oxide im-
aging does not correlate strongly with that based on
conventional contrast-enhanced MR imaging, sug-
gesting that it provides different quantitative and
qualitative information. In another approach, cell-
type–specific tagging has been found to be feasible
in animal studies. Superparamagnetic iron oxide
particles are introduced outside the body into iso-
lated cells through transfection, and the tagged cells
then injected intravenously [38]. Both these cellu-
lar imaging approaches may in the near future
become practical methods to monitor individual
patients, and could provide far more specific detail
relevant to the inflammatory process in MS. Dis-
secting the inflammatory process in MS is impor-
tant, because it is becoming clear that inflam-
mation includes destructive components (bad
inflammation), which clinicians want to treat, and
potentially beneficial components (good inflam-
mation), which should be enhanced or not dis-
turbed by treatment [39,40].
The T2 hyperintense lesion

The T2 hyperintense focal areas observed on MR
imaging in MS lesions are known by neuropathol-
ogy studies to be caused by a wide range of pathol-
ogy, and are described as nonspecific with regard to
pathology. T2 hyperintensity (T2 lesions) can be
the result of water space changes that include
edema (acute lesions), and other water compart-
ment changes in chronic lesions; in acute and
chronic lesions mild or severe demyelination, vari-
able degrees of astrogliosis and matrix disruption;
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and axonal injury or loss [Fig. 4] [8,17]. Compli-
cating the interpretation of T2-weighted imaging
and T2 hyperintensity, the T2 lesion areas may in-
clude zones of active remyelination [41], although
remyelination is often limited and the capacity for
remyelination decreases in MS with time and se-
verity of injury.
There is increasing evidence that the underlying

MS pathology is variable across patients, yet may be
more homogeneous within patients (see later) [27].
Consequently pathology in an individual expressed
as T2 hyperintensity may also have variable signifi-
cance. This heterogeneous pathology characteristic
of T2 hyperintense lesions is thought to account
in part for the poor correlation between total T2
lesion volume in an individual patient’s brain or
spinal cord and their degree of disability [42].
After reaching a maximal lesion size over a period

of about 4 to 8 weeks, the T2 hyperintensity almost
always shrinks over a period of weeks to months
[43], leaving a smaller residual area or T2 footprint
related to the prior acute event. Although many
T2 lesions do not change over years, some lesions
may expand through activity along their periphery
or less commonly through central activation. Re-
Fig. 5. Five-year follow-up after a clinically isolated syndr
stages. Proton density weighted images at three levels
lesions and increase in T2 burden of disease. One large left
leaving only a tiny T2 footprint. Note the transcallosal ban
wallerian degeneration extending through the corpus ca
T2 lesion (curved arrow).
activation of focal lesions is thought to be an im-
portant mechanism accounting for more severe
cumulative pathology, and in theory through loss
of capacity for remyelination [41,44].
Over time the T2 lesion number and volume (the

T2 burden of disease) increases on average in the
brain or spinal cord in the absence of treatment,
and most often less so when treatment is effective
[Fig. 5]. In some individuals, the T2 burden of
disease transiently decreases as lesions shrink to
their footprint size and edema resolves, a finding
that is not uncommon during effective treatment.
With disease progression, however, lesions often
become confluent because of expansion and crowd-
ing. A more minor contribution to an increasing
T2 burden of disease is the result of the T2 hy-
perintensity that develops with secondary (fiber)
degeneration that sometimes can be visualized out-
side focal lesions [see Fig. 5] [45,46]. The T2 bur-
den of disease is an important MS trial metric, as a
measure of change in total (albeit nonspecific)
abnormal tissue. New or enlarging individual T2
lesions are also often measured, as an indication of
new MS events within an interval between imag-
ing studies.
ome shows the natural history of MS from the early
show accumulation of multiple new T2 hyperintense
frontal lesion (arrow) observed at baseline has shrunk
d (dashed arrows), an indication of secondary, possibly
llosum originating in the left frontal periventricular
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Chronic T1 hypointense lesions (T1 black
holes)

T1-weighted imaging separates chronic MS lesions
into two groups [Fig. 6]. One group of lesions,
evident on T2-weighted imaging, is isointense to
normal white matter on T1-weighted imaging. A
smaller fraction of T2 lesions (5%–20%) are hypo-
intense to normal white matter on T1-weighted
imaging [47,48]. The chronic T1 hypointense le-
sion fraction (the classic T1 black hole) is impor-
tant because it represents white matter that has
suffered relatively more severe injury. These
T1 black holes are characterized by greater reduc-
Fig. 6. Nonspecific T2 hyperintense lesions, based on
comparison with postcontrast T1-weighted images
that show T1 black holes. Top left shows a patient
with extensive T2 hyperintense lesions, a small frac-
tion of which (10%–20%) are T1 hypointense and
nonenhancing (right), and considered to be classic
T1 black holes. T1 black holes under the microscope
characteristically are focal areas of more severe injury
with loss of axons, demyelination, and matrix disrup-
tion, and show low NAA content. Bottom left shows in
another patient a fast-FLAIR image with a higher ratio
of T1 black hole to T2 lesion area (about 60%). The
correlation between T1 black hole volume and disabil-
ity tends to be slightly stronger as shown by popula-
tion studies than the correlation between T2 lesion
volume and disability, but in individuals T1 black hole
volume is still only weakly correlated with disability.
The importance of T1 black holes is that they reflect
focal areas of more severe injury, and some patients
may be more prone to this type of injury for reasons
that are not understood.
tion in axonal density and matrix disruption as
compared with T2 lesions that are not chronically
T1 hypointense. These T1 black holes have rela-
tively reduced magnetization transfer ratios (MTR),
elevated diffusion coefficient, and reduced NAA,
also indicative of more severe focal injury [47].
In evaluating an image, it is important to distin-

guish acute T1 hypointense areas, which are T1 hy-
pointense on the basis of edema, and may show
considerable or complete recovery, from chronic
T1 hypointense lesions, which are the classic T1
black holes. Because serial studies are not always
available to assess the chronicity of a T1 hypo-
intense lesion, chronicity is assumed based on T1
hypointensity after contrast enhancement. High-dose
corticosteroids can confound this interpretation by
rapidly suppressing enhancement. In reality, acute
T1 hypointense (edematous) lesions often evolve
slowly over many months to their final T1 isointense
or hypointense state, the latter occurring about one
third of the time. Transition of an acute MS lesion to
normal signal intensity on T1-weighted imaging re-
flects recovery from the edematous stage, and poten-
tially partial remyelination [41]. Unfortunately, there
is no specific remyelination MR imaging measure
[41,44], although MTR recovery may have some
potential in this regard [49].
In populations, the correlation between chronic

T1 hypointense lesions and disability is thought to
be stronger than the correlation between T2 lesions
and disability, but the correlation is more often
than not still poor. As an indication of severe
injury, however, many clinicians value this pa-
rameter as a means to assess the pathologic signifi-
cance of lesions (which are most often subclinical)
in individuals. Chronic T1 hypointense lesion
volume (T1 burden of disease) is an important
MS trial measure because it is more specific than
T2 burden of disease. T1 black holes are also some-
times followed in MS trials to determine if treat-
ment has the effect of decreasing the rate of
evolution of acute focal lesions to regions of severe
damage [50,51].
Multiple sclerosis lesion heterogeneity by
neuropathology

Recent neuropathology studies from biopsy mate-
rial suggest that MS and its variants may be
characterized as a heterogeneous pathology (be-
tween individuals) although relatively homogeneous
within individuals [27]. The hypothesis from these
studies is that the underlying pathology of MS re-
mains a chronic T-lymphocyte–mediated inflamma-
tion, accompanied by activated macrophages and
microglia and their toxic products (pattern I), but
additional amplification factors generate patterns
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known as II, III, and IV [52]. Pattern II is based
on deposition of immunoglobulins and activated
complement, resembling an antibody-mediated pro-
cess, and has been associated with Devic’s neuro-
myelitis optica [53]. Pattern III is characterized by a
process known as ‘‘distal dying back oligoden-
drogliopathy with oligodendrocyte apoptosis,’’ and
has been associated with hypoxia and perfusion ab-
normalities [52]. Perfusion abnormality has been
recently described in MS lesions and MS NAWM
[54]. There has been speculation that pattern III
may also underlie Balœ’s concentric sclerosis. Pat-
tern IV, thought to be rare, is based on degeneration
and oligodendrocyte death in the periplaque white
matter [52]. It should be noted that this classifi-
cation scheme (patterns I–IV pathology) is not free
from healthy controversy [55], and is best described
as a working and stimulating model for understand-
ing MS.
Distribution of focal lesions in the brain and
spinal cord

Characteristics and distribution of lesions in
the brain

The characteristic distributions of focal MS lesions
in the brain are well known to radiologists, and
have been reviewed [8,56]. In recent years, there
has been some precision added to the lesion
nomenclature relevant to the new MS diagnostic
criteria discussed later [57,58]. The T2 hyperintense
lesions that occur throughout the CNS show a
typical distribution in the periventricular (touching
ventricle surface) more so than the peripheral white
matter, but they occur commonly in both regions
[56]. Within the white matter T2 lesions may be
discrete (separate from ventricle surface), and when
peripheral, many touch the gray matter (juxtacor-
Fig. 7. Extensive corpus callosum atrophy over a 1-year in
region of each T2 hyperintensity (arrows), but also is gene
rial but based on autopsy series and MR spectroscopy tho
and changes in the glia and water spaces likely also affec
tical). Lesions may straddle both gray and white
matter (juxtacortical-cortical), or only rarely by
MR imaging may lie entirely within the cortical
gray matter (cortical). Many periventricular lesions
extend at a right angle from the lateral ventricle
surfaces, and have an ovoid shape reminiscent
of the pathology described as Dawson’s fingers,
which are cellular infiltrates oriented along the peri-
ventricular veins. Infratentorial lesions are fre-
quent in MS compared with their occurrence from
small vessel disease. Deep cerebellar hemisphere,
cerebellar peduncle, and brainstem surface lesions
are common, the latter more typical of demyelin-
ation than infarction.
Corpus callosum lesions are frequent, and often

lie within the inner or deep surfaces. Although
not always seen in the earliest stages of disease,
corpus callosum lesions are often early characteris-
tic findings on MR imaging, well seen on thin
section sagittal fast FLAIR sequences. These may
be primary focal lesions or secondary neuronal
tract lesions [46].
Optic nerve lesions are not difficult to visualize

in the acute stages of optic neuritis by thin-section
high-resolution fat-suppression techniques, and
show strong correlations with visual function and
electrophysiologic impairment [59]. In later stages,
the imaging consequences of optic neuritis may
only be detected byMR imaging based on atrophy or
in population studies by techniques, such as mag-
netization transfer imaging [59]. In typical clini-
cal optic neuritis, imaging of the optic nerve is
usually not indicated, whereas a positive brain MR
imaging at the time of optic neuritis may pro-
vide diagnostic criteria for possible MS [57,60] or
risk for MS [61,62] or if negative suggest a low (but
not zero) risk for MS [58,60]. Strong clinical MR
imaging correlations are also seen for brainstem
lesions causing internuclear ophthalmoplegia [63].
terval. Note that volume loss is most extensive in the
ralized. Atrophy in MS in the brain is likely multifacto-
ught to be principally from axonal loss. Loss of myelin
t tissue volume.



Fig. 8. MS in the spinal cord. Two patients with pri-
mary progressive MS. Top left (proton density) and
top right (heavily T2-weighted) images show intrinsic
multifocal T2 hyperintensities, which are vertically
oriented and less than 2 vertebral segments in length.
Axial sections in MS most often show an asymmetric
distribution across the cord. These findings are typical for
both relapsing and progressive forms of MS. Bottom left
(proton density) and right (heavily T2-weighted) images
show that the proton density series is frequently more
sensitive to spinal cord pathology, showing both mul-
tifocal lesions and a diffuse cord hyperintensity (higher
signal than cerebrospinal fluid). These findings are
typical for relapsing and progressive forms of MS, but
diffuse hyperintensity has been described as more com-
mon in primary progressive MS.

87MS Update
Brain atrophy, often apparent on inspection in
midrelapsing stages of MS, is not a rare or a late
event in MS, and may progress at a surprisingly
rapid pace in some individuals. In population stud-
ies, atrophy can be measured over 1-year intervals
[9–11]. CNS atrophy detected by MR imaging in
MS can be focal or regional affecting the central
white matter and resulting in ventricular expansion
or corpus callosum atrophy [Fig. 7], may affect the
cerebellum or result in sulcal widening, and can
cause global brain volume loss [64]. Atrophy is
considered an important measure in MS because
it likely reflects in most cases irreversible injury,
much of which is from axonal loss, but additionally
with contributions from myelin loss and other
structural changes (those from astrogliosis) also
contributory. Under relatively extreme conditions
(dehydration, corticosteroid usage, malnutrition),
visible atrophy may reflect reversible factors.

Characteristics and distribution of lesions in
the spinal cord

Most patients with early MS have lesions within the
spinal cord [65,66]. In one study of 115 patients
who had optic neuritis, only 12% had an abnormal
spinal cord MR imaging when the brain MR im-
aging was normal. However, an abnormal spinal
cord was found in 45% of patients with nine or
more brain lesions, the latter group known to be at
higher risk for a second attack and a diagnosis of
clinical MS [67].
Because spinal cord T2 hyperintense lesions

are relatively rare incidental findings, and not typi-
cally observed with normal aging, in contrast to
the frequent nonspecific brain T2 hyperintensities,
their observation and typical features can be help-
ful in increasing confidence in a diagnosis of MS
[Fig. 8] [66]. On sagittal imaging, most T2 hyper-
intense MS lesions in the spinal cord are vertically
oriented and less than 10 to 15 mm in height or
less than two vertebral segments [66]. On axial
T2-weighted images, lesion distribution across the
spinal cord is typically (but not always) asym-
metric, corresponding to the frequent asymmetric
clinical presentation of partial transverse myelitis.
Acute spinal cord lesions might be expected to
enhance; however, enhancement is frequently not
seen probably related to technical issues and struc-
tural considerations. Chronic T1 black holes are
rare in the spinal cord in MS. A diffusely swollen,
T1 hypointense spinal cord is more characteristic
of Devic’s neuromyelitis optica [53,68] or viral or
idiopathic myelitis rather than MS [Fig. 9]. Acute
disseminated encephalomyelitis may also show
an impressively swollen spinal cord. A focally swol-
len spinal cord, for example over one segment,
although rare, occurs with sufficient frequency in
MS at clinical onset that this finding should not
discourage consideration of MS in the differential.
Brain MR imaging is often diagnostic in that set-
ting. Later secondary changes in the spinal cord
from MS include focal and diffuse volume loss
[9,11,65,69,70], the atrophy related to demyelin-
ation and more so axonal loss in focal lesions, and



Fig. 9. Devic’s neuromyelitis optica (DNO). This patient presented with bilateral visual symptoms related to
demyelinating lesion of optic chiasm, and only later development of spinal symptoms. Brain white matter
was otherwise normal. Sagittal images of the spinal cord show extensive thoracic cord T2 hyperintense lesion
more than 2 segments in height with a cavitary enhancing pattern. The axial images show involvement of
much of the cross-section of the cord. The length, ring enhancement, T1 hypointense core, and full-thickness
involvement on axial images are all uncharacteristic for MS. Recent studies suggest that most but not all DNO
patients are positive for a serum neuromyelitis optica (NMO)-IgG marker, whereas most MS patients are negative.
The serum autoantibody data and MR imaging findings, such as normal initial brain MR imaging, support the
concept that NMO is not simply an unusual manifestation of MS, and these findings expedite early aggressive
therapy for DNO, which has a relatively poor prognosis.
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secondary to wallerian degeneration from distant
lesions [71–73].
The normal-appearing white and
gray matter

From the pathology literature and now from the
MR imaging literature much of the injury in
MS seems to reside in the NAWM [12,49,74] and
the NAGM, collectively referred to as the normal-
appearing brain tissue. In the NAWM microglial
inflammatory pathology may exceed that of lym-
phocytic inflammatory pathology, the latter so char-
acteristic of focal lesions [12]. Axonal loss and loss
or disruption of myelin may also occur in the
normal-appearing brain tissue [71–73,75–77]. The
abnormalities of normal-appearing brain tissue,
which are difficult to detect in the earliest stages
of disease, seem to increase in magnitude as disease
advances, and may vary in the different MS pheno-
types [12,78].
The advanced quantitative MR imaging tech-

niques are required to detect abnormalities of the
normal-appearing brain tissue in vivo. Magnetiza-
tion transfer imaging is sensitive to disruption of
the macromolecular environment of membrane,
cells, and tissue, and has been especially valuable
in characterizing the pathology in the NAWM and
NAGM in MS [78]. Loss of structure, such as when
myelin fragments or is destroyed, influences the
structure and concentration of macromolecules
and results in a reduction in the transfer of magne-
tization from these to the free water fractions. These
changes are readily measured by MR imaging as a
decrease in the MTR. MTR changes are thought
principally to reflect changes in myelin, but in
the complex environment of CNS tissue, the MTR
change must also reflect other factors, such as those
from axonal injury and inflammation and less so
edema. Typically in MS studies the average MTRs
from NAWM or NAGM from groups of MS patients
are evaluated using histogram analyses, based on
mean MTR or other parameters, such as histogram
peak height or peak location [79].
Several water diffusion-based measures also are

sensitive to abnormality in the NAWM in MS
[80,81]. Increased diffusivity is a relatively nonspe-
cific finding, and is seen in focal MS lesions and
normal-appearing brain tissue, in contrast to the
reduced diffusivity (restricted diffusion) character-



Fig. 10. Diffusion tensor imaging at 3T as basis for diffusion tractography in early relapsing MS. (A) The
T2-weighted image reveals small lesion volume. (B) Computerized segmentation into lesion (green), ventricle
(blue). (C ) Stream tube tractography. The tubular structures are representations of neuronal fiber tracts
with common properties that have reached a predetermined diffusion anisotropy threshold. (D) Final image
shows only those fibers that intersect MS lesions. Note that this method allows determination as to how each
lesion affects different fiber pathways, many coursing through the corpus callosum, others intersecting fibers
running anteroposterior. Work based on collaboration between University of Colorado Brain Imaging Research
Laboratory (J. Simon, D. Miller, M. Brown); Department of Neurology (J. Bennett and J. Corboy); and the
Computer Science Department, Brown University (Song Zhang and David Laidlaw).
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istic of cerebral infarction. Although cellular infil-
trates characteristic of acute inflammation may
counter increases in the apparent diffusion coeffi-
cient in MS lesions [80], the diffusion changes are
not sufficiently specific to substitute for contrast-
enhanced MR imaging. By measuring the directional
components of water diffusion, the fractional an-
isotropy (the relative anisotropic compared with
isotropic contribution) or alternatively the parallel
(to fiber) versus perpendicular (to fiber) compo-
nents of diffusion can be determined. Loss or
decrease in anisotropy is a more specific finding
than diffusivity changes in MS. Decreased anisot-
ropy is characteristic of focal white matter MS
lesions and diffuse abnormality of the NAWM.
Although initially myelin was thought to be the
basis for the strong diffusion anisotropy character-
Fig. 11. Myelin water fraction. Myelin water fraction can
echo pulse sequence. Analysis of the MR imaging data sho
fraction representing myelin water, (2) the intermediate fr
long T2 time fraction cerebrospinal fluid water. The myelin
focal lesions (not shown). (Courtesy of C. Laule, PhD,
istic of white matter, it now seems that organized
cellular orientation rather than myelin alone
may account for much of the anisotropy measured
in vivo [82]. Diffusion anisotropy is the basis
for diffusion tractography, which can be used as a
research measure to identify the relationship
between focal MS lesions and the neuronal tracts
they intersect [Fig. 10].
The fundamental T1 (longitudinal) and T2 (trans-

verse) relaxation rate measures are also sensitive
to the underlying pathology in the NAWM. With
specialized multiecho pulse sequences, it can be
seen that T2 relaxation is multiexponential. The
short T2 relaxation time fraction provides a mea-
sure that most likely is related to myelin content
(myelin water fraction); a mid T2 relaxation time
fraction is associated with other (interstitial) water;
be determined using a specialized multiecho fast spin
ws three water fractions in brain: (1) the short T2 time
action intracellular and extracellular water, and (3) the
water fraction is decreased in the NAWM in MS and in
University of British Columbia, Vancouver, Canada.)
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free water produces a long T2 relaxation time
fraction [Fig. 11] [83,84]. A current practical limi-
tation of this method is the long scan time for full
brain coverage.
By MR spectroscopy, abnormally low NAA levels

can be detected in the NAWM in both relapsing and
progressive MS, generally more so in the latter
[12,34,35,85,86]. A recent study suggests that in
the early stages of disease increased myo-inositol
may be found in the NAWM, more so than de-
creased NAA [87]. As in relapsing MS, myo-inositol
and creatine are potentially relevant to the pathol-
ogy from abnormal glial cells, the latter possibly
accounting for their increased concentration in the
NAWM [12,87,88].
Perfusion abnormalities in the NAWM may be

relevant to MS clinical or pathologic subtypes
[27,52]. Decreased perfusion reflecting microvas-
cular change or injury has been detected in the
NAWM in MS [54]. Increased perfusion precedes
the development of enhancing lesions in the
NAWM [26]. Other quantitative MR imaging mea-
sures (MTR, relaxation measures) are also sensi-
tive to this pre-enhancing lesion pathology in the
NAWM [22–26].
The quantitative MR imaging technologies are

not commonly used and are not generally helpful
in evaluating individual MS patients. Rarely, MR
spectroscopy may be helpful in establishing tume-
factive MS versus neoplasm, but metabolite ratios
or magnitude often overlap. There are reports of
normal NAWM in acute disseminated encephalo-
myelitis and early Devic’s neuromyelitis [89,90], in
contrast to abnormal NAWM in MS, but these
observations are based on significant differences
in pooled results from multiple patients and may
not be applicable to individual patients.
MR imaging is insensitive to the focal gray matter

pathology of MS that is well known from the
pathology literature [91], although with effort fo-
Fig. 12. Gray matter (cortical) MS. Pure cortical gray matter
but not uncommon by histopathology. Left panel (arrow) s
panel (arrow) shows a lesion that straddles gray and wh
shows a juxtacortical (touching cortex) white matter lesion
cal lesions can be seen [Fig. 12]. Poor tissue
contrast is thought to be the basis for this MR
imaging insensitivity. Focal cortical lesions often
involve the subcortical white matter with only
about 15% to 25% exclusively cortical [92,93],
including lesions extending from the pial surface
into the cortex that are never seen by conventional
MR imaging [94,95]. The pathology of gray matter
MS lesions is different from that seen in white
matter, with gray matter MS lesions being less
inflammatory with fewer lymphocytes, with fewer
activated microglia, and perivascular cuffs [94,95].
These gray matter lesions, however, may contain
significant destructive pathology with transected
neurites (axons and dendrites) and loss of neurons
from apoptosis [93]. Diffuse gray matter abnor-
mality may also be present, because the quantita-
tive MR imaging techniques find abnormal (but
normal appearing) cortical gray matter in all MS
phenotypes and stages of disease [12].
Deep gray matter involvement may also oc-

cur in MS, but disproportionate focal or diffuse
T2 hyperintense or enhancing lesions in the deep
gray matter suggests alternative diagnoses. Diffuse
deep gray matter involvement in MS may be appar-
ent based on volume loss [96], or by low signal
on T2- or T2*-weighted imaging, which reflects
increased hemosiderin or ferritin iron [97]. MS
population studies suggest modest clinical correla-
tions with this so-called ‘‘black T2’’ in the deep gray
matter, which has potential as a neurodegeneration
marker [98].
Axonal injury and neuronal tract
degeneration

