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Foreword

When asked to write the Foreword to the fourth edition

of Clinical Anatomy of the Lumbar Spine and Sacrium 1 felt
honoured and privileged. | have known and worked
with Dr Nik Bogduk for the last 10 years, and I have
always respected him for his academic integrity.
Historically, therapeutic injections were done by an
anaesthesiologist in a recovery room in between cases.
Most procedures were done using the surface
anatomy landmarks and a sense of feel to guide the
needle to the supposed target area. Large doses of
local anaesthetic and steroids were used to ensure that
at least a portion of the injectate would get to the
suspected pain generator. This, in many cases, was
effective in treating certain acute inflammatory
conditions along the spine, but it certainly was never
intended to be a technique that had any diagnostic
value.
Over a decade ago, thanks to the efforts of physicians
such as Charlie Aprill, Rick Derby and Nik Bogduk
(founding fathers of the International Spine Inter-
vention Society), fluoroscopy was shown to be of great
value not only for verifying needle placement for
therapeutic injections, but its diagnostic utility
also became obvious. As a member of ISIS, in the
early 1990s | saw a renewed interest in spine anatomy
as well as its accompanying musculoskeletal
components. Physicians attending the early cadaver
courses for the first time could see where the tip of the
needle was going. In order to understand exactly what
was going on, a review of basic spinal anatomy
and biomechanics was imperative. Texts such as
Dr Bogduk’s Clinical Anatomy of the Lumbar Spine
became required reading in order to grasp what they
were seeing and doing with the needle. More
importantly, texts such as these were significant in
helping the interventionalist understand the responses
they saw to the injections.

During my time as Chairman of the Education
Committee for ISIS, I witnessed incredible advance-
ments in the technical complexity of spinal intervention
procedures. However, with this increase in complexity
of techniques came an increase in complications to the
patient. As fluoroscopically guided spinal techniques
became more popular and accepted, cadaver courses
sponsored by many different organizations started to
crop up all over the United States. My concern was
that many of these coursses taught the entire spectrum
of spinal intervention techniques in less than two
days, with usually less than one hour spent on basic
anatomy and biomechanics of the spine. More time
was spent discussing how to charge and how to code
than spent on radiographic anatomy of the spine.

Due to this observation, as well as reports of more
complications to patients from spinal interventions,
ISIS made a concentrated effort to go back to basics;
even the most experienced spinal injectionist would
have difficulty leamning or mastering even a fourth of
what was presented at these multiple modality
courses. In light of this, we felt the best way to teach
spinal interventions was by implementing a very
structured tier of cadaver courses, which began with
basic science and anatomy of the spine, including
radiographic anatomy as well as very basic lumbar
and sacral injections. We also felt it imperative that all
students should start with basic science and lumbar
courses and only then be qualified to advance to
complex anatomy and spinal injection techniques. As
these courses became more structured and organized,
we found that Dr Bogduk'’s book, Clinical Anatonty of
the Lumbar Spine, became not only required reading,
but it was the key reference for instructors to review
prior to teaching the courses.

The timing of this fourth edition is perfect, for now
we have reached the age of ‘minimally invasive’
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procedures used to treat pain generators of the spine.
Chapters on disc pain and posterior element pain
stress not only the anatomy of these structures but
also review the pathophysiology of the degenerative
process and its relationship to pain. More
importantly, these chapters stress what biomechanical
changes may occur as a result of doing destructive
procedures.

After reading the fourth edition in preparing to
write this Foreword, | am humbled by how much |
have learned {or how much I have forgotten) about the
basic anatomy and biomechanics of the lumbar spine
and sacrum. | found myself learning and relearming
many things 1 could apply on a daily basis to my
practice of spinal interventions and pain management.

1 was reminded how important it is to have a firm
understanding of the basic structure of the spine and
its innervation in order to treat patients. 1 cannot
imagine anyone placing needles in or around the
tissue layers and neural elements of the spine without
having a firm grasp as to what the short and long-term
effects may be as a result of these procedures. | highly
recommend this book to any physician or health care
provider involved in spine care. A firm understanding
of this book will provide any spinal interventionist
with the foundation necessary to diagnose and treat
patients with spinal pain.

Stephen M. Endres
Eau Claire, 2005



Preface to the fourth edition

Anatomy changes little. The structure of bones,
joints, ligaments and muscles remains the same as it
always has been. It becomes difficult, therefore, to
answer a publisher’s request for a new edition. It
seems artificial to amend a text when the subject
matter has not substantially changed. From time to
time, however, new insights are brought to light, or
errors of observation in the past are corrected. Minor
though these may be, there is merit in bringing them
to light.

There has been no need to change the fundamental
thrust of this book since its first edition. The basic
structure of the lumbar spine has not changed. For the
fourth edition, only minor changes have been made in
those sections pertaining to morphology and function.
The structure and embryology of the iliolumbar
ligament continues to be controversial. New observa-
tions on the fascicular anatomy of the quadratus lum-
borum have appeared. Nerves have been shown to
grow into damaged intervertebral discs. Further studies
have shown the sacroiliac joint to have a minimal
range of motion.

Where major changes have occurred is in the
application of anatomy to clinical issues. Accordingly,

the major changes in this fourth edition occur in the
chapters pertaining to the causes of back pain. Over the
first three editions, certain themes emerged and
evolved. They have continued to do so. For some, such
as zygapophysial joint pain, more recent data are
sobering. The prevalence of zygapophysial joint pain
may not be as high as previously believed. Conversely,
the amount of data on discogenic pain has increased.
What was ventured as a concept in the first edition has
become more consolidated. Studies have progressively
supported the morphology and diagnosis of internal
disc disruption. Recent studies have established its
biophysics and aetiology.

Both as an educational service, and to make the fourth
edition distinctive, a totally new chapter has been added.
It covers the radiographic anatomy of the lumbar spine.
It does not address pathology but it explains how a
knowledge of anatomy can permit practitioners who are
not radiologists to be comfortable with reading plain
radiographs of the lumbar spine. This chapter provides
an overt link between basic science and clinical practice.

Nikolai Bogduk
Newcastle, NSW, Australia



Preface to the first edition

Low back pain is a major problem in medicine and can
constitute more than 60% of consultations in private
physiotherapy practice. Yet, the emphasis given to
spinal anatomy in conventional courses in anatomy
for medical students and physiotherapists is not
commensurate with the magnitude of the problem of
spinal pain in clinical practice. The anatomy of the
lumbar spine usually constitutes only a small
component of such courses.

Having been involved in spinal research and in
teaching medical students and physiotherapists both
at undergraduate and postgraduate levels, we have
become conscious of how little of the basic sciences
relating to the lumbar spine is taught to students, and
how difficult it can be to obtain information which is
available but scattered through a diversity of
textbooks and journal articles. Therefore, we have
composed this textbook in order to collate that
material which we consider fundamental to the
understanding of the structure, function and common
disorders of the lumbar spine.

We see the text as one which can be used as a
companion to other textbooks in introductory courses
in anatomy, and which can also remain as a resource
throughout later years of undergraduate and
postgraduate education in physiotherapy and
physical medicine. In this regard, references are made
throughout the text to contemporary and major
earlier research papers so that the reader may consult
the original literature upon which descriptions,
interpretations and points
the reference list has been made extensive in order to
provide students seeking to undertake research projects
on some aspect of the lumbar spine with a suitable
starting point in their search through the literature.

Chapters 1-4 outline the structure of the individual
components of the lumbar spine, and the intact spine

is described in Chapter 5. In describing the lumbar
vertebrae and their joints, we have gone beyond the
usual scope of textbooks of anatomy by endeavouring
toexplain why the vertebrae and their components are
constructed the way they are.

Chapter 6 summarises some basic principles of
biomechanics in preparation for the study of the
movements of the lumbar spine which is dealt with in
Chapter 7. Chapter 8 provides an account of the lumbar
back muscles which are described in exhaustive detail
because of the increasing contemporary interest
amongst physiotherapists and others in physical
medicine in the biomechanical functions and so-called
dysfunctional states of the back muscles.

Chapters 9 and 10 describe the nerves and blood
supply of the lumbar spine, and its embryology and
development is described in Chapter 11. This leads to
a description of the age-changes of the lumbar spine in
Chapter 12. The theme developed through Chapters
11 and 12 is that the lumbar spine is not a constant
stereotyped structure as described in conventional
textbooks, but one that continually changes in form
and functional capacity throughout life. Any concept
of normality must be modified according to the age of
the patient or subject.

The final two chapters provide a bridge between
basic anatomy and the clinical problem of lumbar
pain syndromes. Chapter 13 outlines the possible
mechanisms of lumbar pain in terms of the
innervation of the lumbar spine and the relations of
the lumbar spinal nerves and nerve roots, thereby
providing an anatomical foundation for the
appreciation of pathological conditions that can cause
spinal pain.

Chapter 14 deals with pathological anatomy.
Traditional topics like congenital disorders, fractures,
dislocations and tumours are not covered, although
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the reader is directed to the pertinent literature on
these topics. Instead, the scope is restricted to
conditions which clinically are interpreted as
mechanical disorders. The aetiology and pathology of
these conditions are described in terms of the
structural and biomechanical principles developed in
earlier chapters, with the view to providing a rational
basis for the interpretation and treatment of a group of
otherwise poorly understood conditions which
account for the majority of presentations of low back
pain syndromes.

We anticipate that the detail and extent of our
account of the clinical anatomy of the lumbar spine will
be perceived as far in excess of what is conventionally
taught. However, we believe that our text is not simply
an expression of a personal interest of the authors, but
rather is an embodiment of what we consider the
essential knowledge of basic sciences for anyone seeking
to be trained to deal with disorders of the lumbar spine.

Nikolai Bogduk
Lance Twomey



Chapter 1

The lumbar vertebrae

The lumbar vertebral column consists of five separate

CHAPTER CONTENTS vertebrae, which are named according to their location
f in the intact column. From above downwards they are

A typical lumbar vertebra 2 named as the first, second, third, fourth and fifth
Particular features 5 lumbar vertebrae (Fig. 1.1). Although there are certain
The intervertebral joints 9 features that typify each lumbar vertebra, and enable

each to be individually identified and numbered, at an
early stage of study it is not necessary for students to
be able to do so. Indeed, to learn to do so would be
impractical, burdensome and educationally unsound.
Many of the distinguishing features are better
appreciated and more easily understood once the
whole structure of the lumbar vertebral column and its
mechanics have been studied. To this end, a description
of the features of individual lumbar vertebrae is
provided in the Appendix and it is recommended that
this be studied after Chapter 7.

What is appropriate at this stage is to consider
those features common to all lumbar vertebrae and to
appreciate how typical lumbar vertebrae are designed
to subserve their functional roles. Accordingly, the
following description is divided into parts. In the first
part, the features of a typical lumbar vertebra are
described. This section serves either as an intro-
duction for students commencing their study of the
lumbar vertebral column or as a revision for students
already familiar with the essentials of vertebral
anatomy. The second section deals with particular
details relevant to the appreciation of the function of
the lumbar vertebrae, and provides a foundation for
later chapters.

It is strongly recommended that these sections be
read with specimens of the lumbar vertebrae at the
reader’s disposal, for not only will visual inspection
reinforce the written information but tactile exam-
ination of a specimen will enhance the three-dimensional
perception of structure.
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L2
L3
L4
Figure 1.1 The lumbar vertebrae and how they appear in the entire vertebral column.

A TYPICAL LUMBAR VERTEBRA

The lumbar vertebrae are irregular bones consisting of
various named parts (Fig. 1.2). The anterior part of
each vertebra is a large block of bone called the
vertebral body. The vertebral body is more or less box
shaped, with essentially flat top and bottom surfaces,
and
Viewed from above or below the vertebral body has a
curved perimeter that is more or less kidney shaped.
The posterior surface of the body is essentially flat but
is obscured from thorough inspection by the posterior
elements of the vertebra.

The greater part of the top and bottom surfaces of
each vertebral body is smooth and perforated by tiny
holes. However, the perimeter of each surtace is

marked by a narrow rim of smoother, less perforated
bone, which is slightly raised from the surface. This
rim represents the fused ring apophysis, which is a
secondary ossification centre of the vertebral body
(see Ch. 12).

The posterior surface of the vertebral body is
marked by one or more large holes known as
the nutrient foramina. These foramina transmit the
nutrient arteries of the vertebral body and the
basivertebral veins (see Ch. 11). The anterolateral
surfaces of the vertebral body are marked by similar
but smaller foramina which transmit additional intra-
osseous arteries.