MS is the classic example of a primary demyelinat-
ing disorder, but demyelination alone does not
account for the persistent functional disturbances
that characterize the disease as it progresses. Experi-
lesions are relatively rare by conventional MR imaging,
hows a focal T2 lesion centered on gray matter. Middle
ite matter (juxtacortical-cortical). Right panel (arrow)
, a common finding in MS.
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mental studies have shown that after myelin is
damaged, nerve conduction properties, initially
abnormal, can recover in part related to redistribu-
tion of sodium channels [99]. A missing link in the
understanding of irreversible injury could be filled
by axonal injury. Axonal injury in MS, known from
the work of Charcot in the mid nineteenth cen-
tury but subsequently associated only with late dis-
ease, was recently rediscovered as an important
early pathology of considerable importance in MS
through studies that showed convincingly that
axons were in fact injured in early inflammatory
MS lesions. Axonal injury was documented based
on two observations: inflammatory MS lesions
were associated with increases in amyloid precursor
protein as a result of reduction in axonal transport
from the axonal injury [100], and direct three-
dimensional visualization of axonal injury in in-
flammatory lesions by confocal microscopy of
immunostained material, which showed loss of
normal neurofilament and transected axons [75].
This and subsequent work indicated that axonal
injury occurred in early lesions and potentially in
early MS, and it was understood immediately that
axonal injury was potentially an important factor in
irreversible injury, disability, and the progressive
stages of disease [101].
Researchers also quickly understood the poten-

tial for such injuries to contribute to the diffuse
pathology in MS through retrograde and antegrade
neuronal degeneration, originating in the focal
lesions but extending outside the lesion. In vivo,
acute enhancing (inflammatory) MS lesions can
be the source of signal and anatomic changes sug-
gestive of secondary wallerian (fiber) degenera-
tion [45,46]. One informative case report linked
an inflammatory MS lesion in the brainstem to
distant spinal cord axonal degeneration [73]. Fur-
ther support for neuronal tract degeneration in
MS comes from in vivo studies showing reduced
NAA [102] and increased diffusivity potentially
related to connected lesions [103], studies show-
ing reduced fractional anisotropy remote from
focal lesions [80], and reduced NAA in visual path-
ways [104].
Axonal loss can be profound in later stages of

disease. In one study, there was a 53% reduction
in axonal number in the NAWM of corpus callo-
sum, which was proportionate to the reduction in
cross-sectional area [105,106]. Reductions in nerve
fiber density are also seen in spinal cord, including
in otherwise normal-appearing tissue [72], and
likely related to permanent disability [107]. Studies
of fiber degeneration and connections between
lesions and fiber pathways are becoming feasible
in the clinical imaging environment through diffu-
sion tensor MR imaging [see Fig. 10].
Functional MR imaging, plasticity, and
adaptive mechanisms

Functional MR imaging methodologies are increas-
ingly used to detect and explain sensorimotor and
cognitive disturbances in MS. The most consis-
tent finding by functional MR imaging studies in
populations of patients with MS is impairment
in sensorimotor activation indicated by abnormally
increased contralateral blood oxygenation level de-
pendent activation over larger than normal cortical
regions, and increased ipsilateral supplementary
motor activation [108]. Several studies suggest
that sensorimotor functional MR imaging is sen-
sitive even in the early stages of disease [109]. In
secondary progressive MS [110] strong correlations
have been noted between cortical activation and
diffuse injury in the NAWM and NAGM. Distur-
bances in cognitive function including information
processing can also be evaluated by functional
MR imaging [111–113]. Functional disturbances
detected through functional MR imaging have
been the basis for hypotheses suggesting that com-
pensatory mechanisms develop in early MS, which
initially may mask injury and delay the appearance
of dysfunction. Functional disturbance may only
become apparent after exhaustion of these adaptive
mechanisms [114–116]. Although abnormal func-
tional MR imaging patterns may be observed in
individual MS patients, their interpretation may
not be straightforward, and this technique is not
generally used in the clinic.
Disease course by MR imaging

At the time of the first clinical event, the CIS,
many patients have multiple, previously unsus-
pected and widely distributed lesions in the brain
or spinal cord, primarily in clinically silent areas
of the white matter. These individuals are at high
risk for a subsequent clinical attack or show new
MR imaging evidence for ongoing demyelination,
which has been recently recognized as indicative of
a diagnosis of MS (see later). Alternatively, at the
time of a CIS, a negative brain (and spinal cord)
MR imaging suggests a low, but not zero probabil-
ity of second clinical attack or MR imaging disease
activity. Most of these individuals with negative
MR imaging remain categorized as CIS even after
prolonged clinical follow-up [117]. Although there
can be striking interindividual variability, most
individuals with a CIS and a positive MR imag-
ing have a small number (2 or 3–20) and volume
(a few milliliters) of focal MS lesions [118] com-
pared with the later relapsing (typically 5–15 mL)
and secondary progressive stages of disease (typi-
cally 5–25 mL) [56].
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In the earliest stages of disease, focal lesions
are readily counted, confluent lesions are small or
relatively rare, T1 black hole volume is low, and
most cases show no signs of atrophy by visual
criteria. Enhancing lesions in the brain are observed
in about 30% to 60% of these patients [6]. The
literature is not consistent regarding the degree of
abnormality of the NAWM in early MS defined
at the time of a CIS, some studies suggesting ab-
normality, others not, which may reflect patient
selection factors, but also suggests that much of
the NAWM may be normal or only minimally ab-
normal early on.
With clinical disease progression or greater dis-

ease duration, as patients progress through relaps-
ing and secondary progressive stages of disease,
the focal T1 and T2 lesion volume increases, lesions
show an increasing tendency to become confluent,
and atrophy may become apparent as thinning of
the corpus callosum and enlarged third and lateral
ventricles [11]. Some but not all studies suggest an
increase in the relative T1 black hole lesion volume
with an increase in the T1/T2 lesion volume ratio.
The likelihood of finding enhancing lesions on one
examination in relapsing MS is similar to earlier
stages of disease, ranging from about 50% to 65%
in the larger studies [6]. Enhancing lesion number
and volume decrease in secondary progressive MS,
in parallel to the well-known decrease in clinical
relapses, with enhancing lesions occurring in about
36% to 48% of patients [6].
Primary progressive multiple sclerosis

Primary progressive MS has several distinct clinical,
neuropathologic, and immunologic features com-
pared with relapsing and secondary progressive MS
[119–122], but by MR imaging there is overlap with
relapsing and secondary progressive MS such that
by imaging alone these MS phenotypes are indis-
tinguishable [123]. Patients classified as primary
progressive on average have a decreased number
and volume of enhancing lesions, which is believed
to be related to the less intense inflammation ob-
served by histopathology [120,123,124]. Spinal
cord pathology has been hypothesized to be an
important factor in disease progression in primary
progressive MS, yet whereas patients may have
severe and progressive disability localized to the
spinal cord, the number or volume of T2 hyper-
intense spinal cord lesions does not always account
for this difference in all cases [see Fig. 8]. Although
not a distinguishing feature, there have been obser-
vations of increase in total T2 lesion volume based
on expansion of pre-existing lesions more so than
by additional lesions in primary progressive MS,
and more diffuse rather than focal abnormality of
the spinal cord in some patients [see Fig. 8] [65].
Although total T2 burden of disease may be lower
on average in primary progressive MS, T2 lesion
measures remain the principle clinical trial mea-
sures in primary progressive MS, with atrophy
measures taking on new importance [125,126].
The clinical significance of the MR imaging
pathology

Acute relapse in MS is essentially an inflammatory
event [127]. MS relapse early in the disease may
often show good or full clinical recovery, but many
relapses leave some residual deficit [128]. Inflam-
matory, enhancing MS lesions, when they occur
in functionally eloquent regions of the CNS, result
in imaging findings, symptoms, and electrophysio-
logic disturbances with a similar time course [129].
Most often, however, the correlation between new
enhancing lesions and new clinical activity is poor,
with about 5 to 10 MR imaging events on average
occurring for every clinical event [130], and cases
with 50 to 100 MR imaging events have been ob-
served in the absence of any new clinical signs or
symptoms [131].
Over short intervals (years), most studies find

no or minimal relationships between enhancing
lesions and disability. The relationship between
enhancing lesions and significant injury, evidenced
by atrophy, has been noted in some but not other
series, but this too remains only weak at best [6,9].
One factor potentially accounting for this poor
clinical (and pathology) relationship despite patho-
physiologic connections is the location of lesions;
for example, lesions occurring in relatively silent
white matter may have only late effects when criti-
cal levels of injury (eg, fiber loss) occur, which
may take years. Another factor is that much of
the enhancing lesion burden may be missed with
conventional imaging sensitive to only the macro-
scopic lesions. Also, injury associated with en-
hancement is likely heterogeneous and of variable
severity, and measures do not account for this.
Nevertheless, enhancing lesions do provide a mea-
sure of disease, with pathologic consequences, that
is missed based on clinical evaluation alone.
The correlation between T2 lesion burden of dis-

ease and physical disability in population studies
is significant, but very poor, and in individuals
typically the relationship between lesion burden
and disability can be strikingly poor. The MR imag-
ing disability discrepancy is most likely multifac-
torial, related to the lack of pathologic specificity
of the T2 lesion, imperfections of the disability
scoring systems, and limited long-term observa-
tions. The latter is supported because the 14-year
follow-up study of patients presenting initially with



Box 1: Summary of International Panel Criteria
for diagnosis of multiple sclerosis after a
clinically-isolated syndrome

MR imaging criteria for dissemination in space
(3 of 4 of the following)a

1. 1 gadolinium-enhancing lesion or 9
T2-hypertense lesions if there is no
gadolinium-enhancing lesion

2. ≥ 1 infratentorial lesion
3. ≥ 1 juxtacortical lesion
4. ≥ 3 periventricular lesions

MR imaging criteria for dissemination in
time (DIT)
1. If a first scan occurs ≥ 3 months after the

onset of the clinical event, the presence of
a gadolinium-enhancing lesion is sufficient
to demonstrate DIT, provided that it is not
at the site implicated in the original clinical
event. If there is no enhancing lesion at this
time, a follow-up scan is required. The tim-
ing of this follow-up scan is not crucial, but
3 months is recommended. A new T2- or
gadolinium-enhancing lesion at this time
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a CIS found a modest correlation between increas-
ing T2 lesion load and disability [117]. The re-
lationship between T2 burden of disease and
neuropsychologic impairment is also modest at
best, and in many studies poor [132].
Several studies suggest a stronger correlation

between injury, indicated through the advanced
quantitative MR imaging measures, and disability
and cognitive dysfunction, compared with the
T2 burden of disease measures. But these advanced
measures in larger studies still provide only a mod-
est at best correlation [12]. The strongest correla-
tions between MR imaging measures and disability
may be those provided by atrophy measures
[132–134]. Although the limited MR imaging func-
tional correlations are discouraging, the poor cor-
relations may only realistically reflect the complex
relationships between the pathology; its location
and heterogeneity (severity); the long-term conse-
quences that are not evaluated; and the limited
measures of dysfunction (typically physical rather
than cognitive or functional) that are usually used.
then fulfills the criterion for DIT.
2. If the first scan is performed <3months after

the onset of the clinical event, a second scan
≥ 3 months after the clinical event showing
a new gadolinium-enhancing lesion pro-
vides sufficient evidence for DIT; however,
if no enchancing lesion is seen at this second
scan, a further scan not < 3 months after the
first scan that shows a new T2 or enhancing
lesion suffices.

a One spinal cord lesion can be substituted for
one brain lesion.
Data from McDonald WI, Compston A, Edan G,
et al. Recommended diagnostic criteria for mul-
tiple sclerosis: guidelines from International Panel
on the diagnosis of multiple sclerosis. Ann Neurol
2001;50(1):121–7.
MR imaging in the diagnosis of multiple
sclerosis

The classic diagnosis of relapsing MS until recently
was based on demyelinating events occurring with
dissemination in space (multiple anatomic re-
gions) and dissemination in time based on clinical
signs or symptoms. In 2001, however, new so-
called ‘‘International Panel Criteria,’’ also known
as the ‘‘McDonald Criteria,’’ were published for
the diagnosis of MS [57]. The International Panel
Criteria are applicable in individual patients; are
well known to the neurologic community; are well
(although not universally) accepted; and most
important have several advantages in the early diag-
nosis of MS, including increased specificity and ear-
lier diagnosis.
The International Panel Criteria are summarized

in Box 1. After a clinically isolated syndrome,
they are based on characteristic lesions and lesion
distribution, and allow new MR imaging lesions
in lieu of waiting for a second clinical attack. The
latter is a key advance because substitution of
an MR imaging–documented pathologic event has
the potential to expedite diagnosis by months,
years, or a lifetime, in contrast to requiring a second
clinical event [Fig. 13]. Several studies have ad-
dressed the validation of these criteria [60]. They
establish that earlier diagnosis is a frequent bene-
fit of use of the International Panel Criteria, which
allows earlier treatment in many instances, and
improved counseling and support. In addition,
the relatively specific dissemination in space criteria
based on MR imaging can be useful in minimizing
false-positive diagnoses related to incidental non-
specific T2 hyperintensities.
The basis for the new criteria were studies that

showed that at the time of a CIS, a negative MR
imaging study suggests a low (up to 20%), but not
zero probability of a future second attack and a
formal diagnosis of MS, whereas a positive MR
imaging was associated with high probability of a
second attack and a formal diagnosis of MS, rang-
ing from about 50% to 90% of cases [57]. Opera-
tional refinements in the criteria evolved with
observations suggesting that the number and
volume of T2 lesions at the time of a CIS, the
presence of enhancing lesions, and the characteris-
tics of the lesions (location) also increased the
specificity of the various criteria [57,58,60], in-
creased accuracy, and limited false-positive diag-



Clinical Threshold Line

Classic clinically definite MS

Clinically isolated syndrome

Disease Onset

Time

Progressive Stages 

MS by new international panel criteria

Fig. 13. Overview of relapsing-remitting MS. Vertical open bars represent MR imaging or pathologic events.
Dotted line is a theoretical threshold above which lesions are clinically evident to the patient or physician. Before
the first clinical event (the time of the clinically isolated syndrome), there are nearly always multiple subclinical
pathologic events. Prior criteria required a second clinical event to establish a diagnosis of clinically definite MS
(CDMS). By the new international panel criteria, an appropriate MR imaging event may substitute for a second
clinical event in establishing dissemination in time, often expediting diagnosis. Most patients have less than one
relapse per year. MR imaging events occur on average 5 to 10 times as frequently. After 5 to 10 years, most
patients enter a secondary progressive stage of disease, characterized by increasing disability yet fewer relapses
and focal MR imaging events.

94 Simon
noses, however, at the expense of sensitivity. Be-
cause a positive cerebrospinal fluid also predicts
second clinical attack after a CIS, in cerebrospinal
fluid–positive patients the dissemination in space
criteria can be relaxed to only two MR imaging
lesions according to the International Panel Cri-
teria. Lesions in the spinal cord may substitute for
lesions in the brain.
An alternative approach used by many MS neu-

rologists in North America is to initiate therapy (in
patients at risk for MS) based on positive MR im-
aging after a CIS, with the MR imaging positive
based on at least two MR imaging lesions (periven-
tricular or ovoid and at least 3 mm diameter), or
three or more lesions [61]. The likelihood of on-
going demyelination in carefully selected indi-
viduals with a classic CIS and only a few MR
imaging lesions is supported by results from the
placebo arm of the CHAMPS Trial [62], which
found that more than 50% of the patients not
meeting the formal dissemination in space criteria
of the International Panel still developed a second
attack or had evidence for ongoing demyelination
based on new MR imaging lesions. Although
relaxed criteria (fewer lesions, less formal anatomic
characteristics) increase sensitivity and function
well in formal trial settings, their use must be
balanced against the possibility in clinical practice
of increasing false-positive diagnoses in patients
with nonspecific findings, including those associ-
ated with aging and small vessel disease [60,135].
Irrespective of the criteria that are used, a careful
plan for MR imaging and clinical follow-up may
be informative for any patient after a first attack
with a positive MR imaging study, and may reduce
the likelihood of delayed diagnosis or treatment
in individuals with early subclinical disease, most
importantly in those with aggressive disease.
Monitoring patients by MR imaging

Practice patterns for MR imaging after the diagno-
sis is made are varied, ranging from never acquiring
an MR imaging study unless there is a clinical
concern to annual MR imaging surveillance for
subclinical activity, irrespective of the clinical
course. In the clinic, where monthly MR imaging
[see Fig. 3] is not feasible, MR imaging activity
can be monitored based on counting new T2 hy-
perintense lesions as a measure of interval change
(eg, on annual MR imaging examinations) and
counting enhancing lesions at each study as a mea-
sure of inflammation around the time of the MR
imaging evaluation. Because most enhancing le-
sions leave a T2 footprint, counting new T2 lesions
provides a reasonable estimate of new lesions that
could have been more accurately determined by
monthly MR imaging.
Several initiatives are underway to define criteria

for successful or acceptable treatment versus treat-
ment failure, based on both clinical and MR im-
aging activity [136]. Standardized MR imaging (see
later) improves the accuracy of these interval assess-
ments, and can be useful in assessing if the Inter-
national Panel Criteria are met for diagnosis.
Complicating the MR imaging interpretation, in
addition to intraindividual variation in activity
over time independent of treatment, the current
therapies are only partially effective. Consequently,
it may be impossible to differentiate partial but
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good responses (decreased lesions) versus poor re-
sponses to treatment. MR imaging monitoring,
however, may increase confidence in a clinical
impression of stable disease or help discount bor-
derline symptoms or signs, supporting mainte-
nance of the current therapy. Severe MR imaging
activity may support a clinical impression or un-
cover a need to initiate aggressive and more risky
therapy with immunosuppressive agents.
It is known that interferon-βmay decrease enhanc-

ing lesions within weeks of initiation of therapy.
There are only limited data regarding washout
of effect after cessation of therapy, but one study
found washout (return to active MR imaging dis-
ease) by 6 to 10 months after treatment with inter-
feron beta-1b once halted [137]. Glatiramer acetate
also suppresses enhancing lesions, the effect in-
creasing to maximum benefit after an interval of
about 4 to 6 months [138]. In phase II trials Tysi-
rabi reduced enhancing and new T2 lesions in
weeks [139,140]. High-dose corticosteroids may
decrease enhancement within hours of administra-
tion, the effect lasting for weeks to months [141].
Clinical imaging technique

CT imaging is now used only in patients who are
not appropriate subjects for MR imaging, or for
indications unrelated to MS. There are multiple
reasonable approaches to MR imaging for MS,
and as a result there is a great deal of variability
within and between institutions as to how the
examination is acquired. Unfortunately, this creates
a situation in which comparison of current with
prior MR imaging studies can be compromised.
With the more specific International Panel and
other criteria, standardization can be helpful and
ensure stability in decision-making over time. As a
result, standardized MR imaging criteria for MS
have been promoted for diagnosis and follow-up
[142]. Elements of the standardized MR imag-
ing include use of internal landmarks for setting
slice location and angle; pulse sequences that are
sensitive to MS pathology and comparable from
scan-to-scan; and uniform standards for contrast
administration including dose and sufficient inter-
val from injection to scan. Triple-dose MR imaging
contrast, delayed imaging after contrast administra-
tion, and magnetization transfer pulse sequences
all increase the yield of enhancing lesions [143],
but these are not required for good-quality clinical
evaluation, and are not incorporated in the new MS
diagnostic criteria.
The advanced quantitative imaging techniques,

although invaluable in population studies, are not
usually informative in individual patients. There
are efforts, however, to develop reproducible acqui-
sition and postprocessing methodologies that en-
able characterization of disease in individuals,
such as measures of global atrophy or MTR and
its change over time. Atrophy measures are increas-
ingly used in MS clinical trials as a measure of
irreversible injury [9,12], and this measure shows
good long-term correlation with disability [134].
The advanced quantitative methodologies for eval-
uating the NAWM and NAGM are also being tested
in formal clinical trial settings. These require strin-
gent technical control to be useful in assessing
individuals or populations over time [144].
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& Summary
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The most common nontraumatic mechanisms of
brain injury in the neonate and young child are
quite different than in the older child and adult. In
this age group global brain hypoxia with or without
hypoperfusion is a common mechanism of injury.
Etiologies include neonatal asphyxia, choking, near
drowning, sudden infant death syndrome, nonac-
cidental injury, severe asthma, and pneumonia.
This is much different than in adults, where the
most common nontraumatic brain injury is caused
by focal ischemic events (from focal arterial occlu-
sion), and when global brain hypoperfusion oc-
curs, it is usually caused by cardiac arrest without
preceding hypoxia.
When immature brain is injured because of

hypoxia with or without hypoperfusion, the acute
imaging findings and evolution of the imaging
findings are different than the typical adult is-
chemic stroke. In the adult, acute ischemic stroke
results in predominantly acute necrotic cell death.
In the immature brain, hypoxia with or without
hypoperfusion often results in a significant compo-
nent of delayed cell death [1]. Although these dif-
ferences may be caused in part by the different
mechanisms of injury, it is also possible that pro-
grammed cell death mechanisms that are primed
for the developmental process of neuronal pruning
are activated more easily in the immature brain. To
understand brain injury in the immature brain and
the differences between the immature and mature
brain, it is important to understand the possible
pathways for cell death and the implications for
imaging, particularly with diffusion-weighted im-
aging (DWI). The four major pathways for cell
death are as follows [2,3]:

1. Acute necrosis: This occurs if there is an over-
whelming insult to the cell causing unrecover-
able energy failure and immediate cell death by
necrosis. These injuries present as bright DWI
and dark apparent diffusion coefficient (ADC)
lesions (decreased ADC) within minutes. On
rant and in part by the National Center for Research
oscience Discovery (MIND) Institute.
Hospital, Boston, MA, USA

Massachusetts General Hospital, Ellison 237, Boston,
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follow-up imaging, these regions progress to
volume loss with increased T2 signal caused by
gliosis or cystic encephalomalacia.

2. Delayed necrosis: This occurs when the insult is
not severe enough to cause immediate energy
failure with oxygen and blood flow returning
before the cell shuts down its energy mecha-
nisms. The recovery is only transient, however,
and cell death occurs by delayed necrosis. In
clinical cases with histories of hypoxia or hypo-
perfusion and initially normal DWI studies
but delayed ADC decreases, it is suspected that
delayed necrosis is occurring. In these clinical
scenarios, DWI abnormalities appear within
hours to days of the insult. It is presumed that
the ADC reductions occur for the same reasons
as in immediate necrosis. Similar imaging se-
quelae of volume loss with gliosis or cystic
encephalomalacia are expected.

3. Delayed apoptosis: This occurs when oxygen
and blood flow return before the cell shuts
down its energy mechanisms. The severity of
the injury is less than with delayed necrosis
because the energy metabolism recovers, but
the insult is severe enough to cause the cell to
undergo delayed cell death by apoptosis. To
the authors’ knowledge, no studies assessing
the DWI signature of apoptosis have been per-
formed because of the difficulty in developing
a pure apoptotic model. This is further com-
plicated by the fact that there are at least two
different types of apoptosis: caspase dependent
and caspase independent. Not only is the
DWI signature unknown but there may also
be more than one DWI signature for apoptosis.
Given that apoptosis is a form of programmed
cell death not accompanied by ATP loss and
not always accompanied by sodium-potassium
pump failure, it is presumed that the pro-
cess of apoptosis can occur when DWI is nor-
mal. In clinical cases with progressive volume
loss over weeks without an ADC decrease, it
is presumed that cell death by apoptosis
has occurred.

4. Delayed aponecrosis or necroapoptosis: This is a
mixed cell death phenotype with morphologic
and biochemical features of both apoptosis and
necrosis that may result when apoptotic death
programs are initiated and the cell energy me-
tabolism fails, inducing necrosis; or may be a
result of concomitant activation of mixed cell
death mechanisms in ischemic or traumatically
injured brain cells.

The primary importance of understanding these
concepts of delayed cell death as an imager, is that
cell death is a dynamic process with the delay in
appearance of a DWI signal abnormality deter-
mined by mechanism and severity of injury and
regional vulnerability. Delayed cell death is com-
mon in global brain hypoxia or hypoperfusion as
blood flow and oxygen are typically restored. In
these cases, the extent and severity of DWI abnor-
malities can change drastically over time because of
variable regional vulnerability and resulting re-
gional variations in delay to cell death. DWI within
the first day can often detect the pattern of injury
but is a poor predictor of the final injury. Rarely,
DWI may never show significant decreases and
yet long-term volume loss is observed. These sce-
narios are very different than the typical arterial
ischemic stroke, where the lesion seen on acute
DWI is very close to the final lesion volume and
most cells in the DWI abnormality proceed to cell
death by necrosis.
This article reviews the imaging features and evo-

lution of immature brain injury caused by hypoxia
with or without hypoperfusion in the neonate and
young child. Clinical presentations and available
literature on mechanisms and clinical outcomes
are discussed. In many of these cases, DWI does
not show the full extent of the injury but detects
a pattern of injury that is important in guid-
ing clinical care. Awareness of the delayed cell
death mechanisms outlined previously is essential
to understand DWI sensitivity and evolution and
to provide the most accurate clinical interpre-
tation, especially in cases of hypoxia with or with-
out hypoperfusion.
Brain injury in the neonate

Although CT may be used acutely to rule out hem-
orrhage or bony fractures, MR imaging is the
study of choice for assessing parenchymal brain
injury in the neonate [4]. The role of MR imaging
with DWI and MR spectroscopy is to provide early
detection of injury (usually by day 1) [5], to deter-
mine the pattern of injury, and to assess the severity
and extent of the injury. Early detection of perinatal
brain injury allows the clinical team to determine if
the acute brain injury is the cause of the clinical
symptoms. The pattern of injury can give clues to
the potential mechanisms of injury, and when
combined with the severity or extent of the brain
injury, this information may help manage the
expectations for clinical outcome.
The imaging protocol for acute neonatal brain

injury should include the following:

1. Axial T1-weighted images: The authors prefer
axial three-dimensional spoiled gradient re-
called echo with 25-degree flip angle because
of its improved gray-white contrast and high
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resolution. If motion is a problem, fast spin or
turbo spin echo T1 images are used.

2. Axial T2-weighted images: The authors prefer
T2-weighted fast spin or turbo spin echo be-
cause of its faster scan times, although some
centers use dual echo spin echo proton density
and T2-weighted sequences because of higher
sensitivity to T2 change. Longer TEs improve
contrast and a TE around 205 milliseconds
should be used for fast spin echo T2 and
120 millisecond for spin echo T2.

3. Axial gradient echo images: The authors rou-
tinely perform gradient echo to detect subtle
hemorrhages and venous engorgement. This
is more important in centers that elect to per-
form fast spin or turbo spin echo over routine
spin echo T2 because these are notoriously in-
sensitive to deoxyhemoglobin and intracellu-
lar methemoglobin.

4. Axial DWI (with calculation of ADC maps): At
pediatric centers the maximum b value used
in the calculation of ADC values ranges from
700 to 1000 s/mm2. The authors prefer a b
value of 1500 s/mm2 because of the improved
contrast to noise [6]. It is helpful to have both
DWI and ADC maps, because early deep gray
nuclei injuries are occasionally better seen on
ADC maps.

5. MR spectroscopy of the basal ganglia and thalami
and centrum semiovale on at least one side:
Longer echo times are used to assess lactate
(TE of 144 or 270 milliseconds). Shorter echo
times are used to assess N-acetyl aspartate
(NAA) and lipid levels (TE of 35 or 144 milli-
seconds). Three-dimensional whole-brain se-
quences are preferred but time constraints and
patient motion typically limit one to single
voxel acquisitions.

Although fluid-attenuated inversion-recovery
(FLAIR) may be useful to detect glial scarring in
the chronic phase or to look for ventricular debris
in acute infection, it is insensitive to acute edema in
the newborn [Fig. 1].
Imaging should be performed as soon as clini-

cally possible to assess for the presence and pattern
of injury. In most cases, neonatal hypoxic-ischemic
brain injury can be detected on DWI within
23 hours of life but the sensitivity of DWI changes
over time [5,7,8]. There have been reports of nega-
tive studies in the first 24 hours [9] but often this is
a moot point because most of the time the neonate
is too unstable for MR imaging within 24 hours or
the clinical symptoms that lead to the MR imaging
occur after 24 hours. In the six neonates on whom
the authors have performed DWI within 24 hours,
all have been positive. Often a second MR imaging
between day 5 and 8 is helpful to rule out progres-
sion and determine the evolution of injury, because
delayed white matter involvement may not be evi-
dent until this time. If transportation is difficult or
scanner availability is limited, MR imaging should
be performed between days 2 and 4 when DWI
changes because the primary injury is easily appre-
ciated and the pattern of injury can be identified.
Although T1- and T2-weighted images often show
abnormalities as early as day 1, these findings are
much more subtle and DWI is essential to confirm
the presence and better determine the pattern of
injury. After day 8, DWI is often insensitive but in
neonates presenting with perinatal encephalopa-
thy, T1- and T2-weighted abnormalities are typi-
cally easily identified [10,11].
There are primarily three patterns of brain in-

jury that can be identified on acute neonatal DWI,
which are similar to patterns that have been de-
scribed on subacute to chronic routine MR imaging:

• Central pattern: Involvement of the ventrolateral
thalamus, corticospinal tract, or perirolandic cor-
tex [Fig. 2].

• Peripheral pattern: Involvement of cortex and
white matter but sparing of the ventrolateral
thalamus, corticospinal tract, and perirolandic cor-
tex [Fig. 3].

• Focal pattern: Vascular territory lesions [Fig. 4].

Central and peripheral patterns

If the global brain injury in the central and periph-
eral patterns is acute and severe, the neonate may
present with clinical features of perinatal encepha-
lopathy (often called hypoxic-ischemic encepha-
lopathy). Perinatal encephalopathy is a specific
clinical syndrome that requires the following cri-
teria to be met [12]:

1. Profoundmetabolic or mixed acidemia (pH < 7 on
umbilical cord artery blood sample if obtained).

2. One- and 5-minute Apgar scores of 0 to 3.
3. Neurologic manifestations, such as seizures,

coma, or hypotonia.
4. Multisystemorgan dysfunction (typically cardio-

vascular, gastrointestinal, renal, hematologic,
or pulmonary).

When neonates meet the criteria for perinatal
encephalopathy, they are more likely to have a cen-
tral pattern of injury [13]. In many cases where
injury is identified on DWI, however, the neonate
does not meet the full criteria for perinatal en-
cephalopathy. In fact, a neonate can have normal
Apgar scores but present with seizure-like activity
and have diffuse abnormalities on DWI. Perinatal
encephalopathy (or hypoxic-ischemic encepha-
lopathy) is not an imaging diagnosis and evidence



Fig. 1. Insensitivity of FLAIR. (A) Axial FLAIR, (B) T2 fast sin echo, (C ) DWI, and (D) ADC map at level of bodies of
lateral ventricles on day 2 of life in a term infant presenting with focal seizures. The focal vascular territory
ischemic injury that is easily identified on DWI and ADC images (arrow) is not seen on the FLAIR image (arrow), but
is visible on the T2 fast spin echo image (arrow).

Fig. 2. Central pattern of DWI injury. Bright DWI signal involves (A) the posterior limb internal capsule (angled
arrows), the ventrolateral thalamus (vertical arrows), and (B) the perirolandic cortex (arrows). The margins of the
DWI lesions are often indistinct.
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Fig. 4. Focal pattern of DWI injury. Bright DWI signal is
seen in a focal region corresponding to an arterial
vascular territory. Typically, the margins of the DWI
bright lesion are sharp (arrow).

Fig. 3. Peripheral pattern of DWI injury. Bright DWI
signal involves diffuse regions of white matter and
cortex (arrowheads). The margins of the DWI bright
lesions are often indistinct.
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of brain injury may be present on MR imaging in
the absence of clinical perinatal encephalopathy.
Neonatal hypoxic-ischemic injury is associated

with many risk factors. Antepartum associations
include maternal hypotension, infertility treatment,
and thyroid disease. Intrapartum associations
include forceps delivery, breech extraction, cord
prolapse, abruptio placentae, and maternal fever.
Postpartum risks include severe respiratory distress,
sepsis, and shock [14].
The central pattern is thought to result when there

is global profound lack of oxygen and blood flow
(hypoxia and ischemia) to the brain for a relatively
short period of time (minutes) resulting in injury
of regions of high energy demand [1]. Pathologic
studies of term neonates who succumbed to a pro-
found hypoxic ischemic event show relative cortical
sparing and deep gray matter injury particularly
involving hippocampi, lateral geniculate nuclei,
putamen, ventrolateral thalami, and dorsal mesen-
cephalon. These regions have high concentrations
of excitatory amino acids (glutamate, aspartate)
and corresponding N-methyl-D-aspartate recep-
tors. Excessive uptake of excitatory amino acids by
N-methyl-D-aspartate receptors results in depolari-
zation of neuronal membranes, excessive calcium
influx, activation of second messenger systems,
mobilization of internal calcium stores, activation
of lipases and proteases, generation of free fatty
acids and free radicals, mitochondrial dysfunction,
depletion of energy stores, and ultimate neuronal
death. Mature deep gray nuclei also contain myelin
and are also undergoing active myelination with
high-energy requirements at term. The combi-
nation of increased excitatory amino acids and
N-methyl-D-aspartate receptors and active myelina-
tion may cause these regions to be more suscep-
tible to injury following profound asphyxia [11].
Profound asphyxia before 32 weeks gestational

age results in injury to thalami, basal ganglia, and
brainstem. Compared with profound asphyxia in
term infants, perirolandic cortex is spared. Tha-
lamic involvement is similar but basal ganglia
involvement is less, with decreased scarring. Basal
ganglia begin to myelinate at 33 to 35 weeks ges-
tational age compared with thalami at 23 to
25 weeks. Barkovich and Sargent [10] speculate
that the higher energy demands from active myeli-
nation within the thalami but not the basal ganglia
before 32 weeks account for the increased suscep-
tibility of the thalamus to profound asphyxia at
this gestational age. In addition, the basal ganglia,
which have a lower white matter content and de-
layed onset of myelination compared with thalami,
may suffer less injury and develop less scarring
because of presence of fewer cells that are able to
mount an astroglial response. Without an astroglial
response, brain reacts to injury by resorption result-
ing in volume loss and cavitation, which is seen in
the basal ganglia.
The peripheral pattern is thought to result from a

global brain hypoxia and ischemia that is more
prolonged (hours) but less profound and is often
termed partial asphyxia [10,13,15]. This pattern of
injury primarily involves cortex and white matter
that is not actively myelinating. It is thought that
the immature white matter is more vulnerable to
ischemia-related injury than mature white matter.
In particular, preoligodendrocytes and oligoden-
drocyte progenitor cells are more susceptible to
antioxidant depletion and free radical exposure
than mature oligodendrocytes. Oligodendrocyte
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progenitor cells express glutamate receptors includ-
ing α-amino-3-hydroxy-5-methyl-4-isoxazole pro-
pionic acid (AMPA) and kainite receptors making
them vulnerable to excess activation by glutamater-
gic neurotransmission and cell death by excitotox-
icity [14].
There is variation in the peripheral pattern

depending on gestational age that is thought to
depend on the maturation of the brain and vascular
supply at time of insult. In premature neonates,
periventricular white matter is supplied by ven-
triculopetal arteries coursing inward from the cere-
bral cortex. With maturity, ventriculofugal arteries
develop coursing peripherally from the ventricu-
lar wall. Ventriculofugal arteries develop between
32 and 44 weeks gestational age. Development of
ventriculofugal arteries is believed to shift the
watershed region in neonates from periventricular
at earlier ages to cortical at term, explaining the
centrifugal shift of injury with brain maturity. In
the immature nervous system, damaged tissue
undergoes liquefaction necrosis and is resorbed.
Repair process with astrocyte mitosis and growth
is believed to begin developing only at 28 weeks,
explaining why earlier injury is not accompanied
by gliosis [16]. Although the changing water-
shed zone may play a significant role in this
pattern of injury, more recently a role for inflam-
matory mediators and altered innate immunity
has been postulated [17]. The authors have also
begun to question if hypoxia may play a larger
role than hypoperfusion. The physiologic mecha-
nisms behind these types of injury are not com-
pletely understood.
DWI abnormalities in central patterns of injury

caused by profound insults may underestimate the
Fig. 5. Central pattern with brainstem involvement. Bright
(B) in the ventrolateral thalamus (arrows) on day 1 in a n
Apgar scores of 0, 0, and 0 at 1, 5, and 10 minutes, respec
degree of injury on follow-up but typically brain-
stem involvement on acute DWI or markedly
decreased ADCs in the posterior limb internal cap-
sule portend a poorer prognosis [Fig. 5] [18,19].
Subtle diffuse increased T2 signal and bright T1
signal can often be seen in the putamen and
thalami by 2 days [20]. By 6 or 7 days decreased
T2 signal is often seen in the putamen and thalami.
The T1 changes become more focal by about 8 to
10 days [20].
In peripheral patterns of injury, regions of bright

DWI signal and decreased ADC involve both white
matter and cortex [see Fig. 3]. Often loss of gray-
white distinction can be seen by 2 days on T2-
weighted images in areas with cortical involvement
but T2 images underestimate the extent of white
matter involvement. Follow-up imaging studies
show a spectrum of outcomes with the T2- and
T1-weighted abnormalities often involving a
smaller region than the initial DWI abnormality
[Fig. 6]. Reports of preterm infants suggest that
the DWI abnormalities primarily involve the
white matter in infants less than 36 weeks [7].
Because of the difficulties in predicting tissue

outcome based on DWI and ADC maps at any
one point in time, the authors avoid the term
‘‘stroke’’ or ‘‘infarct’’ when describing these lesions
to the neonatal intensive care team. These terms
imply that the area with bright DWI signal and low
ADC is irreversibly injured with all cell types in the
abnormal region undergoing necrosis. The authors
have adopted the term ‘‘metabolic stress or insult’’
to imply that the tissue with the abnormal DWI
signal has experienced a severe enough insult to at
least alter its energy metabolism and to allow for
the possibility that some or all of the cellular ele-
DWI signal (A) in the posterior brainstem (arrows) and
eonate that died within 1 week after presenting with
tively.



Fig. 6. Peripheral pattern variable outcomes. In the top row (A) diffuse bright DWI signal, (B) corresponding
decreased ADC, and (C) increased T2 in the cortical gray matter on day 2 (arrowheads) results in (D) mild diffuse
volume loss and a smaller region of subtle ulegyria in the occipital regions on T2 4 months later. (E) Bilateral but
asymmetric DWI signal worse on the left (arrow), (F ) corresponding to decreased ADC, slightly more extensive on
the left (arrow), and (G) associated with loss of gray-white distinction on the left (arrow) progresses to (H) more
extensive volume loss on T2 (arrow) 4 months later.
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Fig. 6 (continued).
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ments may recover and that selective cellular death
may occur instead of full-thickness injury.
Lactate is often identified in the basal ganglia and

thalamic region in encephalopathic neonates and
may be helpful in short-term prognosis [21,22].
The role of MR spectroscopy in neonates that are
not encephalopathic and in preterm infants is less
clear. When present in the acute stage it suggests
that mitochondrial function has been impaired
and anaerobic metabolism is occurring. Because
of the frequent association of hypoxic-ischemic
brain injury with rebound hyperperfusion, the ab-
sence of lactate does not exclude anaerobic metabo-
lism because the authors have found that rebound
hyperperfusion can decrease tissue lactate levels.
Unlike in adult ischemic stroke, in neonatal

hypoxic-ischemic injury, reperfusion occurs before
the cells begin to undergo immediate necrosis.
In immediate necrosis, failure of ATP production
and glutamate-mediated toxicity result in influx of
sodium and calcium with cellular edema and rup-
ture. This is the typical result of ischemic infarction
in adults. In neonates suffering from hypoxic-
ischemic injury reperfusion occurs and if the mito-
chondria have not been irreversibly injured, the
cells can once again produce ATP. In this context,
cell death is not necessarily averted but cell death
pathways may be converted from immediate necro-
sis to delayed cell death by either necrosis, apopto-
sis, or a combination of both [2,3]. This explains
the delayed nadir in ADCs and the appearance
of new areas of decreased ADC seen in the first
few days after an insult that has been reported
[8,9,19,23,24].
Currently, there is still little information on the

correlation between MR imaging findings in the
first week of life and outcome at school age when
the full impact on neuropsychologic function be-
gins to become apparent. Outcome studies based
on entrance criteria of perinatal distress are appli-
cable only to that population. The outcome for neo-
nates presenting with DWI abnormalities in the
absence of perinatal distress cannot be determined
from these studies.
Focal pattern

Arterial strokes are most common in term infants.
Risk factors include history of infertility, pre-
eclampsia, prolonged rupture of membranes, and
chorioamnionitis with marked increases when
multiple risk factors are present [25].
The focal pattern is caused by focal arterial oc-

clusions. In most cases the cause is unknown, but
possibilities include emboli, thrombosis, or tran-
sient spasm. Typically, these are focal events on an
otherwise normal brain with no evidence of global
brain involvement [26,27]. As expected, most of
these neonates are not encephalopathic and typi-
cally present within the first few days of life not
with focal neurologic deficits but with a focal sei-
zure. The typical history is a newborn with normal
delivery and normal Apgar scores presenting with
focal seizure activity around day 2 of life. Although
it is commonly thought that these injuries occur at
or around the time of birth, the reasons for the
delay in overt seizure activity are unclear.
In the few cases the authors have studied with

perfusion imaging, hyperperfusion when imaged
on day 2 is commonly seen. In addition, prelimi-
nary data suggest that the region of tissue with T2
abnormalities on follow-up may be slightly smaller
than the initial DWI abnormality, consistent with
these injuries reperfusing more rapidly than is typi-
cal for adult strokes and delayed mechanisms of
cell death may play a larger role. The role of apo-
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ptosis in neonatal stroke has been also supported
by animal models [28].
Outcomes are typically quite good in these

lesions compared with the diffuse injuries. Con-
comitant involvement of basal ganglia, corpus cal-
losum, and posterior limb of the internal capsule
has been reported to predict the development of
hemiparesis, with no child with one or two of these
structures involved developing hemiparesis [29].
Brain injury in the young child

Drowning, choking, and nonaccidental trauma are
among the most common forms of brain injury in
the young child. In near drowning and choking and
often in nonaccidental trauma, hypoxic hypoxia
occurs followed by reoxygenation when resusci-
tated. If the hypoxia is prolonged, cardiac dysfunc-
tion or arrest may occur, resulting in a period of
decreased or absent perfusion and hypoxia. With
resuscitation, reoxygenation and reperfusion occur.
MR imaging plays an important role in the assess-
ment of cerebral injury because often the child is
sedated in the field, limiting the clinical examina-
tion on arrival to the emergency room, or the
history is not forthcoming.
When imaging in the young child exposed to a

hypoxic or anoxic event with or without associated
cardiac arrest the authors recommend that the pro-
tocol include the following sequences:

1. Axial T1-weighted
2. Axial T2-weighted fast spin echo
3. Axial DWI
4. MR spectroscopy with TE of 35 or 144 ms, in-

cluding the lentiform nucleus and occipital cortex
5. Perfusion (optional)

At the authors’ institution, imaging is pre-
formed at the earliest feasible time to assess for
the presence or absence of injury and to detect
the pattern and severity of the injury. If normal, a
second study at approximately 48 hours is per-
formed to determine if there is delayed injury.
When transportation is difficult, imaging between
2 and 4 days is likely most helpful for diagnosis of
injury and for prognosis.

Anoxia and hypoperfusion

In children following asphyxia (anoxia) and sub-
sequent cardiorespiratory arrest, those who have
vegetative outcomes or succumb to the injury typi-
cally have abnormal MR imaging with DWI and
MR spectroscopy within the first 12 to 24 hours.
The actual time at which the imaging becomes
abnormal is not well documented but it probably
depends on the severity of the insult, with most
severe anoxic hypoperfusion injuries becoming
abnormal within 12 hours [Fig. 7]. The initial
abnormalities are bright DWI low ADC in the pos-
terior lateral lentiform and ventrolateral thalamus
(as in the neonate) within approximately 12 to
24 hours, which precede T1 and T2 signal changes. If
dynamic susceptibility contrast perfusion-weighted
MR imaging is performed at this time, the authors
have noted marked increases in relative cerebral
blood volume in these regions of decreased ADC
indicating rebound hyperperfusion in this area.
Unlike neonatal profound hypoxia and hypoper-
fusion with reperfusion and unlike the deep gray
injury in most adult cases of cardiac arrest, how-
ever, the injury shows significant progression over
time. By approximately 48 hours, the entire basal
ganglia and thalamus become involved and the
perirolandic and visual cortex [see Fig. 7], with
MR spectroscopy in DWI-abnormal cortical areas
showing elevated lactate and glutamate. Between
48 and 72 hours, the entire cortex becomes in-
volved and diffuse cerebral swelling is evident.
White matter ADCs decrease and cortical ADCs nor-
malize. Abnormalities on routine MR imaging se-
quences and MR spectroscopy by day 2 portents
a poor prognosis but a normal study cannot rule
out injury until day 3 or 4. Best correlation for
MR imaging and MR spectroscopy findings with
outcome was at 3 to 4 days with 100% positive
and negative predictive value for poor outcome
[30]. The predictive values of DWI and perfusion
have not been determined, but in the authors’
experience [31], DWI abnormalities within 12 to
24 hours have a poor prognosis. A similar progres-
sion with time has also been documented on CT,
although the detection of the initial findings does
not occur until after 24 hours, and on MR imaging
with MR spectroscopy [16,30]. At 4 to 6 days,
hemorrhage may develop within the basal ganglia
or cortex. MR imaging with DWI shows massive
cerebral swelling; normalization of cortical ADCs
(likely caused by vasogenic edema); and marked
white matter ADC decreases. MR spectroscopy
shows significant loss of all metabolites in the cor-
tex and lactate. In some cases where mannitol has
been given, mannitol may be detected as a peak
at 3.9 ppm [Fig. 8].