Projecting from the back of the vertebral body are
two stout pillars of bone. Each of these is called a
pedicle. The pedicles attach to the upper part of the
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back of the vertebral body; this is one feature
allows the superior and inferior aspects of the vertebral
body to be identified. To orientate a vertebra correctly,
view it from the side. That end of the posterior surface
of the body to which the pedicles are more closely
attached is the superior end (Fig. 1.2A, B).

The word ‘pedicle’ is derived from the Latin
pediculus meaning little foot; the reason for this
nomenclature is apparent when the vertebra is viewed
from above (Fig. 1.2E). It can be seen that attached to
the back of the vertebral body is an arch of bone, the
neural arch, so called because it surrounds the neural
elements that pass through the vertebral column. The
neural arch has several parts and several projections
but the pedicles are those parts that look like short legs
with which it appears to ‘stand’ on the back of the
vertebral body (see Fig. 1.2E), hence the derivation
from the Latin.

Projecting from each pedicle towards the midline is
asheet of bone called the lamina. The name is derived
from the Latin lamina meaning leaf or plate. The two
laminae meet and fuse with one another in the
midline so that in a top view, the laminae look like the
roof of a tent, and indeed form the so-called ‘roof’ of
the neural arch. (Strictly speaking, there are two
laminae in each vertebra, one on the left and one on
the right, and the two meet posteriorly in the midline,
but in some circles the term ‘lamina’ is used
incorrectly to refer to both laminae collectively. When
this is the usage, the term ‘hemilamina’ is used to
refer to what has been described above as a true
lamina.)

The full extent of the laminae is seen in a posterior
view of the vertebra (Fig. 1.2D). Each lamina has
slightly irregular and perhaps sharp superior edges
but its lateral edge is rounded and smooth. There is no
medial edge of each lamina because the two laminae
blend in the midline. Similarly, there is no superior
lateral corner of the lamina because in this direction
the lamina blends with the pedicle on that side. The
inferolateral corner and inferior border of each lamina
are extended and enlarged into a specialised mass of
bone called the inferior articular process. A similar
mass of bone extends upwards from the junction of
the lamina with the pedicle, to form the superior
articufar process.

Each vertebra thus presents four articular processes:
a right and left inferior articular process; and a right
and left superior articular process. On the medial
surface of each superior articular process and on the
lateral surface of each inferior articular process there is
a smooth area of bone which in the intact spine is
covered by articular cartilage. This area is known as
the articular facet of each articular process.

Projecting posteriorly from the junction of the two
laminae is a narrow blade of bone (readily gripped
between the thumb and index finger), which in a side
view resembles the blade of an axe. This is the spinous
process, so named because in other regions of the
vertebral column these processes form projections
under the skin that are reminiscent of the dorsal spines
of fish and other animals. The base of the spinous
process blends imperceptibly with the two laminae
but otherwise the spinous process presents free
superior and inferior edges and a broader posterior
edge.

Extending laterally from the junction of the pedicle
and the lamina, on each side, is a flat, rectangular
bar of bone called the transverse process, so named
because of its transverse orientation. Near its attach-
ment to the pedicle, each transverse process bears
on its posterior surface a small, irregular bony promi-
nence called the accessory process. Accessory processes
vary in form and size from a simple bump on the back
of the transverse process to a more pronounced mass
of bone, or a definitive pointed projection of variable
length.!? Regardless of its actual form, the accessory
process is identifiable as the only bony projection from
the back of the proximal end of the transverse process.
It is most evident if the vertebra is viewed from behind
and from below (Fig. 1.2D, F).

Close inspection of the posterior edge of each of the
superior articular processes reveals another small
bump, distinguishable from its surroundings by its
smoothness. Apparently, because this structure
reminded early anatomists of the shape of breasts, it
was called the mamillary process, derived from the
Latin mamilla meaning little breast. It lies just above and
slightly medial to the accessory process, and the two
processes are separated by a notch, of variable depth,
that may be referred to as the mamillo-accessory notch.

Reviewing the structure of the neural arch, it can be
seen that each arch consists of two laminae, meeting in
the midline and anchored to the back of the vertebral
body by the two pedicles. Projecting posteriorly from
the junction of the laminae is the spinous process, and
projecting from the junction of the lamina and pedicle,
on each side, are the transverse processes. The
superior and inferior articular processes project from
the corners of the laminae.

The other named features of the lumbar vertebrae
are not bony parts but spaces and notches. Viewing a
vertebra from above, it can be seen that the neural arch
and the back of the vertebral body surround a space
that is just about large enough to admit an examining
finger. This space is the vertebral foramen, which
amongst other things transmits the nervous structures
enclosed by the vertebral column.

i
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B. Left lateral view

E. Top view F. Bottom view
Figure 1.2 The parts of a typical lumbar vertebra: AP, accessory process; iaf, inferior articular facet; AP, inferior articular process;
L. lamina; MP, mamillary process; NA neural arch; P, pedicle; RA, ring apophysis; saf, superior articular facet; SAP, superior articular
process; SP, spinous process; TP, transverse process; VB, vertebral body; vf, vertebral foramen.
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The lumbar vertebrae

In a side view, two notches can be recognised above
and below each pedicle. The superior notch is small
and is bounded inferiorly by the top of the pedicle,
posteriorly by the superior articular process, and
anteriorly by the uppermost posterior edge of the
vertebral body. The inferior notch is deeper and
more pronounced. It lies behind the lower part of the
vertebral body, below the lower edge of the pedicle
and in front of the lamina and the inferior articular
process. The difference in size of these notches can be
used to correctly identify the upper and lower ends of
a lumbar vertebra. The deeper, more obvious notch
will always be the inferior.

Apart from providing this aid in orientating a
lumbar vertebra, these notches have no intrinsic
significance and have not been given a formal name.
However, when consecutive lumbar vertebrae are
articulated (see Fig. 1.7), the superior and inferior
notches face one another and form most of what is
known as the intervertebral foramen, whose anatomy
is described in further detail in Chapter 5.

Particular features

Conceptually, a lumbar vertebra may be divided into
three functional components (Fig. 1.3). These are the
vertebral body, the pedicles and the posterior elements
consisting of the laminae and their processes. Each of
these components subserves a unique function but
each contributes to the integrated function of the
whole vertebra.

Vertebrol body

The vertebral body subserves the weight-bearing
function of the vertebra and is perfectly designed for
this purpose. Its flat superior and inferior surfaces
are dedicated to supporting longitudinally applied
loads.

Take two lumbar vertebrae and fit them together
so that the inferior surface of one body rests on the
superior surface of the other. Now squeeze them
together, as strongly as you can. Feel how well they
resist the applied longitudinal compression. The
experiment can be repeated by placing the pair of
vertebrae upright on atable (near the edge so that the
inferior articular processes can hang down over the
edge). Now press down on the upper vertebra and
feel how the pair of vertebrae sustains the pressure,
even up to taking your whole body weight. These
experiments illustrate how the flatness of the vertebral
bodies confers stability to an intervertebral joint, in
the longitudinal direction. Even without intervening
and other supporting structures, two articulated

I
|
|
I
|
|

Posterior elements | Vertebral body

Pedicles

Figure 1.3 The division of a lumbar vertebra into its three
functional components.

vertebrae can stably sustain immense longitudinal
loads.

The load-bearing design of the vertebral body is
also reflected in its internal structure. The vertebral
body is not a solid block of bone but a shell of cortical
bone surrounding a cancellous cavity. The advantages
of this design are several. Consider the problems of a
solid block of bone: although strong, a solid block of
bone is heavy. (Compare the weight of five lumbar
vertebrae with that of five similarly sized stones.)
More significantly, although solid blocks are suitable
for maintaining static loads, solid structures are not
ideal for dynamic load-bearing. Their crystalline
structure tends to fracture along cleavage planes when
sudden forces are applied. The reason for this is that
crystalline structures cannot absorb and dissipate
loads suddenly applied to them. They lack resilience,
and the energy goes into breaking the bonds between
the constituent crystals. The manner in which
vertebral bodies overcome these physical problems
can be appreciated if the intermal structure of the
vertebral body is reconstructed.

With just an outer layer of cortical bone, a vertebral
body would be merely a shell (Fig. 1.4A). This shell is
not strong enough to sustain longitudinal compression
and would collapse like a cardboard box (Fig. 1.4B). it
needs to be reinforced. This can be achieved by
introducing some vertical struts between the superior
and inferior surfaces (Fig. 1.4C). A strut-acts like a solid
but narrow block of bone and, provided it is kept
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straight, itcansustainimmense longitudinal loads. The
problem with a strut, however, is that it tends to bend
or bow when subjected to a longitudinal force.
Nevertheless, a box with vertical struts, even if they
bend, is still somewhat stronger than an empty box
(Fig. 1.4D). The load-bearing capacity of a vertical strut
can be preserved, however, if it is prevented from
bowing. By introducing a series of cross-beams,
connecting the struts, the strength of a box can be
further enhanced (Fig. 1.4E). Now, when a load is
applied, the cross-beams hold the struts in place,
preventing them from deforming and preventing the
box from collapsing (Fig. 1.4F).

The internal architecture of the vertebral body
follows this same design. The struts and cross-beams
are formed by thin rods of bone, respectively called
vertical and transverse trabeculae (Fig. 1.5). The
trabeculae endow the vertebral body with weight-
bearing strength and resilience. Any applied load is
first borne by the vertical trabeculae, and when these

E F

Figure 1.4 Reconstruction of the internal architecture of the
vertebral body. (A) With just a shel! of cortica! bone, a vertebral
body is like 3 box and collapses when a load is applied (B).

(C) Internal vertical struts brace the box (D). {E) Transverse
connections prevent the vertical struts from bowing and
increase the load-bearing capacity of the box. Loads are
resisted by tension in the transverse connections (F).

Figure 1.5 A sagittal section of a lumbar vertebral body
showing its vertical (VT) and transverse (TT) trabeculae.
(Courtesy of Professor |.ance Twomey.)

attempt to bow they are restrained from doing so by
the horizontal trabeculae. Consequently, the load is
sustained by a combination of vertical pressure and
transverse tension in the trabeculae. it is the transfer of
load from vertical pressure to transverse tension that
endows the vertebra with resilience. The advantage of
this design is that a strong but lightweight load-
bearing structure is constructed with the minimum
use of material (bone).

A further benefit is that the space between the
trabeculae can be profitably used as convenient
channels for the blood supply and venous drainage of
the vertebral body, and under certain conditions as an
accessory site for haemopoiesis (making blood cells).
Indeed, the presence of blood in the intertrabecular
spaces acts as a further useful element for transmitting
the loads of weight-bearing and absorbing force.
When filled with blood, the trabeculated cavity of the
vertebral body appears like a sponge, and for this
reason it is sometimes referred to as the vertebral
spongiosa.

The vertebral body is thus ideally designed,
externally and intemnally, to sustain longitudinaily
applied loads. However, it is virtually exclusively
dedicated to this function and there are no features of
the vertebral body that confer stability to the
intervertebral joint in any other direction.

Taking two vertebral bodies, attempt to slide one
over the other, backwards, forwards and sideways.
Twist one vertebral body in relation to the other. Feel
how easily the vertebrae move. There are no hooks,
bumps or ridges on the vertebral bodies that prevent
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gliding or twisting movements between them. Lacking
such features, the vertebral bodies are totally dependent
on other structures for stability in the horizontal plane,
and foremost amongst these are the posterior elements
of the vertebrae.

Posterior elements

The posterior elements of a vertebra are the laminae,
the articular processes and the spinous processes (see
Fig. 1.3). The transverse processes are not customarily
regarded as part of the posterior elements because they
have a slightly different embryological origin (see
Ch. 12), but for present purposes they can be consid-
ered together with them.

Collectively, the posterior elements form a very
irregular mass of bone, with various bars of bone
projecting in all directions. This is because the various
posterior elements are specially adapted to receive the
different forces that act on a vertebra.

The inferior articular processes form obvious hooks
that project downwards. In the intact lumbar vertebral
column, these processes will lock into the superior
articular processes of the vertebra below, forming
synovial joints whose principal function is to provide
a locking mechanism that resists forward sliding and
twisting of the vertebral bodies. This action can be
illustrated by the following experiment.