Hypoxia-anoxia with maintained perfusion

For short durations, isolated hypoxia or anoxia
without ischemia is better tolerated both clinically
and pathologically. With isolated hypoxia there is
preservation of cerebral blood flow allowing con-
tinued supply of nutrients and removal of toxic
products [32]. In cases with respiratory arrest that
do not progress to cardiac arrest, the cerebral injury
is primarily caused by hypoxic hypoxia with reoxy-
genation during recovery or resuscitation.
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Imaging findings with isolated hypoxic hypoxia
are not well documented, with most studies focus-
ing on ischemic hypoxia. In the authors’ (albeit
limited) experience, it seems that delayed injury
with selective involvement of the white matter
(postanoxic leukoencephalopathy) may be under-
appreciated. In the authors’ cases, respiratory arrest
was documented or significant respiratory compro-
mise was highly suspected but no cardiac arrest or
dysfunction occurred. In the literature, similar inju-



Fig. 8. Severe anoxia and hypoperfusion. Four days after cardiorespiratory arrest caused by near drowning in
another toddler, (A) the T2 fast spin echo shows diffuse cerebral swelling with increased T2 in gray matter. (B) DWI
shows increased signal throughout the brain. (C) On the ADC map the gray matter ADCs are close to normal but
the white matter ADCs are markedly reduced. (D) MR spectroscopy in the parietal lobe gray matter shows
markedly reduced choline (Ch), creatine (Cr), and NAA peaks indicating profound tissue injury, the presence
of lactate (Lac) indicating anaerobic metabolism, and an unusual peak of 3.9 ppm corresponding to manni-
tol (arrow).
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ries can be seen in adults with respiratory arrest,
carbon dioxide poisoning, cyanide poisoning, car-
diac arrest, or drug overdose [33]. Initial MR im-
aging with DWI and MR spectroscopy is typically
normal but by approximately day 2 (in the adult
literature it may be many days later), marked ADC
decreases throughout the white matter are noted
[Fig. 9] [31]. These injuries evolve to diffuse
Fig. 7. Severe anoxia and hypoperfusion. (A) Eighteen hou
the T2 fast spin echo shows no abnormality but (B) DWI sh
and ventrolateral thalamus. (C) The corresponding ADC m
ADC. Two days after cardiorespiratory arrest in the same to
basal ganglia, thalami, and occipital cortex on T2 fast spi
signal in these regions and in the perirolandic cortex (n
decreased ADC on the ADC map. The cause of the brain vo
caused by mannitol and other medical interventions.
volume loss often with abnormally increased T2
on long-term follow-up.
Because these children are so young, clinical

evidence of the diffuse white matter injury is
often not obvious. Without imaging identification
of the white matter injury that becomes apparent
approximately 2 days after the insult, signifi-
cant risk to cognitive function may not have
rs after cardiorespiratory arrest secondary to choking
ows abnormally bright signal in the posterior putamen
ap shows that the DWI bright regions have decreased
ddler, (D) only subtle increased T2 signal is noted in the
n echo, whereas (E) the DWI shows marked increased
ot shown). (F ) These areas correspond to regions of
lume loss between (A) and (D) is unknown but is likely



Fig. 9. Hypoxia with delayed white matter injury. Progression of injury on ADC maps with (A) normal ADC
at18 hours, (B) maximal white matter ADC decrease at 2 days, (C ) less marked but persistent white matter ADC
decrease at 4 days, (D) elevation of white matter ADCs at 8 days, and (E) an axial T2-weighted image showing
marked volume loss 2 months after event with secondary bilateral subdural collections.
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been identified and early intervention may not
have occurred.

Limitations of diffusion-weighted imaging

As a result of the authors’ experience in the adult
stroke population, where cell death occurs predomi-
nantly by acute necrosis, it is common to assume
that the DWI obtained during the acute phase
represents the full extent of the cerebral injury. If
normal, an acute injury is ruled out. Although a
normal DWI rules out acute necrosis, it does not
rule out activation of delayed cell death pathways.
Unlike in the adult, in the infant and young child
cerebral insults associated with hypoxia with or
without hypoperfusion followed by reoxygenation
with or without reperfusion commonly occur. The
immature brain has primed delayed (or pro-
Fig. 10. Cerebral volume loss with no acute DWI abnormal
with (C) CT before cerebral insult and (D) CT 18 days afte
volume loss can be seen by comparing CT scans, where the
region of increased attenuation likely representing early
volume loss despite lack of diffuse ADC changes.
grammed) cell death pathways used for normal
processes of neuronal pruning that can become
overactivated after an insult. In addition, the reoxy-
genation and reperfusion results in restored
energy supply, which may avert acute necrotic cell
death in favor of delayed apoptosis, necrosis, or
mixed cell death. A normal DWI in the acute setting
or regions with normal DWI signal in the acute
setting does not rule out significant injury and
impending cell death. In fact, in one example, de-
spite the presence of an acute cerebellar reversal
sign on CT (suggesting an anoxic insult), multiple
DWI studies in the first week were normal with
only a minimal decline in the ADCs in the right
visual cortex on day two. On follow-up imaging,
diffuse cerebral volume loss was noted [Fig. 10]
[31]. This case suggests that volume loss, suggestive
ity. ADC maps at (A) 12 hours and (B) 3 days compared
r the insult. Despite near normal ADC maps, interval
study 18 days after the insult (D) shows not only a small
calcification in the right visual cortex but also diffuse
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of apoptotic cell death, may occur in the absence of
significant ADC decreases.
Summary

Hypoxia with or without hypoperfusion is a com-
mon mechanism of injury in the immature brain
and can result in normal or minimally abnormal
imaging studies in the first 12 hours. Often, injury
progresses over time suggesting a central role for
delayed cell death pathways. An awareness of the
patterns of injury associated with different mecha-
nisms of injury and the central role of delayed cell
death pathways in injury evolution is important for
the radiologist to understand the significance and
potential outcome of these injuries.
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Since the development of CT and MR imaging,
significant progress has been made in ophthalmic
imaging. As the technology advanced and MR im-
aging units improved their ability in terms of spatial
resolution, the role of MR imaging in ophthalmic
imaging has increased accordingly. This article con-
siders the role of MR and CT imaging in the diag-
nosis of selected pathologies of the eye.
Ocular anatomy

The globe is formed from the neuroectoderm of the
forebrain (prosencephalon), the surface ectodermof
the head, the mesoderm lying between these layers,
and neural crest cells [1–4]. The neuroectoderm
gives rise to the retina, the fibers of the optic nerve,
and smooth muscles (the sphincter and dilator
papillae) of the iris [3]. The surface ectoderm on
the side of the head forms the corneal and conjunc-
tival epithelium, the lens, and the lacrimal and
tarsal glands [1–4]. The surrounding mesenchyme
forms the corneal stroma, the sclera, the choroids,
the iris, the ciliary musculature, part of the vitreous
body, and the cells lining the anterior chamber [1,4].
The eyeball (eye, globe) is made up of three primary
layers [Fig. 1]: (1) the sclera, or outer layer, which is
composed of collagen-elastic tissue; (2) the uvea
(uveal tract), or middle layer, which is richly vascu-
nics of North America 15:23–47, 2005.
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Fig. 1. (A) Ocular structures and various intraocular potential spaces. C, ciliary body; L, lens; OS, ora serrata.
(Modified from Mafee MF, Inoue Y, Mafee RF. Ocular and orbital imaging. Neuroimaging Clin North Am
1996;6:292.) (B) Sagittal T2-weighted MR image (1.5 T) shows fibers of orbicilaris oculi (OO), frontal bone (FB),
levator palpebrae superioris (LPS), extraconal fat (5), superior rectus muscle (SR), superior ophthalmic vein (SOV),
optic nerve (ON), intraconal fatty reticulum (4), inferior rectus muscle (IR), maxillary antrum (MA), inferior oblique
muscle (IO), extraconal fat (3), anterior wall of maxillary sinus (white open arrow), complex muscles of the mouth
(cmm), orbital septum (arrowheads), presumed suspensory ligament of Lockwood (black open arrow), inferior
(2) and superior fornices (1), anterior chamber (ac), lens (L), superior tarsal plate (black arrows), and the tendon
of insertion of levator palpebrae superioris (white arrows). This tendon is an aponeurosis that descends posterior
to the orbital septum (the orbital septum is depicted as an ill-defined image [arrowhead] in this section). The
tendinous fibers then pierce the orbital septum and become attached to the anterior surface of the superior tarsal
plate. Some of its fibers pass forward between themuscle bundles of the orbicularis oculi (OO) to attach to the skin.
(From Mafee MF, Valvassori GE, Becker M, editors. Imaging of the head and neck. Stuttgart (Germany): Thieme;
2005; with permission.) (C ) Axial T1-weighted image (566/12 ms, repetition time/echo time [TR/TE], 2.5-mm thick
section, 352 × 192 matrix, 2 NEX, 160 × 160–mm field of view) obtained on a 3-T MR imaging unit, using eight-
channel head coil, showing normal eye and orbit. (D) Sagittal fat-suppressed T1-weighted image (416/12 ms, TR/TE,
3-mm thick section, 320 × 192 matrix, 2 NEX, 140 × 140–mm field of view) obtained on a 3-T MR imaging unit using
eight-channel head coil, showing normal eye and orbit. Note normal enhancement of uveoretinal coat and optic
nerve meninges. Arrows point most likely to chemical shift artifact, rather than Tenon’s capsule enhancement.
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lar and contains pigmented tissue consisting of the
choroid, ciliary body, and iris; and (3) the retina, or
inner layer, which is the neural, sensory stratum of
the eye. The eyeball is enveloped by a fascial sheath,
known as the ‘‘fascia bulbi’’ or ‘‘Tenon’s capsule.’’
Tenon’s capsule forms a socket for the eyeball and is
separated from the sclera by Tenon’s (episcleral)
space [5]. Tenon’s capsule is perforated near the
equator by the vortex (vorticose) veins, the draining
veins of the choroid and sclera [1,5]. Tenon’s capsule
is also perforated by the optic nerve and its sheath,
the ciliary nerves and vessels. Tenon’s capsule fuses
with the sclera and the sheath of the optic nerve
around the entrance of the optic nerve [5]. Tenon’s
capsule blends with the sclera just behind the cor-
neoscleral junction and fuses with the bulbar con-
junctiva [1]. The tendons of the extrinsic ocular
muscles pierce Tenon’s capsule to reach the sclera.
At the site of perforation, Tenon’s capsule is reflected
back along these muscle sheaths to form a tubular
sleeve [6]. The connection between the muscle
fibers, sheath, and the tubular sheath is especially
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strong at the point where the two fuse [5,6]. For this
reason, the muscles retain their attachment to the
capsule and do not retract extensively after enucle-
ation (tenotomy) [5,6].

Sclera

The sclera is the outer supporting layer of the globe,
extending from the limbus at the margin of the
cornea to the optic nerve, where it becomes con-
tinuous with the dural sheath of the optic nerve [1].
The potential episcleral (Tenon’s) space is between
the outer aspect of the sclera and inner aspect of
Tenon’s capsule. The potential suprachoroidal space
is between the inner aspect of the sclera and the
outer aspect of the choroid [1,2]. In adults the sclera
is 1 mm thick posteriorly, thinning at the equator to
0.6 mm. It is thinnest (0.3 mm) immediately poste-
rior to the tendinous insertions of the rectus muscles
[1,2]. The posterior scleral foramen is the site of
scleral perforation by the optic nerve. At this site,
the sclera is fused with the dural and arachnoid
sheaths of the optic nerve. The lamina cribrosa is
where the optic nerve fibers pierce the sclera.

Uvea (choroid, ciliary body, and iris)

The uveal tract (from the Latin uva or grape) is
a pigmented vascular layer that lies between the
sclera and the retina [see Fig. 1]. It consists of
the choroid, the ciliary body, and the iris.

Choroid
The choroid is the section of the uveal tract that
extends from the optic nerve to the ora serrata
(where the sensory retina ends), beyond which it
continues as the ciliary body [1,2]. The thickness of
the choroid varies from 0.22 mm at the posterior
pole to 0.10 mm near the ora serrata, at the optic
nerve head, where it forms part of the optic nerve
canal, and at the point of internal penetration of
the vortex veins [1,2]. The uvea is supplied by the
ophthalmic artery. The inner surface of the choroid is
smooth and firmly attached to the retinal pigment
epithelium (RPE). Its outer surface is roughened and
is firmly attached to the sclera in the region of the
optic nerve and where the posterior ciliary arteries
and ciliary nerve enter the eye. It is also tethered to
the sclera where the vortex veins leave the eyeball.
This accounts for the characteristic shape of choroi-
dal detachment (CD), which shows tethering at the
site of the vortex veins and posterior ciliary arteries
and ciliary nerves. Grossly, the choroid can be
divided into four layers, extending from internally
to externally as (1) Bruch’s membrane, (2) the cho-
riocapillaris, (3) the stroma, and (4) the supracho-
roid [1]. Bruch’s membrane (2–4 μm thick) is a
rough, acellular, amorphous, bilamellar structure,
situated between the retina and the rest of the cho-
roid. Microscopically, Bruch’s membrane consists
of five layers: (1) the basement membrane of the
RPE, (2) the inner collagenous zone, (3) ameshwork
of elastic fibers, (4) the outer collagenous zone, and
(5) the basement membrane of the choriocapillaris
[4,7,8]. When a choroidal malignant melanoma
penetrates through Bruch’s membrane, it results in
a characteristic mushroom-shaped (collar button)
growth configuration.

Ciliary body
The ciliary body is continuous posteriorly with the
choroid and anteriorly with the iris [see Fig. 1].
The ciliary body can be considered as a complete
ring that runs around the inside of the anterior
sclera. The anterior surface of the ciliary body is
ridged or plicated and is called the pars plicata. The
pars plicata is 2 mm in length and is composed of
about 70 ciliary processes arranged radially [9]. The
posterior surface of the ciliary body is smooth and
flat and is called the pars plana. The pars plana is
4 mm in length and is located between pars plicata
and the ora serrata. The ciliary body is made up of
(1) the ciliary epithelium, (2) the ciliary stroma,
and (3) the ciliary muscle. The epithelium consists
of two layers of cuboidal cells that cover the inner
surface of the ciliary body [1,2,4,9]. The inner layer
is comprised of pigmented epithelial cells, whereas
the outer layer is comprised of nonpigmented
epithelial cells [9]. The ciliary stroma consists of
loose connective tissue, rich in blood vessels and
melanocytes, containing the embedded ciliary mus-
cle [1]. The aqueous humor is produced in the
nonpigmented epithelial layer of the ciliary body
[9]. The nonpigmented epithelial cells secrete mu-
copolysaccharide acid, one of the main compo-
nents of the vitreous [9].

Iris
The iris forms the anterior portion of the uvea. It is
a thin, contractile, pigmented diaphragm with a
central aperture, the pupil [see Fig. 1]. It is sus-
pended in the aqueous humor between the cornea
and the lens and divides the anterior ocular com-
partment (segment) into anterior and posterior
chambers. The aqueous humor, formed by the cili-
ary processes in the posterior chamber, circulates
through the pupil into the anterior chamber and
exits into the sinus venous (canal of Schlemm) at
the iridocorneal angle [1,2,4]. The iris consists of a
stroma and two epithelial layers. The stroma con-
sists of vascular connective tissue containing mela-
nocytes, nerve fibers, the smooth muscle of the
sphincter papillae, and the myoepithelial cells of
the dilator papillae [4]. The iris pigment epithe-
lium is continuous with the pigmented and non-
pigmented layers of the ciliary body.
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Retina

The retina is the sensory inner layer of the globe.
The internal surface of the retina is in contact
with the vitreous body and its external surface is in
contact with the choroid. Grossly, the retina can be
considered as having two layers: the inner layer,
which is the sensory retina (ie, photoreceptors)
and the first- and second-order neurons (ganglion
cells) and neuroglial elements of the retina (Müller’s
cells, or sustentacular gliocytes); and the outer layer,
which is the RPE, consisting of a single layer of
cells whose nuclei are adjacent to the basal lamina
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(Bruch’s membrane) of the choroid [1,10,11]. The
retina is very thin,measuring 0.056mmnear thedisk
and0.1mmanteriorly at the ora serrata. It is thinnest
at the fovea of the macula [1]. The sensory retina
extends forward from the optic disk to a point just
posterior to the ciliary body.Here the nervous tissues
of the retina end and its anterior edge forms a cre-
nated wavy ring called ora serrata [1]. The RPE at the
ora serrata becomes continuous with the pigmented
and nonpigmented cell layers of the ciliary body and
its processes [1,2]. The macula, the center of the
retina, lies 3.5 mm temporal to the optic disk.
The retina is attached very tightly at the margin of
the optic disk and at its anterior termination at the
ora serrata. It is also firmly attached to the vitreous,
but loosely to the RPE and it is nourished by the
choroid and the RPE [1,2]. The disk is pierced by the
central retinal artery and vein. At the disk, there is
complete absence of rods and cones. The disk is
insensitive to light and is referred to as the ‘‘blind
spot.’’ The RPE cells are joined to each other by tight
junctions. This arrangement forms a barrier, the so-
called ‘‘retinal blood barrier.’’ This limits the flow of
ions and prevents diffusion of large toxic molecules
from the choroid capillaries to the photoreceptors of
the retina. The blood supply to the retina is from two
sources: the outer lamina, including the rods and
cones is supplied by the choroidal capillaries (the
vessels do not enter the tissues, but tissue fluid
exudes between these cells); the inner parts of the
retina are supplied by the central retinal artery [1,2].
The retina depends on both of these circulations,
neither of which alone is sufficient [1,2,4]. Small
anastomoses occur between the branches of the pos-
terior ciliary arteries and the central retinal artery
(cilioretinal artery). The central retinal vein leaves
the eyeball through the lamina cribrosa. The vein
crosses the subarachnoid space and drains directly
into the cavernous sinus or the superior ophthalmic
vein. The retina has no lymphatic vessels.

Vitreous

The vitreous body occupies the space between the
lens and retina and represents two thirds of the
volume of the eye or approximately 4 mL [12].
All but 1% to 2% of the vitreous is water, bound
Fig. 2. Presumed posterior hyaloid detachment. An 18-mon
blastoma could not be excluded on clinical evaluation. (A) A
hematoma at the left optic disk. Note a faint V-shaped
unenhanced T1-weighted (B), axial T2-weighted (C ), ax
T2-weighted (E), axial enhanced fat-suppressed T1-weighte
enhanced T1-weighted (H) MR images showing the deta
Note that the apex of the V-shaped detachment, is conne
sue (arrows in D and H), representing the attached part of
(A–C from Mafee MF, Valvassori GE, Becker M, editors.
Thieme; 2004; with permission.)
to a fibrillar collagen meshwork of soluble pro-
teins, some salts, and hyaluronic acid [1,2,10].
The clear, gel-like fluid that fills the vitreous cham-
ber possesses a network of fine collagen fibrils that
form scaffolding [1,2,4]. The vitreous body is the
largest and simplest connective tissue present as a
single structure in the human body [11]. Any insult
to the vitreous body may result in a fibroprolifera-
tive reaction (eg, vitreoretinopathy of prematurity
or diabetes), which can subsequently result in a
tractional retinal detachment (RD) [10]. The vitre-
ous body is bounded by the anterior and posterior
hyaloid membranes. As one ages, the vitreous gel
may undergo changes and start to shrink or
thicken, forming strands or clumps inside the vit-
reous chamber, causing the so-called ‘‘floaters.’’
Floaters are in fact tiny clumps of gel or cells inside
the vitreous chamber. When the vitreous gel
shrinks, it creates traction on the posterior hyaloid
membrane, resulting in posterior vitreous detach-
ment [Figs. 2 and 3]. The vitreous body is attached
to the sensory retina, especially at the ora serrata
and the margin of the optic disk [4]. It is also
attached to the ciliary epithelium in the region of
the pars plana [4]. The attachment of the vitreous
to the lens is firm in young people and weakens
with age [1,2]. During the first month of gestation,
the space between the lens and the retina contains
the primary vitreous. It consists of the embryonic
intraocular hyaloid vascular system, embryonic
connective tissue, and fibrillar meshwork. Shortly,
collagen fibers and a ground substance or gel com-
ponent consisting of hyaluronic acid are produced.
They form the secondary vitreous and begin to
replace the vascular elements of the primary vitre-
ous [1]. By the fourteenth week of gestation, the
secondary vitreous begins to fill the vitreous cavity.
By the sixth month of fetal development, the cavity
of the eye is filled with the secondary vitreous,
which is identical to the adult vitreous. The pri-
mary vitreous is reduced to a small central space,
Cloquet’s canal (hyaloid canal), which runs in an
S-shaped course between the optic disk and the
posterior surface of the lens. During fetal life this
channel contains the hyaloid artery. The artery dis-
appears about 6 weeks before birth, and the canal
th-old child who has leukocoria of the left eye. Retino-
xial CT scan shows a noncalcified lesion, presumed to be
linear image, extending toward the optic disk. Axial
ial enhanced fat-suppressed T1-weighted (D), axial
d (F ), coronal enhanced T1-weighted (G), and sagittal
ched posterior hyaloid membrane (arrowheads in F ).
cted to the optic disk by a faint ill-defined linear tis-
the vitreous to the retina at the edge of the optic disk.
Imaging of the head and neck. Stuttgart (Germany):



Fig. 3. Posterior hyaloid detachment. Axial unenhanced T1-weighted (A), axial T2-weighted (B), axial enhanced
fat-suppressed T1-weighted (C ), and sagittal enhanced fat-suppressed T1-weighted (D) MR images showing
detachment of the vitreous (arrows). The vitreous base attachment to the retina at the optic disk is not detached.
The hypointensity adjacent to the disk (arrowhead in B) is thought to be caused by hemorrhage.
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becomes filled with liquid [4]. The vitreous body
transmits lights, supports the posterior surface of
the lens, and assists in holding the sensory retina
against the RPE.
Ocular pathology

Intraocular potential spaces and ocular
detachments

There are basically three potential spaces in the eye
[see Fig. 1] that can accumulate fluid, causing de-
tachment of various layers of the eyeball: (1) the
posterior hyaloid space, the potential space be-
tween the base of the vitreous (posterior hyaloid
membrane) and the sensory retina; (2) the subreti-
nal space, the potential space between the sensory
retina and the RPE; and (3) the suprachoroidal
space, the potential space between choroid and
the sclera. Another potential space is the episcleral
or Tenon’s space, which is between the outer
surface of the sclera and inner surface of the
Tenon’s capsule.

Posterior hyaloid detachment

Separation of the posterior hyaloid membrane from
the sensory retina is referred to as ‘‘posterior vit-
reous’’ or ‘‘hyaloid detachment’’ [1,2]. In older pa-
tients, the vitreous tends to undergo degeneration
and liquefaction. Extensive vitreous liquefaction
leads to posterior hyaloid detachment. Accelerated
vitreous liquefaction is associated with significant
myopia, surgical or nonsurgical trauma, intraocular
inflammation, post laser surgery of the eye, and
persistent hyperplastic primary vitreous (PHPV).
On CT and MR imaging, the detached posterior
hyaloid membrane can be seen as a membrane
within the vitreous cavity [see Fig. 2]. The detached
membrane is separated from the disk (or may be
attached to the disk by a thin band) and attached
at the level of ora serrata [see Figs. 2 and 3]. There
may be fluid in the retrohyaloid space, which shifts
its location in the lateral decubitus position.
Retinal detachment

RD occurs when the sensory retina is separated
from the RPE. RD resulting from a hole or tear
in the retina is referred to as ‘‘rhegmatogenous’’
(rhegma from Greek meaning to rent or rupture)
RD. The sine qua non for a rhegmatogenous RD is
vitreous liquefaction. Extensive vitreous liquefac-
tion causes posterior hyaloid detachment, which
in turn causes a tear at the site of vitreoretinal



Fig. 5. Bilateral retinal detachment and orbital primary
amyloidosis. Axial CT scan shows bilateral exudative
retinal detachment (arrows). The detachment appears
bullous on the left eye. The irregular calcifications
(C) involving the left retrobulbar space are related to
biopsy-proved amyloidosis. The cause of retinal de-
tachment was not clear in this case.
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attachment or adhesion. The ensuing retinal break
allows vitreous fluid to pass through the break
into the subretinal space. Rhegmatogenous RDs
are rare in pediatric patients. Most RDs in chil-
dren are nonrhegmatogenous but are secondary
to various ocular disease, such as retinoblastoma,
PHPV, retinopathy of prematurity, Coats’ disease
[see Fig. 4], toxocariasis, and others. RD may be
the result of retraction caused by a mass; a fibro-
proliferative disease in the vitreous, such as vitreo-
retinopathy of prematurity or vitreoretinopathy
of diabetes mellitus; or accompanying an inflam-
matory process, such as Toxocara endophthalmitis
[1,2]. Serous or exudative RD develops when the
retinal-blood barrier is damaged. A breakdown of
the retinal blood barrier with impairment of the
RPE results in RD (nonrhegmatogenous RD). An
increased fluid flow into the potential subretinal
space (eg, in Coats’ disease, scleritis, choroidal in-
flammation, choroidal mass, other intraocular
tumor, or vitreous disease entities) may result in
exudative RD. Exudative fluid may be shallow or
bullous. Fluid may not extend all the way to the ora
serrata [Fig. 5]. In severe cases the detached retina
may be so bullous as to contact the posterior lens
surface [Fig. 6]. The common and uncommon
causes of serous RD are summarized in Box 1. RD
typically causes decreased vision. Other visual com-
plaints, such as pain, photophobia, redness, sud-
den onset of tiny floating objects (floaters), and
photopsia (flashes), may be present. The presence
of sudden flashes of light and sudden appearance
of floaters should cause serious consideration of
RD. If RD is shallow, the diagnosis can be made
easily with indirect ophthalmoscopy. If the retina is
Fig. 4. Retinal detachment. Enhanced axial T1-weighted
MR image in a child who has Coats’ disease shows an
exudative retinal detachment of the left eye. Note
subretinal exudates (SE), which had the same signal
intensity on unenhanced axial MR image. The de-
tached sensory retina is limited at the ora serrata
(arrows) and at the optic disk. The increased intensity
of the left vitreous is related to protein leaking into
the vitreous from abnormal retinal vessels.
bullously detached, however, the diagnosis may be
difficult [13]. Ultrasound, CT, and MR imaging can
be used to make the diagnosis. In the authors’
experience, MR imaging is superior to other imag-
ing techniques to demonstrate features that could
Fig. 6. Retinal detachment. Coronal enhanced T1-
weighted MR image shows the characteristic cor-
rugated retinal folds (arrows) on coronal view. The
subretinal exudate (SE) signal was the same on un-
enhanced T1-weighted MR images.



Box 1: Common and uncommon causes of
serous retinal detachment

Common conditions

Coats’ disease
Retinoblastoma
Retinopathy of prematurity
Choroidal tumors (primary or secondary)
Posterior scleritis
Vogt-Koyanagi-Harada syndrome
Exudative age-related macular degeneration
Postsurgical (associated with choroidal

detachment)
Central serous chorioretinopathy

Uncommon conditions

Orbital inflammation (pseudotumor, cellulitis)
Infectious retinochoroiditis (toxoplasmosis,

syphilis, cytomegalovirus, cat-scratch disease)
Uveal effusion syndrome
Vasculitis (polyarteritis nodosa, systemic lupus

erythematosus, Goodpasture’s syndrome)
Acute vascular or hemodynamic compromise

(hypertensive crisis, toxemia of pregnancy,
nephropathy)

Nanophthalmos (eyes with thick sclera and
short axial length)

Optic nerve pits, colobomas, and morning glory
anomaly

Familial exudative vitreoretinopathy
Sympathetic ophthalmia
Orbital arteriovenous malformationa

a In orbital inflammation and arteriovenous
malformation the venous flow from the eye
may be compromised by vascular engorgement.
This results in exophthalmos and further vascu-
lar compromise. This can lead to retinal and
choroidal effusion.
Modified from Anand R. Serous detachment of
the neural retina. In: Yanoff M, Duker JS, edi-
tors. Ophthalmology. St. Louis (MO): Mosby;
1999. p. 8:40.1–40.6; with permission.
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differentiate different causes of RD. Exudative RD
is characterized by shifting subretinal fluid, which
assumes a dependent position beneath the retina.
On CT and MR imaging, the appearance of RD
varies with the amount of exudate, presence of
hemorrhage, and organization of the subretinal
materials. In a section taken at the level of the
optic nerve disk, RD is seen with a characteristic
V-shaped configuration with the apex at the optic
disk and its extremities toward the ora serrata
[see Fig. 4]. When total RD is present and the entire
vitreous cavity is ablated, the leaves of the detached
retina may touch at the center of the eye and appear
as a folding membrane extending from the optic
disk to the posterior surface of the lens, simulating
Cloquet’s canal. The MR imaging signal intensity of
subretinal fluid depends on the protein content
and presence or absence of hemorrhage. The sub-
retinal fluid of an exudative RD is rich in protein,
giving higher CT attenuation values and stronger
MR imaging signal intensities (on T1-weighted MR
images) [see Fig. 4] than those seen in the sub-
retinal fluid (transudate) of a rhegmatogenous de-
tachment. In rhegmatogenous RD, produced by
a retinal tear and subsequent ingress of vitreous
fluid into the subretinal space, the signal of sub-
retinal transudate is almost isointense to vitreous,
making visualization of detached retina more diffi-
cult. RD is seen on coronal CT and MR images as a
characteristic folding membrane, representing cor-
rugated retinal folds [Fig. 6].

Choroidal detachment and choroidal effusion

CD is caused by the accumulation of fluid (serous
CD) or blood (hemorrhagic CD) in the potential
suprachoroidal space [1,2,10,14–16]. Serous CD fre-
quently occurs after intraocular surgery, penetrat-
ing ocular trauma, or inflammatory choroidal
disorders [14]. Ocular hypotony is the essential un-
derlying cause of serous CD. Ocular hypotony may
be the result of ocular inflammatory diseases (uve-
itis, scleritis); accidental perforation of the eye; ocu-
lar surgery; or intensive glaucoma therapy. The
pressure within the suprachoroidal space is deter-
mined by the intraocular pressure, the intracapillary
blood pressure, and the oncotic pressure exerted by
the plasma protein colloids [17]. The capillaries of
the choroid are fenestrated and these openings are
covered by diaphragms, which permit the relatively
free exchange of material between the choriocap-
illaris and the surrounding tissues [18]. Ocular
hypotony results in increased permeability of the
choriocapillaris, and this in turn leads to the tran-
sudation of fluid from the choroidal vasculature
into the uveal tissue causing diffuse swelling of the
entire choroid (choroidal effusion). As the edema of
the choroid increases, fluid may accumulate in the
potential suprachoroidal space, resulting in serous
or exudative CD [14–16]. Other causes of choroi-
dal effusion include inflammatory disorders of the
eye,myxedema, photocoagulation, retinal cryopexy,
Vogt-Koyanagi-Harada syndrome, nanophthalmos,
and idiopathic uveal effusion syndrome. Nanoph-
thalmos is an autosomal-recessive disorder in which
there is bilateral short axial length globes, normal-
sized lenses, and thick sclerae. As a result of scleral
thickening, the scleral outflow channels and trans-
scleral passage of vortex veins become impaired.
This can lead to choroidal congestion, choroidal
thickening, and eventually choroidal effusion
[see Fig. 7]. The management of choroidal effusion
in nanophthalmos and idiopathic choroidal effu-



Fig. 7. Nanophthalmos and associated choroidal ef-
fusion. Axial T2-weighted (A) and enhanced axial
T1-weighted (B) MR images. Note bilateral short axial
length globes and marked thickened sclerae (A), and
increased uveal enhancement (arrowheads), the left
being greater than the right.

Fig. 8. Hemorrhagic choroidal detachment. Axial T1-weight
and sagittal T1-weighted (D) MR images showing a chron
detached choroid is restricted at the expected level of th
that the detached choroid extends to the ciliary body.
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sion is surgical and consists of sclerotomy (scleral
window operation) to decompress the vortex veins
[13]. Hemorrhagic CD is a serious condition that
may be associated with permanent loss of vision
[19]. Both localized and massive choroidal hemor-
rhage may occur as a complication of most forms of
ocular surgery and ocular trauma. Choroidal hemor-
rhage may occur in association with hemoglobinop-
athies in patients receiving anticoagulant therapy, or
spontaneously [19]. Intraoperative choroidal hem-
orrhage may progress to expulsion of intraocular
tissues (expulsive choroidal hemorrhage) [19]. Clini-
cally, the CD appears as a smooth gray–brown ele-
vation of the choroid, extending from the ciliary
body to the posterior segment [14,15]. Ophthalmo-
scopic visualization of the fundus may be precluded
by hyphema (blood in the anterior chamber) or vit-
reous hemorrhage. Even when the other ocular
media are clear, in pigmented eyes it is difficult to
differentiate between serous and hemorrhagic CD
with ophthalmoscopy [14,15]. Localized choroidal
hemorrhage may be mistaken for a choroidal mela-
noma, particularly when it presents as a discrete,
dark posterior ocular mass [19]. Ultrasonography
can be very useful for the diagnosis of CD, however,
ultrasonography has certain limitations in examin-
ed (A), axial T2-weighted (B), coronal T1-weighted (C ),
ic hemorrhagic choroidal detachment. Note that the
e vortex vein or posterior ciliary artery (arrow). Note



Fig. 9. Serous and hemorrhagic choroidal detachment. Coronal T1-weighted (A) and T2-weighted (B) MR images
showing an inferior hemorrhagic (H) and superior serous (S) choroidal detachment. Note detached choroid
(arrows), which is restricted at the expected level of vortex veins.

Fig. 10. Herpes zoster ophthalmitis. Axial enhanced
fat-suppressed T1-weighted MR image shows abnor-
mal enhancement along the left optic nerve sheath
(arrows). Note also increased enhancement of left pos-
terior globe.
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ing traumatized eyes. The appearance of serous CD
and limited or diffuse hemorrhagic CD on CT has
been described [14]. It appears as a smooth, dome-
shaped, semilunar area of variable attenuation
values. The degree of CT attenuation depends on
the cause but is generally greater with inflammatory
disorders of the eyeball. Hemorrhagic CD appears as
either a low or high mound-like area of high den-
sity on CT. In a fresh hemorrhagic CD, the choroid
and hematoma are isodense. In chronic hematoma,
however, it may be possible to differentiate detached
choroid and suprachoroidal fluid accumulation [see
Figs. 8 and 9]. Serial CT, MR imaging, and ultra-
sonography reveal diminishing size over a period of
several weeks or months. MR imaging is an excellent
method to evaluate the eye in patients who have
CD, particularly if ultrasonography or CT in con-
junction with the clinical examination has not pro-
vided sufficient information [1]. On MR imaging, a
limited choroidal hematoma appears as a focal,
well-demarcated, smooth dome-shaped or lenticu-
lar mass [Fig. 8]. It is important to realize that this
characteristic configuration usually does not change
as the hematoma ages [16]. A decrease in the size
of the choroidal hematoma, however, may be ob-
served. Multiple lesions may be present [see Fig. 9].
The signal intensity of choroidal hematoma de-
pends on its age. Within the first 48 hours, the
hematoma is isointense to slightly hypointense rela-
tive to the normal vitreous on T1-weighted MR
images but is markedly hypointense on T2-weighted
MR images. After fewdays, its signal intensity changes,
being relatively hyperintense on T1-weighted and
hypointense on T2-weighted MR images. Chronic
choroidal hematoma (3 weeks or older) become
hyperintense on T1-weighted and T2-weighted MR
images [see Figs. 8 and 9]. Serous CD and choroidal
effusion have a different MR appearance compared
with choroidal hematoma. The fluid in the supra-
choroidal space in serous CD is often hypodense
on CT, and its MR appearance is that of an exudate
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[Fig. 9]. At times, the appearance of CD and RDmay
be confused. Scleral attachments of the vortex veins
restrict further detachment of the choroid beyond
the anchoring point of the vortex veins, however,
and similarly beyond the short posterior ciliary
arteries and nerves. This restriction usually results
in a characteristic appearance of the leaves of the
detached choroid, which unlike the detached retinal
leaves do not extend to the region of the optic nerve
[see Figs. 8 and 9]. In addition, unlike the detached
leaves of the retina, which end at the ora serrata,
the detached choroid can extend to the ciliary body
and also result in ciliary detachment [see Fig. 10].
Ocular inflammatory disorders

The eye may be affected by known or idiopathic
inflammatory processes. A host of infectious dis-
eases may affect the globe. Viral infections include
herpes simplex, herpes zoster [Fig. 10], cytomega-
lovirus [Fig. 11], rubella, rubeola, mumps, variola,
varicella, and infectious mononucleosis [1]. Bacte-
rial diseases include tuberculosis, syphilis, Lyme
disease, brucellosis, leprosy, cat-scratch disease,
Escherichia coli infection, and other agents.
Fungal infections, particularly candidiasis, may

involve the globes in diabetic and immunocompro-
mised patients [1]. Parasitic infections, particularly
Toxocara canis, cause granulomatous chorioretinitis
with an eosinophilic abscess.

Scleritis

The sclera may be the site of a number of inflam-
matory or noninflammatory processes. Episcleritis
is a relatively common idiopathic inflammation of
a thin layer of loose connective tissue between the
sclera and the conjunctiva. Episcleritis is usually
self-limited and resolves within 1 or 2 weeks [20].
Fig. 11. Cytomegalovirus retinitis. Axial enhanced
fat-suppressed T1-weighted MR image shows marked
enhancement of posterior globes (arrows) in this
immunocompromised patient who has bilateral cyto-
megalovirus retinitis.
Imaging is not indicated in episcleritis. In contrast
to episcleritis, scleritis is a rare condition, and a
more serious disorder. Scleritis can occur as an
idiopathic condition (50%) or in association with
rheumatoid arthritis, other connective tissue dis-
eases, or with a group of other disorders, such as
Wegener’s granulomatosis, relapsing polychon-
dritis, inflammatory bowel disease, Crohn’s disease,
Cogan’s syndrome, and sarcoidosis [1]. In scleritis,
histopathology may demonstrate granulomatous
or nongranulomatous inflammation, vasculitis, and
scleral necrosis [20]. Histopathologically, posterior
scleritis is classified into two forms: nodular and
diffuse. The term ‘‘posterior scleritis’’ refers to scleral
inflammation behind the equator. Patients who have
posterior scleritis may develop exudative RD, disk
swelling, and CD [20,21]. Scleritis may be associated
with uveitis (iritis, choroiditis) and increased in-
traocular pressure. Inflammatory debris may block
scleral emissary veins, resulting in elevated episcleral
venous pressure and hence elevated intraocular pres-
sure. Ciliary body detachment adjacent to active ante-
rior scleritis may cause angle closure glaucoma. If
scleritis is associated with uveitis, the trabecular mesh-
work may be clogged with inflammatory debris and
cells, causing glaucoma. On CT scans and MR images,
posterior scleritis results in thickening of the sclera
[Fig. 12]. There may be associated thickening of
Tenon’s capsule (sclerotenonitis) and secondary ser-
ous RD or serous CD. In general, it is easier to see
these changes related to posterior scleritis on CT scans
rather than MR images. Posterior nodular scleritis is a
focal or zonal necrotizing granulomatous inflamma-
tion of the sclera. On imaging this entity may mimic
choroidal malignant melanoma or ocular lymphoma.

Uveitis

Inflammation of the uvea (uveitis) may be limited
to the anterior uvea (iritis), ciliary body (cyclitis),
the posterior uvea, or the choroid (choroiditis, pos-
terior uveitis). Posterior cyclitis (pars planitis)
is referred to as ‘‘intermediate uveitis.’’ Inflamma-
tory diseases of the uvea are seldom limited to this
vascularized layer of the eye. The sclera and retina
are usually involved [1]. Posterior uveitis may be
focal, multifocal, diffuse choroiditis, chorioretini-
tis, or neurouveitis [22]. The etiology of uveitis is
often unknown. Traumatic iridocyclitis is the most
common cause of anterior uveitis. Most intermedi-
ate uveitis is idiopathic [22]. The most common
causes of panuveitis are idiopathic and sarcoidosis.
Uveitis may be seen in patients who have juve-
nile rheumatoid arthritis, seronegative spondylo-
arthropathies, and herpetic keratouveitis. Uveitis
may be caused by a specific organism, such as
Toxoplasma. Other causes include bacterial posterior
uveitis including Whipple’s disease; viral uveitis



Fig. 12. Posterior nodular scleritis. (A) Axial enhanced CT scan shows abnormal enhancement along the posterior
aspect of the right globe (arrow). Axial T2-weighted (B) and axial enhanced T1-weighted (C ) MR images showing a
mass-like lesion (arrowhead in B and arrow in C ) compatible with posterior nodular scleritis. This CT and MR
imaging appearance may not be differentiated from a choroidal mass. Patient responded well to a course of
steroid therapy. (D) Enhanced axial CT scan in another patient who has necrotizing keratitis and scleritis show-
ing thickening of the Tenon’s capsule (arrow), fluid in the episcleral space (arrowheads), and marked thickening
and increased enhancement of the sclera.
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(cytomegalovirus, herpes simplex, Coxsackie virus);
fungal uveitis; and parasitic uveitis. Some forms of
uveitis, such as sarcoidosis, Vogt-Koyanagi-Harada
syndrome, and Behçet's syndrome, have strong eth-
nic association. Vogt-Koyanagi-Harada syndrome is
an idiopathic bilateral chronic granulomatous uve-
itis, with exudative choroidal effusion and nonrheg-
matogenous RD associated with alopecia, vitiligo,
hearing problems, meningeal signs, pleocytosis
in the cerebrospinal fluid, and poliosis. Behçet's
syndrome is a multisystem vasculitis of unknown
cause. Patients usually present with a history of
oral and genital ulcerations. Vogt-Koyanagi-Harada
is a cell-mediated autoimmune disease. It is often a
self-limiting disease. Sympathetic uveitis is a rare
bilateral autoimmune-related uveitis that develops
after penetrating injury to the eye. Larval uveitis
results from ingestion of the eggs of the nematode
T canis or Toxocara cati. Imaging is not indicated in
classic nontraumatic anterior uveitis. Patients who
have granulomatous uveitis or posterior uveitis of
unclear cause may benefit from ultrasound, CT, or
MR imaging to assess the degree of choroidal or
scleral thickening, masses (eg, abscess), and to evalu-
ate for the presence of RD, choroidal effusion, or
intraocular foreign bodies, particularly in patients



Fig. 13. Granulomatous uveitis. Axial T1-weighted (A) and enhanced fat-suppressed axial T1-weighted (B) MR
images in a 3-year-old child showing marked enhancement of the right globe, predominantly adjacent to the
ciliary body. Note increased intensity of the vitreous in precontrast T1-weighted image (A), representing leakage
of protein into the vitreous or associated vitreous inflammation.

Fig. 14. Ocular sarcoidosis panuveitis. (A) Unenhanced axial T1-weighted (500/13 TR/TE) MR image shows nodular
thickening of the posterior aspect of the right globe (arrow) and thickening of the anterior segment (arrowheads)
of the right globe. (B) Enhanced axial fat-suppressed T1-weighted (500/13 TR/TE) MR image shows nodular
enhancement of the posterior aspect of the right globe (arrowhead and open arrow) related to granulomatous
involvement of the choroid. Note enhancement of the anterior segment of the right globe. Notice abnormal
enhancement of Tenon’s capsule (curved arrow). (C ) Enhanced sagittal T1-weighted (400/13 TR/TE) MR image
shows granuloma at the optic disk (white arrowhead) and involvement of the optic nerve (black arrowhead).
(D) Enhanced axial fat-suppressed T1-weighted (500/14 TR/TE) MR image shows enhancement of markedly
thickened uveal tract (arrowheads). (From Mafee MF, Dorodi S, Pai E. Saroidosis of the eye, orbit, and central
nervous system. Role of MR imaging. Radiol Clin North Am 1999;37:74.)
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Fig. 16. Endophthalmitis. Axial enhanced T1-weighted
MR image shows marked thickening and enhance-
ment of the entire uveal tract (arrows).
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who have media opacities [Figs. 13 and 14]. Optic
disk enhancement on MR imaging and CT scans
may be seen in patients who have pseudotumor
cerebri [Fig. 15], simulating posterior uveitis, uveo-
neurol retinitis of cat-scratch disease, and retinal
and choroidal tumors.