Place two consecutive vertebrae together so that
their bodies rest on one another and the inferior
articular processes of the upper vertebra lock behind
the superior articular processes of the lower vertebra.
Slide the upper vertebra forwards and feel how the
locked articular processes resist this movement.
Next, holding the vertebral bodies slightly pressed
together, attempt to twist them. Note how one of the
inferior articular processes rams into its apposed
superior articular process, and realise that further
twisting can occur only if the vertebral bodies slide off
one another.

The spinous, transverse, accessory and mamillary
processes provide areas for muscle attachments.
Moreover, the longer processes (the transverse and
spinous processes) form substantial levers, which
enhance the action of the muscles that attach to them.
The details of the attachments of muscles are described
in Chapter 9 but it is worth noting at this stage that
every muscle that acts on the lumbar vertebral column
is attached somewhere on the posterior elements. Only
the crura of the diaphragm and parts of the psoas
muscles attach to the vertebral bodies but these muscles
have no primary action on the tumbar vertebrae. Every
other muscle attaches to either the transverse, spinous,
accessory or mamillary processes or laminae. This

emphasises how all the muscular forces acting on a
vertebra are delivered first to the posterior elements.

Traditionally, the function of the laminae has been
dismissed simply as a protective one. The laminae are
described as forming a bony protective covering over
the neural contents of the vertebral canal. While this is
a worthwhile function, it is not an essential function as
demonstrated by patients who suffer no ill-effecté to
their nervous systems when laminae have been
removed at operation. In such patients, it is only under
unusual circumstances that the neural contents of the
vertebral canal can be injured.

The laminae serve a more significant, but subtle and
therefore overlooked, function. Amongst the posterior
elements, they are centrally placed, and the various
forces that act on the spinous and articular processes
are ultimately transmitted to the laminae. By inspecting
a vertebra, note how any force acting on the spinous
process or the inferior articular processes must next
be transmitted to the laminae. This concept is most
important for appreciating how the stability of the
lumbar spine can be compromised when a lamina is
destroyed or weakened by disease, injury or surgery.
Without a lamina to transmit the forces from the
spinous and inferior articular processes, a vertebral
body would be denied the benefit of these forces that
either execute movement or provide stability.

That part of the lamina that intervenes between the
superior and inferior articular process on each side is
given a special name, the pars interarticularis,
meaning ‘interarticular part’. The pars interarticularis
runs obliquely from the lateral border of the lamina to
its upper border. The biomechanical significance of the
pars interarticularis is that it lies at the junction of the
vertically orientated lamina and the horizontally
projecting pedicle. It is therefore subjected to con-
siderable bending forces as the forces transmitted by
the lamina undergo a change of direction into the
pedicle. To withstand these forces, the cortical bone in
the pars interarticularis is generally thicker than
anywhere else in the lamina.* However, in some indi-
viduals the cortical bone is insufficiently thick to with-
stand excessive or sudden forces applied to the pars
interarticularis,’ and such individuals are susceptible
to fatigue fractures, or stress fractures to the pars
interarticularis.>”

Pedicles

Customarily, the pedicles are parts of the lumbar
vertebrae that are simply named, and no particular
function is ascribed to them. However, as with the
laminae, their function is so subtle (or so obvious) that
it is overlooked or neglected.
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The pedicles are the only connection between the
posterior elements and the vertebral bodies. As
described above, the bodies are designed for weight-
bearing but cannot resist sliding or twisting
movements, while the posterior elements are adapted
to receive various forces, the articular processes
locking against rotations and forward slides, and the
other processes receiving the action of muscles. All
forces sustained by any of the posterior elements are
ultimately channelled towards the pedicles, which
then transmit the benefit of these forces to the
vertebral bodies.

The pedicles transmit both tension and bending
forces. If a vertebral body slides forwards, the inferior
articular processes of that vertebra will lock against
the superior articular processes of the next lower
vertebra and resist the slide. This resistance is
transmitted to the vertebral body as tension along the
pedicles. Bending forces are exerted by the muscles
attached to the posterior elements. Conspicuously (see
Ch. 9), all the muscles that act on a lumbar vertebra
pull downwards. Therefore, muscular action is
transmitted to the vertebral body through the pedicles,
which act as levers and thereby are subjected to a
certain amount of bending.

The pedicles are superbiy designed to sustain these
forces. Externally, they arestout pillars of bone. In cross-
section they are found to be cylinders with thick walls.
This structure enables them to resist bending in any
direction. When a pedicle is bent downwards its upper
wall is tensed while its lower wall is compressed.
Similarly, if it is bent medially its outer wall is tensed
while its inner wall is compressed. Through such
combinations of tension and compression along opposite
walls, the pedicle can resist bending forces applied to it.
In accordance with engineering principles, a beam
when bent resists deformation with its peripheral
surfaces; towards its centre, forces reduce to zero.
Consequently, there is no need for bone in the centre of
a pedicle, which explains why the pedicle is hollow but
surrounded by thick walls of bone.

Internal structure

The trabecular structure of the vertebral body
(Fig. 1.6A) extends into the posterior elements.
Bundles of trabeculae sweep out of the vertebral body,
through the pedicles, and into the articular processes,
laminae and transverse processes. They reinforce these
processes like internal buttresses, and are orientated to
resist the forces and deformations that the processes
habitually sustain® From the superior and inferror
surfaces of the vertebral body, longitudinal trabeculae
sweep into the inferior and articular processes

(Fig. 1.6B). From opposite sides of the vertebral body,
horizontal trabeculae sweep into the laminae and
transverse processes (Fig. 1.6C). Within each process
the extrinsic trabeculae from the vertebral body
intersect with intrinsic trabeculae from the opposite

c
Figure 1.6

Internal architecture of a lumbar vertebra. (A) A
midsagittal section showing the vertical and horizontal trabeculae
of the vertebral body, and the trabeculae of the spinous process.

(B) A Iateral sagittal section showing the trabeculae passing through
the pedicle into the articular processes. (C} A transverse section
showing the trabeculae sweeping out of the vertebral body into the
laminae and transverse processes. (Based on Gatlois and Japiot.!)
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surface of the process. The trabeculae of the spinous
process are difficult to discern in detail, but seem to be
anchored in the lamina and along the borders of the
process®

THE INTERVERTEBRAL JOINTS

When any two consecutive lumbar vertebrae are
articulated, they form three joints. One is formed
between the two vertebral bodies. The other two are
formed by the articulation of the superior articular
process of one vertebra with the inferior artic-
ular processes of the vertebra above (Fig. 1.7). The
nomenclature of these joints is varied, irregular and
confusing.