Endophthalmitis

Endophthalmitis refers to an intraocular infectious
or noninfectious inflammatory process predomi-
nantly involving the vitreous cavity or anterior
chamber. It is a serious complication following in-
traocular surgery, nonsurgical trauma, or systemic
infection [23]. The visual outcome despite aggres-
sive treatment in many cases remains poor. In
exogenous endophthalmitis, the organisms gain
access to eye by surgical or nonsurgical trauma
(mostly from patient’s lid and conjunctival flora),
or may gain access to the eye hematogenously
(endogenous endophthalmitis) from an infectious
focus, such as endocarditis, urinary tract or bowel
infections, or an infected intravenous line or
shunt. A predisposing factor may be present, such
as prematurity, leukemia, lymphoma, disseminated
carcinoma, drug abuse, immunocompromise, and
long-term use of corticosteroids [23]. Phacoana-
phylactic endophthalmitis is a granulomatous in-
fection that results from autoimmunity to exposed
lens protein. In endogenous bacterial and fungal
endophthalmitis, septic emboli are lodged in the
choriocapillaris and retinal arterioles. Bruch’s mem-
brane is disrupted and organisms gain access into
the retina and vitreous. The organisms most fre-
quently isolated in endophthalmitis are Staphylococ-
cus epidermidis, Staphylococcus aureus, streptococcal
species, and Candida. Parasitic granulomatosis re-
fers to ocular inflammation as a result of infec-
Fig. 15. Pseudotumor cerebri. Axial enhanced fat-
suppressed T1-weighted MR image in a patient who
has pseudotumor cerebri showing abnormal enhance-
ment at the level of both optic discs (arrows).
tion with helminthic parasite. The most common
of these are T canis or T cati, Cysticercus cellulosae,
and microfilariae of Onchocerca volvulus. Toxocaria-
sis result in granuloma formation in the posterior
pole or periphery, and endophthalmitis. Cysticer-
cosis may occur anywhere in the eye or around
the eye. The CT and MR imaging findings in
endophthalmitis include increased density of the
vitreous on CT and increased signal intensity of the
vitreous on T1-weighted and flair MR images be-
cause of increased protein from leaking retinal or
choroidal vessels. The uvea may be thickened and
demonstrates increased enhancement or focal en-
hancement (abscess) [Fig. 16]. Associated CD, RD,
and posterior vitreous detachment may be delin-
eated on CT and MR imaging.
Ocular calcifications

Calcification is commonly found in normal and
abnormal ocular tissues. The presence of calcifica-
tions on CT scans can be used to correctly diagnose
the type of pathology [Figs. 17–19] [24–26]. Idio-
pathic scleral calcification is seen in many patients
older than 70 years of age. CT scan shows these
calcified plaques near the insertions of lateral and
medial rectus muscles. The calcified plaques may be
in the posterior aspect of the sclera. Calcification
may occur at the level of the ciliary body or in the
choroid. Ciliary body calcification may be seen
after trauma; after inflammation [see Fig. 17]; or
in teratoid medulloepithelioma of the ciliary body.
Choroidal calcification often follows severe intra-
ocular inflammation or trauma. Choroidal osteoma



Fig. 17. Axial CT scan shows enlarged right globe
caused by axial myopia. Note calcification of ciliary
body (arrows). Lens has been removed.
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is an unusual but distinct cause of choroidal calci-
fication. The osteoma is a rare, well-defined, benign
tumor (choristoma) that is found mainly in other-
wise healthy young women [24]. It typically arises
in the choroid adjacent to the optic nerve head of
one or both eyes [Fig. 18]. Detection of calcifica-
tion plays an important role in the diagnosis of
malignant intraocular tumors, such as retinoblas-
toma and medulloepithelioma (see articles on reti-
noblastoma and medulloepithelioma elsewhere in
this issue).
In published histopathologic series, calcium de-

positions have been seen to occur in necrotic areas
of 87% to 95% of retinoblastoma. CT scan demon-
strates calcification in more than 90% of retino-
blastoma [1,2]. CT demonstration of calcification
may be helpful for differentiating retinoblastoma
from PHPV, retinopathy of prematurity, Coats’ dis-
ease, and a variety of other nonspecific causes of
leukocoria [1,2]. In children younger than 3 years
of age, CT detection of appropriate intraocular cal-
cification suggests that retinoblastoma is the most
Fig. 18. Choroidal osteoma. Axial CT scan shows a
calcified mass, compatible with presumed choroidal
osteoma (arrow).
likely diagnosis. In children older than 3 years of
age, however, detection of calcification has less dif-
ferential value, because some other entities includ-
ing PHPV, retinopathy of prematurity, and Coats’
disease can also produce calcification in older chil-
dren [24]. Calcification is often absent in PHPV.
In older patients, however, calcification may be
found in the crystalline lens or focally in a totally
detached retina. Retinopathy of prematurity is a
bilateral ocular disorder resulting in abnormal pro-
liferation of fibrovascular tissue in the retina of
premature infants who previously received oxygen
therapy. The abnormal tissue extends into the vit-
reous cavity where it causes tractional RD. Calcifi-
cation in the lens, choroid, and retrolental tissue
has been reported in children who have late stage
of this disease [24]. Coats’ disease is a unilateral
exudative RD that mainly affects boys between
18 months and 18 years of age. The disease is an
idiopathic congenital disorder of the retinal vessels
(telangiectases). Abnormal retinal vessels can occur
either in the periphery or the central retina; leakage
of lipid-rich serum from telangiectatic vessels into
the subretinal space results in RD [see Fig. 4]. The
Fig. 19. Chronic retinal detachment. Axial CT scan
shows retinal detachment. Note calcification at the
optic disk (arrow). The increased thickening of the
detached retina (arrowheads) is related to reactive
retinal gliosis.
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retina may be shallowly detached or become bul-
lously detached. Patients who have Coats’ disease
occasionally may have calcification in the retina.
This calcification may be submacular and result
from metaplasia of the RPE [2,24]. RPE is capable
of metaplastic calcification or bone formation
[Fig. 19]. Calcification may also be detected on
CT in patients who have microphthamos with or
without colobomatous cyst. The calcification in
these eyes most likely occurs in the choristomatous
glial tissue [24]. Retinal astrocytic hamartoma is
another lesion that may cause retinal calcification
[2]. These hamartomas most frequently occur in
tuberous sclerosis, but also may be noted in neu-
rofibromatosis. Cytomegalovirus retinitis is a com-
mon infection in patients who have AIDS [see
Fig. 11]. In cytomegalovirus retinitis, calcification
may be seen in the necrotic portion of the retina, or
in areas of healed retina [24]. Retinal drusen is a
common cause of calcification of the RPE. Drusen
are well-defined excrescences that form under the
RPE in aging eyes, and are often associated with
age-related macular degeneration. Retinal drusen
are very small and cannot be visualized by CT
scanning. Subretinal neovascular membranes are
fibrovascular proliferations that arise from the cho-
roid and extend into the subretinal space, causing
serous and hemorrhagic RDs. Numerous condi-
Fig. 20. Malignant choroidal melanoma. Axial T1-weig
T1-weighted (C ), and sagittal enhanced T1-weighted (D)
(large arrow), subretinal exudate (arrowhead), and extrao
tions may result in subretinal neovascular mem-
branes, but age-related macular degeneration is
the most common cause of subretinal neovascu-
lar membranes. Long-standing neovascular mem-
branes may become calcified.
Drusen of the optic nerve are acellular accretions

of hyaline-like material that occur on or near the
surface of the optic disk. They are often seen in
the prelaminar optic nerve. When drusen affect
the papilla, the optic nerve head is elevated and
shows blurred disk margins. Unlike retinal drusen,
CT scans can readily detect optic disk drusen.
Trauma in one series [24] was the single most
common cause of ocular calcification. The calcifica-
tion typically occurs many years after the initial
trauma, when the damaged globes are in varying
stages of atrophy or phthisis.
Ocular tumors

Most primary and metastatic ocular neoplasms in
adults involve the uveal tract and in particular the
choroid. Malignant melanoma is the most com-
mon tumor to involve the uvea [25–30]. Most
primary ocular neoplasms in children, however,
involve the retina. Retinoblastoma is the most com-
mon tumor to involve the retina (see the article on
retinoblastoma and simulating lesions elsewhere
hted (A), axial T2-weighted (B), coronal enhanced
MR images showing a plaquoid choroidal melanoma
cular extension of tumor (small arrows).



Fig. 21. Malignant choroidal melanoma. Coronal
T2-weighted MR images showing a large mound-
shaped choroidal melanoma (arrows). The MR images
were obtained on a 3-T MR imaging unit using quad-
rature head coil.

Fig. 22. Presumed ocular melanoma. Unenhanced axial T1-w
and sagittal T1-weighted (D) MR images showing an enha
large retrobulbar mass. Eye examination showed a large in
liver masses.
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in this issue) [31–33]. Retinal astrocytic hamartoma
is another rare lesion involving the retina. These
hamartomas most frequently occur in tuberous
sclerosis, but also may be found in neurofibroma-
tosis. On pathologic examination, these hamar-
tomas show focal benign astrocytic proliferation
that usually contains calcium [24].
Medulloepithelioma is an embryonic neoplasm

derived from primitive neuroepithelium, present-
ing as a mass behind the pupil and iris [33]. It
typically arises from the ciliary body epithelium,
but may also occur as a posterior mass in the retina
or optic nerve (see the article on medulloepithe-
lioma of the ciliary body and optic nerve elsewhere
in this issue) [33,34].
Malignant uveal melanoma

Malignant uveal melanomas are the most com-
mon primary intraocular tumor in adults. Some
of these tumors may originate from pre-existing
nevi [30]. Choroidal hemangioma, choroidal nevi,
CD, choroidal cysts, neurofibroma and schwan-
noma of the uvea, uveal leiomyoma, ciliary body
adenoma and adenocarcinoma, medulloepitheli-
oma, juvenile xanthogranuloma, RD, disciform de-
generation of the macula, and metastatic tumors
are some of the benign and malignant lesions that
eighted (A), axial T2-weighted (B), enhanced axial (C ),
ncing mass within the left globe (arrowheads) and a

traocular mass. The patient was found to have multiple



Fig. 23. Melanocytoma and melanoma of the optic disk. (A) Sagittal T1-weighted MR image shows a mass (arrow)
at the optic disk. (B) photomicrograph of the eye showing the mass at the optic disk. This was considered to be a
melanoma arising from a melanocytoma.

152 Mafee et al
may be confused with malignant uveal melanoma
[27–30,34]. Because of their anatomic location,
tumors of the uveal tract are not accessible to
biopsy without intraocular surgery. Consequently,
the diagnosis must often be made on the basis of
clinical examination and judicious use of ancillary
diagnostic procedures, such as fluorescein angiog-
raphy, ultrasonography, CT, and MR imaging. This
article only considers the role of MR imaging in
Fig. 24. Circumscribed choroidal hemangioma. En-
hanced CT scan shows an intensely enhancing choroi-
dal hemangioma (arrows).
the diagnosis of uveal melanoma. The MR imag-
ing techniques for ocular lesions have been de-
scribed in several prior publications [1,2,30]. The
MR imaging characteristics of melanotic lesions are
thought to be related to the paramagnetic proper-
ties of melanin [27]. Unlike most tumors, mela-
nomas have short T1 and T2 relaxation time values.
Most uveal melanomas appear as areas of high
signal intensity on T1- and proton-weighted MR
images [Fig. 20]. On T2-weighted MR images, mela-
nomas appear as areas of moderately low signal
intensity [Figs. 20 and 21]. The tumor may be dome-
shaped [Fig. 21], mushroom-shaped, plaquoid
[see Fig. 20], ring-shaped, or diffuse. Although in
general the paramagnetic property of melanin plays
an important role in MR imaging signal character-
istics of melanomas, the histologic features of tu-
mors undoubtedly contribute to their MR imaging
features [30]. Melanomas are often arranged in
tightly cohesive bundles and are highly cellular
(short T2 relaxation time). Necrosis and hemor-
rhage are not uncommon [1,2,27,30]. At times,
uveal melanomas may appear partially or com-
pletely hyperintense on T2-weighted MR images.
Exudative or hemorrhagic RD may be present
[see Fig. 20]. Extensive extraocular extension may
be present even in the presence of a small intra-
ocular malignant melanoma [Fig. 22]. Gadolin-
ium diethylenetriamine pentaacetic acid contrast
material is very useful in the diagnosis of uveal
melanomas, certain ocular pathology, and, in par-
ticular, for evaluation of optic nerve and retro-
bulbar extension of ocular tumors [see Fig. 20].
Uveal melanomas demonstrate moderate enhance-



Fig. 25. Diffuse choroidal hemangioma. Enhanced CT
scan shows a diffuse choroidal hemangioma (arrows).
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ment on postgadolinium T1-weighted MR images
[see Fig. 20].
Melanocytoma is a deeply pigmented benign

tumor that may occur in the uvea and in the sub-
stance of the optic nerve. Approximately 50% of
melanocytomas develop in blacks, whereas the inci-
dence of malignant uveal melanoma in blacks is less
than 1%. The MR imaging appearance of melanocy-
toma is similar to uveal melanoma [Fig. 23].

Choroidal hemangioma

Choroidal hemangiomas are congenital vascular
hamartomas typically seen in middle-aged to
Fig. 26. Choroidal hemangioma. Proton-weighted
(top) and enhanced T1-weighted (bottom) MR images
showing an intensely enhancing choroidal heman-
gioma (arrowhead).
elderly individuals [35,36]. Two different forms
have been reported: a circumscribed or solitary
type not associated with other abnormalities; and
a diffuse angiomatosis often associated with facial
nevus flammeus or variations of the Sturge-Weber
syndrome [1–3,6,37]. The solitary choroidal hem-
angioma is confined to choroid, shows distinct
margins, and characteristically lies posterior to the
equator of the globe [36]. It is typically seen as
a tumor located in the juxtapapillary or macular
region of the fundus [36]. In contrast, the heman-
gioma associated with Sturge-Weber syndrome is a
diffuse process that may involve the choroid, ciliary
body, iris, and, occasionally, nonuveal tissues, such
as the episclera, conjunctiva, and limbus [37]. CT,
including dynamic CT, has been shown to be use-
ful for the diagnosis of choroidal hemangioma
[Figs. 24 and 25] [36,38]. MR imaging has been
shown to be superior to CT for evaluation of uveal
melanomas, choroidal hemangioma, and simu-
lating lesions [1,2,27,37,38]. On T1-weighted MR
images, the choroidal hemangiomas appear as iso-
intense to slightly hypertense lesions with respect
to the vitreous. They appear hyperintense on T2-
weighted MR images [Fig. 26], so they become
isointense to vitreous on these pulse sequences.
They demonstrate intense contrast enhancement
on enhanced T1-weighted MR images [Figs. 26
and 27].
Fig. 27. Choroidal hemangioma. Axial enhanced fat-
suppressed T1-weighted MR image shows an intensely
enhancing choroidal hemangioma (straight arrow).
Note scleral buckling (curved arrows) for the repair
of retinal detachment. The cause of retinal detach-
ment was not clear until MR imaging was performed.



Fig. 28. Ocular metastasis. Axial T2-weighted (A), axial enhanced fat-suppressed T1-weighted (B), sagittal
enhanced fat-suppressed T1-weighted (C ), and post–proton beam treatment axial T2-weighted (D) MR images
showing a mass (arrow) compatible with biopsy-proven metastatic hypernephroma. Note satisfactory response
following proton beam treatment (D).

Fig. 29. Ocular metastasis. Axial T1-weighted (A), axial T2-weighted (B), enhanced axial (C ), and sagittal T1-weighted
(D) MR imaging showing a metastatic mass (arrow) from primary malignant thymoma.
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Uveal metastases

Uveal metastasis can be confused clinically and ra-
diologically with uveal melanoma. Embolic malig-
nant cells reach the globe by means of the short
posterior ciliary arteries. The route of spread may be
the reason why most of the metastases involve the
posterior half of the globe [27]. The most common
sources of secondary tumor within the eye are the
breast and lung. Both eyes may be affected in about
Fig. 30. Choroidal hematoma, simulating choroidal melano
compatible with choroidal hematoma. (B) Axial CT scan
choroidal melanoma. Note extraocular extension of this
thickening of the eyeball caused by a choroidal melanoma
one third of the cases. Signal intensity of uveal
melanomas and uveal metastases may be similar
[Figs. 28 and 29].

Other uveal tumors

Choroidal lymphoma and leukemic infiltration of
the uveal tract can be mistaken for choroidal tumor.
The process often is bilateral. On MR imaging its
signal characteristics are similar to uveal melanoma
ma. (A) Axial CT scan shows a hyperdense mass (arrow)
shows a hyperdense mass (arrow) compatible with
melanoma. (C ) Enhanced axial CT scan shows focal
.
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[27]. Neurofibroma and schwannoma of the cho-
roid and ciliary body, adenoma and adenocarci-
noma of the ciliary body, leiomyoma of the ciliary
body, and other rare lesions can also be confused
with uveal melanoma on MR imaging [1,2,27].

Choroidal hematoma

Choroidal hematoma, CD (serous and hemor-
rhagic), and posterior scleritis may simulate cho-
roidal melanoma, particularly on CT scans [Fig. 30].
Summary

Since the development of CT and MR imaging,
significant progress has been made in ophthalmic
imaging. As the technology advanced and MR imag-
ing units improved their ability in term of spatial
resolution, the role of MR imaging in ophthalmic
imaging has increased accordingly. This article con-
siders the role of MR and CT imaging in the diag-
nosis of selected pathologies of the eye.
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& Summary
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Imaging evaluation of patients with suspected
neurovascular injury can be one of the most chal-
lenging problems faced by radiologists in an emer-
gency room or trauma center. Although traumatic
cervical and cerebral vascular injuries, such as dissec-
tions, lacerations, pseudoaneurysms, occlusions, and
arteriovenous fistulas (AVF), are relatively uncom-
mon events, they can result in potentially devastat-
ing strokes. Many recent studies have demonstrated
that early imaging diagnosis of neurovascular in-
juries, particularly those caused by blunt trauma,
can help improve patient outcome by facilitating
more prompt treatment of these lesions [1–4].
Traditionally, patients with suspected injury to

vessels in the head and neck have been evaluated
with four-vessel cervical and cerebral angiography.
Although conventional digital subtraction angiogra-
phy remains the current diagnostic gold standard
examination [5–7], it is costly and often impractical
as a screening modality, and carries a small but fi-
nite risk of serious complication, such as stroke,
acute renal failure, or death [8,9]. MR imaging and
MR angiography, although quite sensitive in demon-
strating cervical and intracranial vascular injury
[10–14], may be difficult to obtain in unstable
acutely injured patients. With recent advances in
multidetector CT technology, CT angiography (CTA)
has emerged as a promising technique for rapid
screening evaluation of neurovascular injury [15–19],
although its use in definitive diagnosis remains
controversial. The best imaging pathway in any in-
dividual patient may vary with the acuity of injury;
the presence of concomitant orthopedic or visceral
injuries; and the therapeutic options (eg, medical,
surgical, or endovascular) available in the treat-
ing institution.
This article presents a general approach to the

patient with suspected neurovascular injury. Fol-
gy, Department of Diagnostic Radiology, University

ology, Thomas Jefferson University Hospital, Phila-

ventional Neuroradiology, Department of Diagnostic
2 South Greene Street, Baltimore, MD 21208.
).
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lowing a brief discussion of the histopathologic
spectrum of arterial injury, topics addressed include
clinical presentation; principles of radiologic work-
up including cross-sectional modalities and angi-
ography; mechanisms of injury; and management
considerations in the most commonly seen types of
vascular injury, including endovascular techniques
used to treat these patients.
The spectrum of vascular injury

Although blood vessels can be injured by a variety
of mechanisms, all traumatic injuries involve either
partial or complete disruption of the vessel wall.
Neurovascular injury can be thought of as a con-
tinuous spectrum of disease: injury ranges from
minimal separation of the intima from the under-
lying media, through development of a dissection
flap and false lumen, to medial or adventitial per-
foration with pseudoaneurysm formation, or, more
seriously, to complete transection or occlusion.
AVFs occur in the specific case where transection
of an adjacent artery and vein result in communi-
cation between the two vessel lumens.
Dissection, regardless of whether it is produced

by blunt or penetrating trauma, separates the layers
of the arterial wall. Most commonly, the intimal
layer is disrupted, resulting in formation of a false
lumen as blood tracks into the subintimal space.
Hemorrhage may be confined to the subintimal
layer, or may extend through the media or adven-
titia. Blood tracking along the subintimal space
tends to produce luminal narrowing. In contrast,
blood extending into the subadventitial space tends
to weaken the vessel, and can result in apparent
luminal widening as a pseudoaneurysm forms. In
either case, an enlarging false lumen or pseudo-
aneurysm can further compromise flow through
the true lumen, with progression to vessel occlu-
sion. Occlusions are more common in patients
with penetrating injury [20].
When dissection occurs, thrombus may form on

the injured intimal lining, or may occur as a result of
static flow within a pseudoaneurysm, false lumen,
or markedly narrowed true lumen. Distal throm-
boembolism occurs in a significant proportion of
patients with traumatic cervical carotid or vertebral
arterial dissections and pseudoaneurysms, with con-
sequent risk of stroke and death [2,5,17,20–31].
Stroke resulting from hemodynamic compromise
as a result of cervical arterial occlusion alone is less
common [32].
The most severe degree of injury is complete tran-

section of the vessel. Many patients with transection
of a large artery, such as the internal carotid or
vertebral, exsanguinate before reaching medical
attention, and those who survive to reach hospital
have a high risk of stroke or death despite aggressive
surgical or endovascular management [21,33–35].
Clinical presentation

Patients with neurovascular injury typically present
to the emergency department with one or more of
the following: an acute neurologic deficit; a history
of blunt force or penetrating trauma (acute, sub-
acute, or remote); or obvious signs of trauma by
visual inspection.
Patients with carotid dissection most commonly

complain of pain in the neck, face, scalp, or head
ipsilateral to the side of dissection [36]. Pain, which
is seen as the sole presenting symptom in 15% of
patients, may be mild or severe, but more often is
dull and nonthrobbing. Other presenting symp-
toms include pulsatile tinnitus; asymptomatic bruit;
Horner syndrome (40%); and cranial neuropathies
[37,38]. Vertebral artery dissections most com-
monly present with posterior unilateral headache
with or without neck pain.
Stroke or transient ischemic attack is the next

most common initial presenting symptom in both
carotid and vertebral dissections. Neurologic symp-
toms secondary to traumatic vascular injury may be
immediate or delayed [2,24,29,30,39,40], some-
times lagging behind appearance of other symp-
toms, such as pain or headache, by several days.
About half of patients eventually developing a
symptomatic dissection have a normal neurologic
examination at presentation [26].
External signs suggestive of possible extracranial

or intracranial neurovascular arterial injury in-
clude penetrating wound to the neck, face, or orbit;
epistaxis; hemorrhage from themouth, orbit, or ears;
periorbital ecchymosis or Battle’s sign; expand-
ing cervical hematoma or pulsatile mass; cervical
bruising or abrasions; and cervical bruit in a
young patient.
Imaging

Both CT and MR imaging cross-sectional methods
have a role in imaging of traumatic neurovascular
injury. CT is the imaging modality of choice for the
initial evaluation of patients with traumatic head
injury and patients who develop an acute change
in neurologic status following trauma. With the
increased speed of image acquisition and improved
resolution available in newer multidetector scan-
ners, CT imaging is increasingly replacing plain
X-ray films in the initial evaluation of neck and
cervical spine trauma. In most medical centers treat-
ing trauma patients, CT can be obtained quickly and
easily 24 hours a day, and is preferred in the acute
stages of care [41]. Although MR imaging is the



Table 1: Sample CTA protocol for evaluation of
cervical and intracerebral vessels for potential
traumatic neurovascular injury

Parameter Carotid CTA

kVp 120
mAs/Slice 245
FOV 220
Thickness (mm) 1
Increment (mm) 0.5
Rotation time (sec) .75
Collimation 16 × 0.75
Pitch 0.9
Injection 100 mL at 4 mL/s
Trigger 120 HU at the

ascending aorta
Scan Inferior to superior from

the aortic arch to 1 cm
above the Circle of Willis
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most sensitive test for evaluating the extent of brain
injury [42,43], it has no significant advantage over
CT in the evaluation of acute patients [44]. In the
severely injured acute trauma patient, availability of
24-hour radiology technologist support and theneed
for specialized ventilators, intravenous pumps, and
monitoring equipment may curtail practical use
of this modality. Transport factors also play a role,
because in many institutions the MR imaging scan-
ner is located some distance from the emergency
room or trauma unit.
Noncontrast CT has long been a standard exami-

nation for assessment of penetrating and blunt neck
injuries, which not uncommonly are associatedwith
neurovascular injury. Signs suspicious for vascular
injury on noncontrast CT include prevertebral soft
tissue swelling, hematoma adjacent to a large vessel
or along the trajectory of the penetrating object,
infiltration of perivascular fat planes, and bone
and bullet fragments less than 5 mm from a major
vessel [15,45]. Types of fracture predisposing to
neurovascular injury include atlantoaxial dissocia-
tion; hangman’s fracture; and cervical spine verte-
bral body fracture-dislocations, especially perched
or jumped facet dislocations and C2-C6 foramen
transversarium fractures [39,46–51].
At the authors’ institution, MR imaging of the

neck and cervical spine is most typically performed
in trauma patients in whom there is concern for
spinal cord injury, ligamentous disruption, trau-
matic disk herniation, or hemorrhage within the
spinal canal. As is the case for CT, certain types of
fracture and abnormal signal within perivascular
soft tissues or the foramen transversarium are
clues suggesting that neurovascular injury may be
present. Additionally, cross-sectional MR imaging
may reveal the false lumen of a dissection as a
crescent of T1-hyperintense clot along the periph-
ery of the arterial wall, or occlusion of the vessel as
T1-hyperintense signal within the lumen.
Patients with suspected intracranial injury are

initially evaluated with noncontrast head CT to
evaluate for intracranial hemorrhage. In the setting
of penetrating trauma or significant blunt injury
to the head, the presence of parenchymal hema-
toma, subarachnoid hemorrhage, or intraventricu-
lar blood may herald the presence of an intracranial
traumatic aneurysm, pseudoaneurysm, or dissecting
aneurysm. Types of skull fracture raising a question
of traumatic neurovascular injury include displaced
midface fractures [39,52] and basilar skull fractures,
especially those that extend through the petrous
carotid canal or the region of the cavernous sinus
[39,53–55]. These findings, however, are not highly
specific for neurovascular injury [46].
MR imaging is superior to noncontrast CT in

detecting early signs of intracranial ischemia sec-
ondary to vascular pathology [56,57], but because
of the logistics and time costs of transporting
trauma patients to the MR imager, it is seldom
used in the acute setting. It is, however, the method
of choice in detecting diffuse axonal injury [58],
which suggests the patient has experienced signifi-
cant deceleration forces [59] and is at risk for intra-
cranial neurovascular injury.
The major shortcoming of noncontrast CT in

evaluation of cervical and cerebral vascular trauma
is that the presence of injury is inferred from the
indirect findings described previously. Although
MR imaging may accurately demonstrate subinti-
mal thrombus in dissection, it is difficult to differ-
entiate slow-flow lesions from occlusions. CTA and
MR angiography are better at demonstrating direct
signs of vascular injury, such as irregular margins of
the vessel, filling defects within the contrast col-
umn, caliber changes of the vessel, extravasation of
contrast, and vascular occlusion [18,60–62].
With recent advances inmultidetector CT technol-

ogy, it has become possible to perform rapid CTA
evaluation of patients with suspected traumatic
neurovascular injury in a matter of minutes [Table 1]
[16,18,19,63,64]. Although digital subtraction angi-
ography is still considered the gold standard for
evaluating the cervical and cerebral vasculature,
CTA is less invasive; less resource-intensive; and
has the added benefit of simultaneously visualizing
extravascular structures, such as the airway, brain,
and spinal canal. These features make CTA an attrac-
tive alternative to catheter angiography. In at least
some cases, CTA can provide sufficient information
to alter triage decisions in the acute trauma patient.
For example, a patient with obvious vascular injury
on CTA can proceed immediately to definitive sur-
gical or endovascular intervention. Conversely, a



Fig. 1. MR angiography appearance of dissection. Axial source images from two-dimensional time-of-flight MR
angiography sequence demonstrate (arrows) (A) the round contour of flow signal within a normal cervical right
internal carotid artery (ICA), (B) flattening of the medial margin of the flow signal caused by a thrombosed false
lumen within a dissected right ICA, and (C ) flow signal within both the true and false lumens, separated by an
intraluminal flap, within a dissected right ICA.

Fig. 2. CTA of a patient who developed tinnitus after a yoga class. (A) Axial source image demonstrates round
contour, but decreased caliber of a dissected right ICA at the level of a nearly concentric false lumen (arrow).
Compare with (B) an axial source image from slightly more caudad in the neck where the ICAs are virtually
identical in caliber. Sagittal (C ) and coronal planar (D) reconstructions demonstrate the nonopacifying false
lumen in the dissected right ICA (arrowheads) and minimal irregularity in the left ICA, which was seen at
angiography to be normal.
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patient with low suspicion for injury and a normal
CTA may have their angiographic procedure timed
more appropriately with respect to management of
concomitant limb or visceral injuries, ormay be able
to forego the risk of conventional angiography
entirely. Later in the trauma patient’s clinical course,
either CTA or MR angiography may be helpful in
evaluating interval healing of injury.
The same basic principles are used in interpreting

CT and MR angiographic images in the setting of
trauma. The hallmark of vascular injury is a change
in the caliber of the vessel. A normal artery main-
tains a nearly constant diameter between branch
points and, with the notable exception of the ca-
rotid bulb, an artery does not increase in caliber as
it courses from proximal to distal. Because the com-
mon carotid arteries, internal carotid arteries (ICA),
and vertebral arteries travel for long distances
Fig. 3. CTA of a patient involved in a high-speed motor
dissection of the right ICA. (A) Axial source image demon
contrast within true and false lumens separated by an intr
slightly more caudad in the neck, however, demonstrates
(arrowheads), consistent with a vascular loop. Oblique cor
(C ) the loop in the uninjured left ICA and (D) a pseudoaneu
has a loop in its course. The split in contrast columns on so
and pseudoaneurysm in the right ICA, whereas on the
within the neck without giving off major branches,
any notable change in caliber should raise concern
for injury. A normal artery also maintains a con-
sistently rounded cross-section, except on turns. On
CTA, an oval, irregular, or slit-like cross-section may
indicate the presence of a dissection flap with a
nonopacifying false lumen. On MR angiography,
the equivalent finding may indicate either a lack
of flow signal within the false lumen or extramural
hematoma compressing the vessel [Fig. 1A]. If the
false lumen opacifies with contrast on CTA, or con-
tains flow signal or T1-hyperintense methemoglo-
bin clot on MR angiography, the dissection flap
may appear as a linear filling defect within the con-
trast column [Fig. 1C]. When the vascular injury
presents as a subtle change in caliber, but main-
tains a rounded shape, minimal intimal injury or a
small dissection is suspected [Fig. 2].
vehicle collision with bilateral cervical ICA loops and
strates what seem to be bilateral ICA dissections, with
aluminal flap (arrows). (B) An axial source image from
three clearly separated round ICA lumens on the left
onal planar reconstructed images clearly demonstrate
rysm in the distal cervical right ICA (arrow), which also
urce images is seen to correspond to a dissection flap
left it identifies the apex of the turn in the loop.
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A multitude of planar and three-dimensional
reconstructed views can be generated from the axial
CTA and MR angiography source images; these
allow the vessel to be studied from any angle. Both
the axial source images and reconstructed images
are evaluated for the presence of injury. In inter-
preting axial images, it is essential to follow the
course of each vessel, not only for its complete in-
terrogation, but to avoid misnaming a vessel or mis-
interpreting a vascular loop as a pseudoaneurysm.
For example, in evaluating the cervical ICA, the ar-
tery is followed on source images in stack mode
from its origin to the petrous carotid canal at the
skull base. This is particularly important when the
ICA is in close proximity to the internal jugular
vein or external carotid branches, because these
are often not easily separated on the reconstructed
Fig. 4. CTA of a patient involved in a motor vehicle c
reconstruction (B) demonstrate a small pseudoaneurysm
subtraction angiography (DSA) of the right ICA in lateral
images. This technique is also important when the
carotid or vertebral arteries are redundant or looped,
to differentiate turns in the vessel from a pseudo-
aneurysm. In most cases, scrolling back and forth
in the axial source images as the vessel turns back
caudally reveals the correct diagnosis, which should
then be confirmed on the reconstructed images
[Fig. 3].
Evaluation of the reconstructed images is per-

formed essentially in the same manner as interpret-
ing conventional angiographic images. In more
severe injury grades (eg, large pseudoaneurysms,
occlusions, or lacerations with contrast extravasa-
tion), findings are obvious on both the source
and reconstructed image sets. In milder degrees of
injury, the information they provide is often com-
plimentary. In general, deviations from a round
ollision. Axial source image (A) and sagittal planar
in the distal cervical right ICA (arrows). (C) Digital

projection confirms the diagnosis.



Fig. 5. Axial T1-weighted MR images, without (A) and with (B) fat-saturation technique, demonstrate high signal
methemoglobin clot within the false lumens of bilateral ICA dissections (arrows). This can often be detected more
easily on fat-saturated images.
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cross-section are more easily detected on the axial
images, whereas changes in caliber are often more
obvious on the reconstructed images. The true
extent and nature of the lesion is usually more easily
perceived on the reconstructed images. To some
degree, this is likely a consequence of the similarity
in appearance of reconstructed images to conven-
tional angiographic images; however, the cranio-
caudal extent of an injury is often not intuitively
perceived on axial images, but is readily visible on
reconstructions. Reconciling findings between the
two sets of images usually confirms the diagnosis
[Fig. 4].
Cross-sectional MR imaging may have a slight

advantage in detection of milder degrees of injury,
where the only finding may be subtle uplifting of
the endothelium by a small subintimal hematoma.
Fig. 6. Dissection with thromboembolism and infarct. (A) Ax
methemoglobin within the false lumen (arrow) of a left v
image depicts a large posterior inferior cerebellar artery i
Axial T1-weighted MR imaging may demonstrate a
thin crescent of methemoglobin clot in the false
lumen along the periphery of the arterial wall. Ap-
plying fat saturation technique to suppress the high
signal in the surrounding abundant fat throughout
the neck increases the sensitivity in detecting this
finding [Figs. 5 and 6].
Pseudoaneurysms can have a variable appear-

ance, depending on whether blood or contrast
flows into the pseudoaneurysm sac, or whether
the sac is filled by thrombus. On both CTA and
MR angiography, a patent pseudoaneurysm sac has
the appearance of a focal outpouching from the
artery of origin. On CTA a thrombosed pseudo-
aneurysm or thrombosed false lumen appears as
an eccentric and usually smooth filling defect in or
adjacent to the true lumen [Fig. 7]. On MR imaging,
ial fat-saturated T1-weighted MR image demonstrates
ertebral artery dissection. (B) Sagittal T2-weighted MR
nfarct.



Fig. 7. CTA of a patient with C5 and C6 fractures following a motor vehicle accident, with an enlarging left ICA
pseudoaneurysm. Axial source (A) and sagittal planar reformatted (B) images at the time of admission demon-
strate a small eccentric dissection with nonopacifying false lumen along the posterior aspect of the left ICA
(arrows), for which he received anticoagulation therapy. Three months later, follow-up axial source image (C ) and
sagittal planar reconstruction (D) demonstrate a large pseudoaneurysm (arrowhead) at the same site.
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the appearance depends on the age of any formed
thrombus; large pseudoaneurysms and older throm-
bosed pseudoaneurysms often have a heteroge-
neous, complex signal pattern [Fig. 8].
AVFs present a number of difficulties in diagno-

sis on CTA and MR angiography, because the hall-
mark of this type of injury is early filling of a vein.
Although this finding can be demonstrated with CT
perfusion images [65], at the present state of tech-
nology the anatomic details of the fistulous con-
nection are not particularly well delineated on most
scanners. Furthermore, reliable timing of the con-
trast bolus so that early filling of a vein in arterial
phase is detected can be difficult; simply seeing uni-
lateral contrast opacification of the cavernous sinus
on CTA is not a specific finding for carotid-cavernous
fistula (CCF). Time-resolved MR angiography [66]
may prove to be amenable to demonstrating these
lesions directly but is not widely available. The de-
finitive diagnosis of a cervical AVF or CCF is made
on conventional angiography. If, however, there is
sufficient pressure transfer through the fistula, di-
latation of cervical veins, the superior ophthalmic
vein, and dural venous sinuses may provide indi-
rect evidence for the presence of an AVF [Fig. 9]. In
CCF, venous congestion of the extraocular muscles
and orbital fat can also contribute to the diagnosis
[Fig. 10].
Despite the encouraging results reported in multi-

ple studies in which CTA has been used to evaluate
patients with possible neurovascular injury [16,18,
19,63,64], there are still some disadvantages inher-
ent in this modality. Bullet fragments, other metal-
lic penetrating objects, and dental amalgams can
result in streak artifact that obscures portions of the
vessels. Blood vessels surrounded by bone, such as
the ICA as it penetrates the skull base or the verte-
bral artery as it courses through the foramen trans-
versarium, can be difficult to visualize and evaluate
in their entirety [63]. At the current state of tech-
nology, the total contrast load administered to the
patient typically exceeds that given in digital sub-



Fig. 8. Heterogeneous MR imaging signal in large pseudoaneurysm. Axial (A) and coronal (B) T2-weighted images
demonstrate a large pseudoaneurysm adjacent to the left ICA with a complex signal pattern. This can represent
areas of thrombus adjacent to a patent lumen, or slow disordered flow within the pseudoaneurysm sac. Lateral
(C ) and anteroposterior (D) DSA of the left common carotid demonstrates filling of most of the pseudoaneurysm
sac, with irregular thrombus along its medial border.
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traction angiography. Furthermore, it can some-
times be difficult to time the contrast bolus so
that all structures of interest are imaged exclusively
during arterial phase. For example, opacification
of venous structures abutting an artery may obscure
a crucial finding or be mistaken for an arterial
abnormality, and early venous filling in an AVF
cannot always be reliably seen. Overall, however,
the percentage of nondiagnostic studies has been
reported to be low at approximately 1% [18], and
even in instances where all major vessels cannot be
cleared by CTA, the identification of clearly normal,
uninjured vessels can focus the scope of a subse-
quent angiographic study.
Patients referred for angiographic evaluation or

for endovascular treatment of cervicocerebral vas-
cular injury or severe facial bleeding and epistaxis
following trauma often have multiple injuries, and
may be hemodynamically unstable. Appropriate
triage to ensure that the most life-threatening inju-
ries (whether visceral, limb, or craniofacial) are
treated first is crucial; careful review of all available
CT imaging, and discussion of clinical findings
with the referring emergency room or trauma phy-
sician, should be performed to identify all potential
sources of bleeding.
Intubation or tracheostomy to protect the air-

way is mandatory in severely injured patients un-
dergoing angiography. Even in a cooperative and
conscious patient, prophylactic intubation before
angiography is often prudent if a decline in level
of consciousness is anticipated, or if the patient
presented with bleeding, which could potentially
compromise the airway should hemorrhage recur
during the procedure. Some patients may have had
packing placed in the oropharynx or nasopharynx
to control hemorrhage; this may obscure the site of
bleeding but should probably be left in place un-
less the origin of bleeding cannot be identified or
inferred from angiographic findings.



Fig. 9. CCF secondary to gunshot wound. Scout (A) and axial (B) CT images depicted in bone windows demonstrate
a bullet trajectory, with a large ballistic fragment adjacent to the right cavernous sinus. (C ) Axial CT image in soft
tissue window demonstrates enlargement of the ipsilateral superior ophthalmic vein (arrow), a finding suspicious
for CCF.
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Arch aortography is often a useful first step to
evaluate for thoracic and cervical great vessel injury.
Attention can then be given to evaluate for large
cervical vessel injury, and finally for intracranial
injury. The role of careful angiographic technique
cannot be overemphasized. A suspected site of
injury should not be crossed with the catheter or
wire until angiography or road mapping has dem-
onstrated that passage can be performed with a
reasonable degree of safety, because inadvertent
further injury to the artery or dislodgement of intra-
luminal thrombus may occur.
A detailed discussion of the issues in endovascular

therapy of traumatic neurovascular injury is beyond
the scope of this article, but brief summaries of
options appropriate to various types of injury are
described next. As a general principle, however,
before any endovascular embolization or stenting
procedure, a baseline cerebral angiogram should be
obtained; this should be repeated at the end of the
procedure to evaluate for any intracranial arterial
embolization that may have occurred.
Specific problems in neurovascular traumatic
injury

Vascular injuries of the neck resulting from
penetrating trauma

Approximately 25% of patients with penetrating
neck trauma have vascular injury [25,35,67–70].
Many penetrating vascular injuries result from di-
rect violation of the vessel wall by a bullet or sharp
object. Gunshot wounds, however, may sometimes
cause injury to blood vessels outside the zone of the
bullet channel; as the projectile loses velocity and
energy in tissue, the resultant shock wave produces a
transient cavity in the region surrounding the bullet
track, which can disrupt blood vessels [71]. In either
case, assessment of trajectory is an important con-



Fig. 10. CCF secondary to blunt trauma. Coronal (A) and axial (B) CTA images demonstrate enlargement of left
cavernous sinus and dilatation of the left superior ophthalmic vein and asymmetric vascular congestion in the
posterior left orbit. MR angiography source images (C and D) and maximum intensity projection (MIP) reconstruc-
tions (E) confirm arterial flow in the left cavernous sinus and left superior ophthalmic vein.
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sideration in determining whether vascular injury
may be present and in choosingmodalities for imag-
ing work-up.
Penetrating wounds to the carotid artery are clas-

sified by their position with respect to anatomic
landmarks: (1) zone I injuries, located between
the sternal notch and cricoid cartilage; (2) zone II
injuries, between the cricoid cartilage and the angle
of the mandible; and (3) zone III injuries, between
the angle of the mandible and the skull base.
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Because direct surgical exploration of zone I or III
carotid injuries may be difficult, considerable pre-
mium is placed on preoperative imaging assess-
ment to locate the exact site of vascular injury.
In contrast, patients with zone II carotid injuries,
particularly if blood loss is clinically obvious,
may be explored surgically without prior imaging.
Vertebral artery injury may occur as a result of

direct trauma from the penetrating object, or the
penetrating object may fracture a cervical vertebra,
secondarily causing injury to the artery as it courses
through the foramen transversarium or stretches
around splintered or displaced bones. This latter
mechanism is particularly prevalent in gunshot
wounds [72].
Penetrating traumatic injury to the extracranial

carotid or vertebral arteries carries significant risk
of stroke [20,21,73]. Whenever the patient’s neuro-
logic deficit is not explained adequately by head CT
findings, major cervical vascular injury should be
considered. Because early ischemic changes may
not be apparent on noncontrast CT [74], patients
presenting with neurovascular territorial symp-
toms after head or neck injury may require emer-
gent evaluation with CTA and CT perfusion, which
increases sensitivity for detection of early infarcts
[75], or conventional angiography.
Noncontrast and contrast CT are usually the best

modalities for initial assessment of penetrating
vascular injury in the neck. Although predicting
the course of bullet fragments or other penetrating
metal objects at the time of the initial trauma is not
completely reliable, often a better understanding
of the trajectory can be obtained with CT imaging
than on plain films, or even from physical exami-
nation. The location of the entrance wound, air
droplets, disrupted structures, infiltrated fat planes,
focal hematomas, and final location of projectile
fragments aid in predicting the course of penetrat-
ing objects. Until the location of all metal frag-
ments is determined, MR imaging is at least
relatively contraindicated because of the dangers
of fragment migration or heating effects [76,77].
Close proximity of blood vessels to the path of
fragments, or to the zone of damage caused by a
ballistic shock wave, increases the probability of
neurovascular injury. Visualizing injuries to other
major structures, including the airway, alimentary
tract, and spine, is also essential in the triage of
these patients for future management decisions.
Patients with zone I or III penetrating carotid
vascular injury usually require conventional angi-
ography in addition to CT, and may require endo-
vascular management. Patients with zone II carotid
injury can often be assessed with CT or CTA [15,18,
78,79], but may also require conventional angiog-
raphy. If the penetrating object has caused cervical
spine fracture, there is a significant risk of ver-
tebral artery injury, which in many cases requires
conventional angiography and possibly endovas-
cular therapy.
When milder degrees of penetrating neurovas-

cular injury, such as minimal intimal injury and
nonhemodynamically significant dissection flaps,
are present, the goal of treatment is primarily to
prevent distal thromboembolism and stroke. Sys-
temic anticoagulation with heparin and warfarin
has been shown to be effective in ‘‘spontaneous’’
dissections and those caused by blunt injury
[26,80,81], and is probably effective in less serious
penetrating dissections as well, as long as it is not
contraindicated by other injuries and the dissection
does not progress [82]. Preliminary results with
treatment with antiplatelet agents is promising
[83], but no randomized trials comparing anti-
coagulation with antiplatelet agents in treatment
of dissection have been performed [84].
Treatment of more severe degrees of injury, such

as pseudoaneurysm or arterial laceration, depends
largely on the location of the lesion. Zone II carotid
injuries are often treated surgically with primary re-
pair or an interposition graft [82]. In zones I and III
carotid injury, endovascular repair may be preferred.
Various endovascular repair techniques used include
coil embolization of the vessel stump in arterial oc-
clusions, reconstruction of a partially patent artery
with self-expanding or balloon-expandable stents, pri-
mary coiling of pseudoaneurysms, or stent and coil
embolization of pseudoaneurysms [33,85–87], with
trapping of the pseudoaneurysm with vessel sacri-
fice used as a last resort [Fig. 11]. Recent reports
have described success in using covered stent-grafts
in closing lacerations and pseudoaneurysms of
the extracranial ICA caused by penetrating injury
[85,88–91]. Lacerated vertebral arteries are often dif-
ficult to approach surgically, and are usually treated
by endovascular occlusion of the artery [92–94].
Unilateral vertebral artery occlusion seldom results
in neurologic deficits if the contralateral vertebral
artery is not injured, is of adequate size, and the
posteroinferior cerebellar artery blood supply on
the side of occlusion is preserved.