The joints between the articular processes have an
‘official’ name. Each is known as a zygapophysial
joint® Individual zygapophysial joints can be
specified by using the adjectives ‘left’ or ‘right’ and the
numbers of the vertebrae involved in the formation of
the joint. For example, the left L34 zygapophysial
joint refers to the joint on the left, formed between the
third and fourth lumbar vertebrae.

The term ‘zygapophysial’, is derived from the Greek
words apophysis, meaning outgrowth, and zygos,
meaning yoke or bridge. The term ‘zygapophysis’,
therefore, means ‘a bridging outgrowth’ and refers to
any articular process. The derivation relates to how,
when two articulated vertebrae are viewed from the
side, the articular processes appear to arch towards
one another to form a bridge between the two
vertebrae.

Other names used for the zygapophysial joints are
‘apophysial’ joints and ‘facet’ joints. ‘Apophysial’
predominates in the British literature and is simply a
contraction of ‘zygapophysial’, which is the correct
term. ‘Facet’ joint is a lazy and deplorable term. It is
popularised in the American literature, probably
because it is conveniently short but it carries no formal
endorsement and is essentially ambiguous. The term
stems from the fact that the joints are formed by the
articular facets of the articular processes but the term
‘facet’ applies to any such structure in the skeleton.
Every small joint has a facet. For example, in the
thoracic spine, there are facets not only for the
zygapophysial joints but also for the costovertebral
joints and the costotransverse joints. Facets are not
restricted to zygapophysial articular processes and
strictly the term ‘facet’ joint does not imply only
zygapophysial joints.

Because the zygapophysial joints are located
posteriorly, they are also known as the posterior
intervertebral joints. This nomenclature implies that

LTI o e e
The lumbar vertebrae 9

Joint between TN Joint between
articular R % . vertebral bodies

processe

articular
processes

B. Posterior view
Figure 1.7 The joints between two lumbar vertebrae.
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the joint between the vertebral bodies is known as the
anterior intervertebral joint (Table 1.1) but this latter
term is rarely, if ever, used. In fact, there is no formal
name for the joint between the vertebral bodies, and
difficulties arise if one seeks to refer to this joint.
The term ‘interbody joint’ is descriptive and usable
but carries no formal endorsement and is not
conventional. The term ‘anterior intervertebral joint’ is
equally descriptive but is too unwieldy for convenient
usage.

The only formal technical term for the joints
between the vertebral bodies is the classification to
which the joints belong. These joints are symphyses,
and so can be called intervertebral symphyses® or
intervertebral amphiarthroses, but again these are
unwieldy terms. Moreover, if this system of
nomenclature were adopted, to maintain consistency
the zygapophysial joints would have to be known as
the intervertebral diarthroses (see Table 1.1), which
would compound the complexity of nomenclature of
the intervertebral joints.

In this text, the terms ‘zygapophysial joint’ and
‘interbody joint” will be used, and the details of the
structure of these joints is described in the following
chapters.
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A joint could be formed simply by resting two
consecutive vertebral bodies on top of one another
(Fig. 2.1A). Such a joint could adequately bear weight
and would aliow gliding movements between the two
bodies. However, because of the flatness of the vertebral
surfaces, the joint would not allow the rocking
movements thatare necessary if flexion and extension or
lateral bending are to occur at the joint. Rocking
movements could occur only if one of two modifications
were made. The first could be to introduce a curvature to
the surfaces of the vertebral bodies. For example, the
lower surface of a vertebral body could be curved (like
the condyles of a femur). The upper vertebral body in an
interbody joint could then roll forwards on the flat upper
surface of the body below (Fig. 2.1B). However, this
adaptation would compromise the weight-bearing
capacity and stability of the interbody joint. The bony
surface in contact with the lower vertebra would be
reduced, and there would be a strong tendency for the
upper vertebra to roll backwards or forwards whenever
a weight was applied to it. This adaptation, therefore,
wouid be inappropriate if the weight-bearing capacity
and stability of the interbody joint are to be preserved. It
is noteworthy, however, that in some species where
weight-bearing is not important, for example in fish, a
form of ball-and-socket joint is formed between vertebral
bodies to provide mobility of the vertebral column.!

An alternative modification, and the one that
occurs in humans and most mammals, is to interpose
between the vertebral bodies a layer of strong but
deformable soft tissue. This soft tissue is provided in
the form of the intervertebral disc. The foremost effect
of an intervertebral disc is to separate two vertebral
bodies. The space between the vertebral bodies allows
the upper vertebra to tilt forwards without its lower
edge coming into contact with the lower vertebral
body (Fig. 2.1C).
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Figure 2.1 Possible designs of an interbody joint. (A) The
vertebral bodies rest directly on one another. (B) Adding a
curvature to the bottom of a vertebra allows rocking
movements to occur. (C) Interposing soft tissue between the
vertebral bodies separates them and allows rocking movements
to occur.

The consequent biomechanical requirements of an
intervertebral disc are threefold. In the first instance, it
must be strong enough to sustain weight, i.e. transfer
the load from one vertebra to the next, without col-
lapsing (being squashed). Secondly, without unduly
compromising its strength, the disc must be deform-
able to accommodate the rocking movements of the
vertebrae. Thirdly, it must be sufficiently strong so as
not to be injured during movement. The structure of
the intervertebral discs, therefore, should be studied
with these requirements in mind.

STRUCTURE OF THE INTERVERTEBRAL DISC

Each intervertebral disc consists of two basic
components: a central nucleus pulposus surrounded
by a peripheral anulus fibrosus. Although the nucleus
pulposus is quite distinct in the centre of the disc, and
the anulus fibrosus is distinct at its periphery, there is
no clear boundary between the nucleus and the anulus
within the disc. Rather, the peripheral parts of the
nucleus pulposus merge with the deeper parts of
the anulus fibrosus.

A third component of the intervertebral disc
comprises two layers of cartilage which cover the top
and bottom aspeck of each disc. Each is called a
vertebral endplate (Fig. 2.2). The vertebral endplates
separate the disc from the adjacent vertebral bodies,
and it is debatable whether the endplates are strictly
components of the disc or whether they actually belong
to the respective vertebral bodies. The interpretation
used here is that the endplates are components of the
intervertebral disc.

Nucleus pulposus

In typical, healthy, intervertebral discs of young
adults, the nucleus pulposus is a semifluid mass of
mucoid material (with the consistency, more or less, of
toothpaste). Embryologically, the nucleus pulposus is
a remnant of the notochord (see Ch. 12). Histologically,
it consists of a few cartilage cells and some irregularly
arranged collagen fibres, dispersed in a medium of
semifluid ground substance (see below). Biomechani-
cally, the fluid nature of the nucleus pulposus allows it
to be deformed under pressure, but as a fluid its
volume cannot be compressed. If subjected to pressure
from any direction, the nucleus will attempt to deform
and will thereby transmit the applied pressure in all
directions. A suitable analogy is a balloon filled with
water. Compression of the balloon deforms it; pressu
in the balloon rises and stretches the walls of the
balloon in all directions.
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Figure 2.2 The basic structure of a lumbar intervertebral
disc. The disc consists of a nucleus pulposus (NP} surrounded
by an anulus fibrosus (AF), both sandwiched between two
cartilaginous vertebral endplates (VEP).

Anulus fibrosus

The anulus fibrosus consists of collagen fibres
arranged in a highly ordered pattern. Foremost, the
collagen fibres are arranged in between 10 and 20
sheets?? called lamellae (from the Latin lamella
meaning little leaf). The lamellae are arranged in
concentric rings which surround the nucleus pulposus
(Figs 2.2 and 2.3). The lamellae are thicker towards the
centre of the disc;* they are thick in the anterior and
lateral portions of the anulus but posteriorly they are
finer and more tightly packed. Consequently the
posterior portion of the anulus fibrosus is thinner than
the rest of the anulus.254

Within each lamella, the collagen fibres lie parallel
to one another, passing from the vertebra above to the

Figure 2.3 The detailed structure of the anulus fibrosus.
Collagen fibres are arranged in 10-20 concentric
circumferential lamellae. The orientation of fibres alternates
in successive lamellae but their orientation with respect to
the vertical (8) is always the same and measures about 65'.

vertebra below. The orientation of all the fibres in any
given lamella is therefore the same and measures about
65-70" from the vertical.”® However, while the angle is
the same, the direction of this inclination alternates
with each lamella. Viewed from the front, the fibres in
one lamella may be orientated 65 to the right but those
in the next deeper lamella will be orientated 65° to the
left. The fibres in the next lamella will again lie 65" to
the right, and so on (see Fig. 2.3). Every second lamella,
therefore, has exactly the same orientation. These
figures, however, constitute an average orientation of
fibres in the mid-portion of any lamella. Near their
attachments, fibres may be orientated more steeply or
less steeply with respect to the sagittal plane.?

The implication of the classic description of the
anulus fibrosus is that the lamellae of the anulus form
complete rings around the circumference of the disc.
However, this proves not to be the case. In any given
quadrant of the anulus, some 40% of the lamellae are
incomplete, and in the posterolateral quadrant some
50% are incomplete.* An incomplete lamella is one that
ceases to pass around the circumference of the disc.
Around its terminal edge the lamellae superficial and
deep to it either approximate or fuse (Fig. 2.4).
Incomplete lamellae seem to be more frequent in the
middle portion of the anulus.’

Vertebral endplates

Each vertebral endplate is a layer of cartilage about
0.6-1 mm thick!%-"? that covers the area on the



L ek NRFAE B | B BC
it o tn b4 1l

14 CLINICAL ANATOMY OF THE LUMBAR SPINE AND SACRUM

NN

LANRDNRNY

Figure 2.4 The appearance of incomplete lamellae of the
anulus fibrosus. At ‘a’, two subconsecutive lamellae fuse
around the terminal end of an incomplete lamella. At ‘b, two
subconsecutive lamellae become apposed, without fusing,
around the end of another incomplete lamella.

vertebral body encircled by the ring apophysis. The
two endplates of each disc, therefore, cover the
nucleus pulposus in its entirety, but peripherally they
fail to cover the entire extent of the anulus fibrosus
(Fig. 2.5). Histologically, the endplate consists of both
hyaline cartilage and fibrocartilage. Hyaline cartilage
occurs towards the vertebral body and is most
evident in neonatal and young discs (see Ch. 12).
Fibrocartilage occurs towards the nucleus pulposus; in
older discs the endplates are virtually entirely
fibrocartilage (see Ch. 13). The fibrocartilage is formed
by the insertion into the endplate of collagen fibres of
the anulus fibrosus.

The collagen fibres of the inner lamellae of the
anulus enter the endplate and swing centrally within
it. >34 By tracing these fibres along their entire length
it can be seen that the nucleus pulposus is enclosed by
a sphere of collagen fibres, more or less like a capsule.
Anteriorly, posteriorly and laterally, this capsule is

Vertebral endplate

fely

1

Ring apophysis
Figure 2.5 Detailed structure of the vertebral endplate. The
collagen fibres of the inner two-thirds of the anulus fibrosus
sweep around into the vertebral endplate, forming its
fibrocartilaginous component. The peripheral fibres of the
anulus are anchored into the bone of the ring apophysis.

apparent as the innermost lamellae of the anulus
fibrosus, but superiorly and inferiorly the ‘capsule’ is
absorbed into the vertebral endplates (see Fig. 2.5).

Where the endplate is deficient, over the ring
apophysis, the collagen fibres of the most superficial
lamellae of the anulus insert directly into the bone of
the vertebral body (see Fig. 2.5)." In their original
form, in younger discs, these fibres attach to the
vertebral endplate which fully covers the vertebral
bodies in the developing lumbar spine, but they are
absorbed secondarily into bone when the ring
apophysis ossifies (see Ch. 12).

Because of the attachment of the anulus fibrosus to
the vertebral endplates, the endplates are strongly
bound to the intervertebral disc. In contrast, the
endplates are only weakly attached to the vertebral
bodies'*!* and can be wholly torn from the verte-
bral bodies in certain forms of spinal trauma.’ It is for
this and other morphological reasons that the endplates
are regarded as constituents of the intervertebral disc
rather than as parts of the vertebral bodies.!™2

Over some of the surface area of the vertebral
endplate (about 10%) the subchondral bone of the
vertebral body is deficient and pockets of the marrow
cavity touch the surface of the endplate or penetrate a
short distance into it."""® These pockets facilitate the
diffusion of nutrients from blood vessels in the
marrow space and are important for the nutrition of
the endplate and intervertebral disc (see Ch. 11).