Blunt traumatic cervicocerebral vascular injury

Neurovascular injury caused by blunt force mecha-
nisms is a relatively uncommon but potentially
devastating event. Centers performing aggressive
screening for blunt force vascular injury have
reported an incidence of carotid injury of 0.33%
to 3.5%, depending on mechanism [3,4,16,17,95],
and an incidence of vertebral injury of 0.53% to
0.71% [2,17]. The mortality rate from posttrau-
matic extracranial carotid dissection ranges, how-
ever, from 20% to 40% in reported series, and



Fig. 11. Late appearance of ICA pseudoaneurysm secondary to gunshot wound. (A) DSA of the right common
carotid at the time of admission demonstrates occlusion of the right ICA. Four days later, the patient developed
increased swelling near the mandibular angle. Repeat DSA in early (B) and late (C ) arterial phase demonstrates a
large, slowly filling pseudoaneurysm near the skull base. The previously noted occlusion was thought to be
secondary to spasm. Endovascular occlusion of the wide-necked pseudoaneurysm was attempted, but a promi-
nent loop in the mid-ICA proximal to the pseudoaneurysm precluded passage of a stent across the pseudo-
aneurysm neck. (D) Following successful balloon test occlusion of the right ICA without development of
neurologic deficit, the pseudoaneurysm was trapped and the artery was sacrificed using a combination of
detachable balloons and coils.
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significant neurologic sequelae have been reported
to occur in between 12.5% and 80% of survivors
[2,5,17,20,22,23,26–31]. The corresponding mor-
tality and neurologic morbidity rates for extracra-
nial vertebral artery injury are 4% to 8% and 14%
to 24%, respectively [2,24]. Cervicocerebral arterial
dissection, including spontaneous dissections and
those occurring after minor trauma, is estimated
to cause about 1% of all ischemic strokes, and
5% of ischemic strokes in young adults [96,97].
Mechanisms producing high risk of blunt carotid

and vertebral injury include direct blows to the neck,
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and deceleration injuries producing high shearing
forces from a stretching or twisting motion of the
neck [5,24,98]. Basilar skull fractures that cross the
petrous carotid canal can also produce carotid in-
jury at this level [46]. Motor vehicle collisions, falls,
and assaults are the most common mechanisms
[2,28,40]. Additional etiologies of blunt injury
to the extracranial carotid and vertebral artery
Fig. 12. Vascular injury scale of Biffl. (A) Grade I: the hallm
wall. A dissection flap, with less than 25% luminal compro
greater than 25% luminal narrowing is present. Intralumin
occlusive. (C ) Grade III: pseudoaneurysms appear as out
commonly in the distal cervical segment, just below the
occluded just beyond the carotid bulb. (E) Grade V: tran
section of the left vertebral artery in the same patient (co
oblique view). Gross extravasation of contrast is seen.
include chiropractic manipulation [99–103], sports
activity [104–109], and rapid head turning or
flexion-extension movements [110,111].
In blunt trauma, cross-sectional imaging provides

fewer clues regarding the vectors of force causing
injury than are present when injury results from
penetrating mechanisms. By definition, culpable
foreign bodies are absent, and air bubbles tracking
ark of this degree of injury is irregularity of the vessel
mise, may also be present. (B) Grade II: dissection with
al thrombus may be present, and lesions may be near-
pouchings from the vessel lumen. These occur most
skull base. (D) Grade IV: the internal carotid artery is
section of the left vertebral artery. (F ) Grade V: tran-
mpare with [E] taken at different time and different
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through the soft tissues may originate from the
lungs or viscera remote from the area of interest.
Infiltration of the fat planes can be present but is
often less obvious. Often, one must assume trau-
matic forces were experienced throughout the en-
tire neck. It is useful, however, to pay particular
attention to the more likely areas of injury and
dissection; for example, the distal cervical ICA just
below the skull base and distal cervical vertebral
artery are particularly prone to dissection as a result
of blunt trauma. This is thought to occur as a con-
sequence of the different deceleration and shearing
forces experienced by an arterial segment con-
strained by bone, versus a segment constrained
only by soft tissues. Similarly, there should be high
suspicion for vertebral artery injury when cervical
subluxation, or cervical spine fractures extending
through the foramen transversarium are present,
because both result in significant shearing forces.
Many patients require angiographic evaluation.

Biffl and coworkers [34] [Fig. 12] designed a grad-
ing scale describing the spectrum of blunt carotid
injury, based on the angiographic appearance of
lesions, which also can be extended to describe
vertebral artery injury [Box 1].
As is the case for corresponding penetrating in-

juries, the goal of therapy, both in the acute and
ongoing setting, is to prevent stroke resulting
from thromboembolic complications. Blunt ca-
rotid and vertebral artery injury carries a significant
risk of neurologic injury and death. Although sys-
temic anticoagulation with heparin and warfarin
has been shown to be effective in treatment of
blunt carotid and vertebral arterial injury in most
grades of injury [1,3,26,28,34], many patients with
blunt neurovascular injury have concomitant intra-
cranial, visceral, or limb injuries that effectively
preclude safe anticoagulation, at least in the acute
phase. Even when anticoagulation or antiplatelet
therapy [83] is administered later in the patient’s
course, careful surveillance for hemorrhagic com-
plications is necessary. Many authors have reported
success with stent and covered stent placement for
treatment of dissections and pseudoaneurysms,
sometimes with coil occlusion of the pseudo-
aneurysm sac [34,86,112–118]. Recently, however,
Box 1: Blunt carotid injury grade description

Grade I: Luminal irregularity or dissection with
<25% luminal narrowing

Grade II: Dissection with >25% luminal
narrowing

Grade III: Pseudoaneurysm
Grade IV: Occlusion
Grade V: Transection with free extravasation
Cothren and coworkers [119] have raised concerns
regarding complication rates and long-term patency
in patients with grade III blunt carotid injuries
(pseudoaneurysms) treated with stents; many pa-
tients in their series, however, did not receive long-
term antiplatelet therapy as has been advocated for
patients having stents placed for treatment of carotid
bifurcation atherosclerosis [120], and other studies
have reported good long-term patency [121].

Extracranial head and neck arteriovenous
fistulas

AVF in the neck and scalp are most commonly seen
as a result of penetrating trauma [122]. In the neck,
high-flow fistulous connections most commonly
involve the common or ICAs and internal jugular
vein, or external carotid artery main trunk and
internal jugular vein. High-flow AVF involving the
vertebral artery and internal jugular vein or verte-
bral veins has also been reported [123–126]. AVF
involving branches of the external carotid artery,
because of smaller vessel size, demonstrates a
smaller degree of shunting.
Patients most commonly present with a pulsatile

neck or scalp mass, hemorrhage, bruit, or complain
of tinnitus or headache. As with traumatic dis-
sections, stroke may occur as a result of the injury
[21]. Although cervical AVF may demonstrate an
impressive arterial steal phenomenon at angiogra-
phy, cerebral hypoperfusion or heart failure as a
result of a cervical or scalp traumatic AVF is rare
[126,127].
CT may demonstrate hematoma, pseudoaneu-

rysm, and enlargement of the draining vein and
some of its tributaries. Conventional angiography
demonstrates early contrast opacification of the
draining vein and often shows arterial steal distal
to the fistula. The latter findings may be seen on
CTA as asymmetric enhancement on the venous
side of the fistula, perhaps with a subtle decrease
in caliber or contrast density in the feeding artery
distal to the fistula; however, this may not be reli-
ably demonstrated on CTA. Because of the diffi-
culty in timing the bolus strictly to the arterial
phase, visualizing venous structures on CTA is typi-
cally a nonspecific finding unless contrast is not
seen in other venous structures, or if there is a high
suspicion for fistula and additional findings as
described previously are present. As a technical
note, if an underlying fistula is suspected, it may
be helpful to administer contrast by the contralat-
eral arm to avoid retrograde filling of neck veins on
the side of interest generated by the force of
mechanical contrast injection.
Treatment of AVF is accomplished by selectively

occluding the fistula point while preserving the
parent artery. This may be performed by direct
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surgical repair [128] or endovascular methods,
which may include deployment of stents, covered
stents, coils, or detachable balloons [Fig. 13]
[21,125,126,129–131]. Less commonly, occlusion
of the artery distal and proximal to the fistula
point may be required.
Facial trauma and epistaxis

Massive maxillofacial hemorrhage may be second-
ary to facial or skull fractures [132–136] or pene-
trating trauma [137,138]. Clinical findings, such as
Fig. 13. Internal carotid artery to internal jugular vein
demonstrates an irregular collection of contrast adjacent
bullet trajectory, which runs obliquely from right poste
(B) Three-dimensional reconstructed CTA image demonstr
filling of the right internal jugular vein, with appearance
right ICA. Note lag in contrast opacification of the righ
branches, consistent with moderate steal phenomenon
eliminated by stenting of the right ICA and coil emboli
cated with the right internal jugular vein, seen in latera
obvious hemorrhage or expanding hematoma, may
occur immediately or may be delayed.
In this setting, the role of CT evaluation for po-

tential neurovascular injury is primarily one of de-
termining whether active extravasation of contrast
or hematoma is present, and in locating fracture
planes in proximity to major vascular structures.
For example, fractures of the pterygoid plates or
posterior wall of the maxillary sinus in LeFort and
facial smash injury can lacerate branches of the in-
ternal maxillary artery that not infrequently causes
bleeding that is refractory to nasal packing. The
fistula secondary to gunshot wound. (A) Axial CTA
to the right ICA and internal jugular vein along the
rior to left anterior. Note left mandibular fracture.
ates a large, lobulated pseudoaneurysm sac and early
identical to that seen on (C) lateral DSA image of the
t ICA distal to the fistula point relative to right ECA
. The pseudoaneurysm and fistula were completely
zation of the pseudoaneurysm sac, which communi-
l DSA (D) and unsubtracted angiographic (E) images.
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presence of sinus fluid in the setting of facial in-
jury is well known to raise the question of fracture;
fluid in the sphenoid sinus may be particularly
alarming because this may indicate ICA injury
[139,140]. Trauma to the orbits may result in retro-
bulbar hematoma with stretching of the optic
nerve, or vascular compression and central retinal
artery occlusion [141,142].
Pseudoaneurysms or transections of major branches

of the external carotid artery are often best treated
using coils [Fig. 14]. Because of the propensity of
the external carotid branches to collateralize and
reconstitute each other, it is important to deploy
coils both distal and proximal to the injury wherever
technically possible. Where smaller branches are
lacerated, or where a definitive site of bleeding is
not identified, the goal of treatment is to decrease
the pressure head to the region of injury. In this
setting, superselective embolization with polyvinyl
alcohol particles in the 250- to 500-μm range is
often effective. Embolization with very small parti-
cles (eg, polyvinyl alcohol < 250 μm) carries a risk
of devascularization of the capillary bed and pos-
sible embolization to dangerous collaterals, such
as ethmoidal branches communicating with the
ophthalmic artery.
Following embolization of an injured vessel for

control of facial bleeding, control angiography of
both the ipsilateral and contralateral internal and
external carotid arteries should be performed to eval-
uate potential sources of collateral supply that may
cause rehemorrhage, and to rule out intracranial
Fig. 14. Shotgun wound with laceration of the facial arter
left external carotid artery in arterial (A) and venous (B) p
(arrow) with large, slowly filling pseudoaneurysm (arrow
occluded with coils (C).
thromboembolic complications or inadvertent embo-
lization of cerebral vessels by dangerous collaterals.

Intracranial dissections, aneurysms,
pseudoaneurysms, and lacerations

Traumatic intracranial aneurysms and pseudoaneu-
rysms can result from penetrating trauma, such as
gunshot wounds [143–146], stab wounds [147],
nail-gun injuries [148], and skull fracture with trau-
matic lacerationordissectionof the artery [139,140].
They may also be seen in the setting of closed head
injury [140,149–151], either caused by shear injury
[152] or impaction of arteries against fixed dural
structures, such as the falx cerebri [139,140,150].
Traumatic intracranial dissections, which may also
be seen with either penetrating or blunt trauma, are
encountered most frequently in the middle cerebral,
vertebral, and basilar arteries [86].
Direct damage to intracranial blood vessels is

potentially a life-threatening injury. Where a major
brain artery is lacerated or transected, the injury is
often immediately fatal, with the patient expiring
from exsanguinations or the effects of elevated in-
tracranial pressure or brain herniation [Fig. 15]
[153]. Some cases of injury involving the supracli-
noid ICA have presented with severe intractable
epistaxis [86,140,154].
Traumatic intracranial aneurysms or pseudo-

aneurysms, particularly when caused by penetrating
injury, may also appear in delayed fashion [Fig. 16]
[155–157]. This is particularly true for high-velocity
ballistic injury, where hemorrhage or thromboem-
y and uncontrollable hemorrhage. Oblique DSA of the
hase demonstrates truncation of the left facial artery
heads). The artery and pseudoaneurysm neck were



Fig. 15. Intracranial arterial lacerations and transactions with extravasation in a patient with massive skull
fractures after a tree fell on his head. (A) CT demonstrates depressed bifrontal skull fracture, subarachnoid
blood, and numerous foci of parenchymal hemorrhage. Lateral DSA of the cerebral RCCA circulation in early
arterial phase (B) and parenchymal phase (C ) demonstrates multiple fluffy foci of contrast extravasation in the
frontal and parietal lobes. Note absent parenchymal blush and cutoff of multiple frontal branches distal to
extravasation in the perisylvian region.
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bolic complications may not appear until weeks or
even months after the traumatic episode [143–145].
Traumatic intracranial aneurysms have a high rate
of rupture, approximately 50% within the first
week after injury. This type of injury should be
a diagnostic consideration where initial CT evalua-
tion demonstrates intracranial hematoma or sub-
arachnoid blood along the trajectory of the
penetrating object, or where large vessels are in
proximity to the site of injury [152,158]. In one
series, 3.2% of patients with subarachnoid hemor-
rhage following a gunshot wound to the head were
found to have a traumatic intracranial aneurysm
[159]. In patients with penetrating stab wounds,
the incidence of traumatic intracranial aneurysm
has been reported as 12% [160]. Unless the mana-
ging physician suspects the injury enough to order
CTA or angiographic work-up, traumatic intracra-
nial aneurysms and pseudoaneurysms may go un-
detected until a clinical disaster occurs.
Patients with suspected intracranial vascular in-
jury likely require conventional angiography. This
is particularly true for those with traumatic pseu-
doaneurysms, in whom endovascular treatment
is likely to be considered, because in general trau-
matic intracranial pseudoaneurysms do not resolve
spontaneously. Treatment alternatives include sur-
gical clipping or arterial reconstruction, endo-
vascular occlusion of the pseudoaneurysm with
preservation of the parent vessel, trapping of the
aneurysm by surgical or endovascular means
with parent vessel sacrifice, and vascular bypass
[86,161–164]. Distinguishing between true aneu-
rysms and pseudoaneurysms on imaging is often
difficult, even with cerebral angiography, because
the difference between them is essentially histo-
pathologic. In true intracranial aneurysms, the
intima and adventitia are intact, whereas in intra-
cranial pseudoaneurysms the artery is perforated
and the ‘‘dome’’ of the pseudoaneurysm is con-



Fig. 16. Left middle cerebral artery pseudoaneurysm in a 3-month-old girl, shot with a BB with entry wound
behind the ear. Seven days after admission she developed massive left basal ganglia hemorrhage. Anteroposterior
(A) and lateral oblique (B) DSA of the left internal carotid circulation demonstrates a small pseudoaneurysm
arising from a left middle cerebral artery posterior division branch.

Box 2: Classification of carotid-cavernous
fistulae

Barrow type A: Direct fistula between the
intracavernous ICA and the cavernous sinus

Barrrow type B: Indirect fistula between dural
branches of the ICA and the cavernous sinus

Barrow type C: Indirect fistula between dural
branches of the external carotid artery
(eg, the middle meningeal artery, accessory
meningeal artery, internal maxillary artery,
and the cavernous sinus)

Barrow type D: Indirect fistula between dural
branches of both the internal and external
carotid arteries and the cavernous sinus
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tained within extraluminal clot. The lack of a
defined wall in intracranial pseudoaneurysms in-
creases the difficulty of treatment, whether by sur-
gical or endovascular means.

Intracranial arteriovenous fistula

Intracranial AVF are most commonly seen in the
setting of serious head trauma following a motor
vehicle collision, assault, or penetrating injury, but
also may occur after relatively minor trauma. Most
posttraumatic intracranial AVF are CCF [86,165].
In these, the cavernous ICA or one of its small
intracavernous branches is disrupted, resulting in
a direct communication between the torn artery
and the surrounding cavernous sinus. The mecha-
nism of injury is thought to be caused by either
laceration of the artery by spicules of bone asso-
ciated with fracture or penetrating injury, or by
tearing of the intracavernous ICA at points where
it is attached to the dura, located between the fora-
men lacerum and the anterior clinoid process.
Direct CCF may also result from rupture of a pre-
existing or posttraumatic intracavernous aneurysm
into the cavernous sinus. Posttraumatic direct AVF
have been reported in other locations [166], but
are much less common. Indirect CCF, or dural ar-
teriovenous malformations, in which meningeal
arteries communicate with venous sinuses, have
also been associated with a history of trauma.
The most commonly used classification of CCF

[164] divides them into four groups on the basis
of arterial vascular supply [Box 2].
Barrow type-A CCF are usually high-flow fistu-

las and usually occur as a result of an antecedent
traumatic event. In contrast, Barrow types B to D
(dural arteriovenous malformations) typically dem-
onstrate relatively slow flow and occur sponta-
neously, although they have been associated with
trauma. Analogous indirect fistulae may also occur
between dural branches of the external and ICAs
and other large intracerebral venous sinuses, but
these seldom have a clear traumatic etiology.
The telltale angiographic finding in CCF is a

nearly instantaneous filling of the ipsilateral cavern-
ous sinus as contrast reaches the cavernous internal
carotid segment. In most cases, the subcompart-
ments of the cavernous sinus communicate freely
with each other, and most commonly outflow is to
the ipsilateral superior ophthalmic vein and in-
ferior petrosal sinus. In a typical high-flow CCF,
arterial-level pressure within the superior ophthal-
mic vein causes orbital venous hypertension, with
resultant chemosis, proptosis, stretching of the
optic nerve, cranial nerve deficits involving the extra-
ocular muscles, headache, and deterioration in
vision [167].
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Drainage to the contralateral cavernous sinus by
the intercavernous (circular) sinus is also common.
In these patients, bilateral orbital symptoms may
result as the arterialized cavernous sinuses drain to
bilateral superior ophthalmic veins, although this
is rare. Less commonly, there is a component of
drainage to cerebral cortical veins [168,169], with
cerebral venous hypertension and resulting corti-
cal venous ischemia or infarct. Hemispheric infarct
secondary to complete steal of ICA flow has also
been reported [170]. The timing and severity of pre-
senting symptoms depends on a variety of factors,
including size of the arterial rent and available routes
of venous drainage. Symptoms may be immediately
evident, or may also appear in a delayed fashion,
sometimes months to years after injury [171,172].
CT and MR imaging of patients with CCFs com-

monly demonstrate enlargement of the superior
ophthalmic vein, and may demonstrate enlarge-
ment of other draining venous channels or indura-
Fig. 17. CCF following motor vehicle accident. Anteropost
strate a right CCF with drainage to the right superior ophth
inferior petrosal sinuses. (C) The CCF was closed with a det
the right cavernous sinus. (D) Final lateral DSA of the rig
tion in orbital fat. These findings, however, are
not specific for CCF. Additional variable findings
include bulging of the lateral wall of the cavernous
sinus and enlargement of extraocular muscles. MR
imaging may additionally demonstrate arterial-
type flow voids in the cavernous sinus, superior
ophthalmic vein, or other draining veins. CTA of
direct CCF, if the contrast bolus is well-timed, may
demonstrate asymmetric early opacification of a
cavernous sinus in arterial phase [173]; in practice,
however, this is often difficult to achieve reliably.
CTA may also demonstrate a wall defect corre-
sponding to the fistula point [174]. MR angiogra-
phy may demonstrate flow enhancement in the
cavernous sinus; this is often best seen on source
images [175].
Angiographic work-up should include selective

internal carotid and external carotid injections to
distinguish direct fistulas from dural arteriovenous
malformations. Vertebral artery injection should
erior (A) and lateral (B) DSA of the right ICA demon-
almic vein, contralateral cavernous sinus, and bilateral
achable balloon placed through the fistula point, into
ht ICA demonstrates complete closure of the fistula.
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also be performed to evaluate collateral flow in the
circle of Willis, particularly when flow to the distal
ICA beyond the fistula is markedly diminished or
absent. High filming rates are essential in visualiz-
ing the fistula point. Extended filming during the
venous phase is also useful to assess routes of
venous drainage and to evaluate whether cerebral
cortical venous hypertension is present [176].
Indications for urgent treatment include (1) in-

creased intracranial pressure or presence of cere-
bral cortical venous hypertension, (2) deterioration
in vision, (3) increased intraocular pressure, and
(4) worsening proptosis [169]. Endovascular occlu-
sion of the fistula with preservation of the
parent artery is the current preferred treatment
[166,177,178]. This is most commonly accom-
plished by transarterial balloon embolization
[93,179–181], or by transvenous or transarterial
coil occlusion of the cavernous sinus [Fig. 17]
[166,177]. Stents have also been used to close the
fistulous connection [182]. Where technical factors
prevent endovascular repair of the fistula point,
parent vessel sacrifice may be required [183].
Summary

The imaging evaluation of neurovascular injury re-
mains a controversial but important topic. Although
conventional angiography remains the gold stan-
dard, there are clearly some important advantages
to cross-sectional imaging. Immediately obvious
benefits include the decreased risk of complications
and less resource-intensive nature of cross-sectional
imaging and, with regard to CTA, the rapidity of
obtaining the study. Less evident, however, are the
benefits with regard to imaging interpretation. Spe-
cifically, subtle disruptions of the vessel wall may be
detected that are difficult, if not impossible, to see
on angiography if they are not prominent enough to
alter the contrast column. Angiographic perception
of irregularity to the vessel wall not only relies on
this alteration of the contour or density of the con-
trast column, but is often dependent on the angle
from which the vessel is viewed, because summation
of shadows can obscure lesions. The planar recon-
structions and particularly the axial source images of
cross-sectional imaging studies are not as affected by
this phenomenon. Regardless, cross-sectional data
can be manipulated to view the vessel at any
angle, not just those views chosen during the cathe-
ter study as in conventional angiography (although
three-dimensional rotational angiographic ability
may obviate this problem). An additional benefit
of cross-sectional methods is the ability to study
the surrounding tissues; the radiologist can gauge
where vessels were most likely subjected to the great-
est stress, and where they are most likely to have
been injured. For these reasons, the use of cross-
sectional imaging studies will likely continue to
grow as an important tool in the evaluation of this
patient population. The modality does, however,
have limitations that become evident when trying
to visualize the vessels as they traverse bony fora-
mina or course adjacent to metallic fragments; con-
ventional digital subtraction angiography is typically
not as affected by these difficulties.
A wide variety of types of injury have been pre-

sented, with equally diverse clinical scenarios and
potential treatment plans. The basic concept the
radiologist can use in thinking about neurovascular
trauma, however, is simple and threefold: (1) these
lesions reflect a spectrum of degrees of injury to the
vessel wall, (2) imaging features depend on the
extent of damage to the wall, and (3) treatment
considerations are largely determined by whether
or not the wall is sufficiently intact to contain
contrast and blood.
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