DETAILED STRUCTURE
OF THE INTERVERTEBRAL DISC

Constituents
Glycosaminoglycans

As a class of chemicals glycosaminoglycans (GAGs)
are present in most forms of connective tissue. They
are found in skin, bone, cartilage, tendon, heart valves,
arterial walls, synovial fluid and the aqueous humour
of the eye. Chemically, they are long chains of
polysaccharides, each chain consisting of a repeated
sequence of two molecules called the repeating unit
(Fig. 2.6).22' These repeating units consist of a sugar
molecule and a sugar molecule with an amine attached,
and the nomenclature ‘glycosaminoglycan’ is designed
to reflect the sequence of ‘sugar amine-sugar— . . ." in
their structure.

The length of individual GAGs varies but is char-
acteristically about 20 repeating units.2! Each different
GAG is characterised by the particular molecules that
make up its repeating unit. The GAGs predominantly
found in human intervertebral discs are chondroitin-
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Figure 2.6 The molecular structure of a mucopolysaccharide.
The motecule consists of a chain of sugar molecules, each
being a six-carbon ring (hexose). Every second sugar is a
hexose-amine (HA}. The chain is a repetition of identical pairs
of hexose, hexose-amine units, called the repeating unit.

6-sulphate, chondroitin4-sulphate, keratan sulphate
and hyaluronic acid. 22 The structures of the repeating
unite of these molecules are shown in Fig. 2.7.

Proteoglycons

Proteoglycans are very large molecules consisting of
many GAGs linked to proteins. They occur in two
basic forms: proteoglycan units and proteoglycan
aggregates. Proteoglycan units are formed when
several GAGs are linked to a polypeptide chain
known as a core protein (Fig. 2.8).2%" A single core
protein may carry as few as six or as many as 60
polysaccharide chains?' The GAGs are joined to the
core protein by covalent bonds involving special sugar
molecules.®® Proteoglycan aggregates are formed
‘when several proteoglycan units are linked to a chain
of hyaluronic acid. A single hyaluronic chain may bind
20 to 100 proteoglycan units.*? The linkage between
the proteoglycan units and the hyaluronic acid is
stabilised by a relatively small mass of protein known
as the link protein (see Fig. 2.8).2
| The cardinal proteoglycan of the intervertebral
'disc resembles that of articular cartilage and is
known as aggrecan.? Its detailed structure is shown
in Figure 2.9. Its core protein exhibits three coiled
regions called globular domains (G1, G2 and G3) and
two relatively straight regions called extended
domains (E1 and E2).% GAGs are bound principally
and most densely to the E1 domain. Chondroitin
suiphate binds to the terminal three-quarters or so of
the E2 domain (i.e. towards the carboxyl end, or
C-terminal, of the core protein).?*-% Keratan sulphate
binds predominantly towards the N-terminal of the
E2 domain but also occurs amongst the chondroitin
chains.2-242627 Some keratan sulphate chains also
bind to the E1 domain.

The N-terminal of the core protein bears the G1
domain, which is folded like an immunoglobulin; a
similar structure is exhibited by the link protein. It is

Hyaluronic Acid

COOH
1Y
OH H/H
B1, 4 H OH
Glucuronic acid N. acely! glucosamine

Chondroitin 4 Sulphate

COOH CH,OH
0 HSO,
—(L H 0
OH H/H L
H 0 NHCOCH,
Glucuronic acid N. acetyl glucosamine
4 sulphate
Chondroitin 6 Sulphate

COOH CH,080;H

H OH H NHCOCH,

Glucuronic acid N. acetyl glucosamine
6 sulphate
Keratan Sulphate
CH,0H CH,080;H
0 0
1 OH ol
H H/H H L
H OH H NHCOCH,
Galactose N. acetyl glucosamine

6 sulphate

Figure 2.7 The chemical structure of the repeating units of
the glycosaminoglycans.

these coiled structures that bind hyaluronic acid and
allow the aggrecan molecules to aggregate.® The G1
domain does not assume its structure until after a
newly synthesised molecule of aggrecan has left the
cell that produces it.® This ensures that aggregation
occurs only in the extracellular matrix.

Details of the G3 domain are still being determined
but it seems to have a carbohydrate-binding capacity,

T
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Figure 2.8 The structure of proteoglycans. Proteoglycan units are formed by many GAGs linked to a core protein. Keratan sulphate
chains (KS) tend to occur closer to the head of the core protein. Longer chains of chondroitin sulphate (CS) are attached along the
entire length of the core protein. Proteoglycan aggregates are formed when several protein units are linked to a chain of hyaluronic

acid. Their linkage is stabilised by a link protein.

which might enable aggrecan molecules to attach to
cell surfaces. The functions of the G2 domain remain
unclear. Functionally, the E2 domain is the important
one, for it is this region that is responsible for the
water-binding properties of the molecule.

Large proteoglycans that aggregate with hyaluronic
acid are characteristic of hyaline cartilage and they
occur in immature intervertebral discs.2 They are rich
in chondroitin sulphate, carrying about 100 of these
chains, each with an average molecular weight of about
20 000. They carry 30-60 keratan sulphate chains, each
with a molecular weight of 4000 to 8000.” Large and
moderately sized proteoglycans that do not aggregate
with hyaluronic acid are the major proteoglycans that
occur in the mature nucleus pulposus®

[n vivo, proteoglycan units and aggregates are
convoluted to form complex, three-dimensional
molecules, like large and small tangles of cotton wool
(Fig. 2.10). Physicochemically, these molecules have
the property of attracting and retaining water
(compare this with the water-absorbing properties of a
ball of cotton wool). The volume enclosed by a
proteoglycan molecule, and into which it can attract
water, is known as its domain.?!

The water-binding capacity of a proteoglycan
molecule is partially a property of its size and physical
shape, but the main force that holds water to the
molecule stems from the ionic, carboxyl (COOH) and
sulphate (SO,) radicals of the GAG chains (see
Fig. 2.7). These radicals attract water electrically, and
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Figure 2.9 The structure of aggrecan. The
core protein exhibits three globular domains
(G1, G2 and G3) and two extended domains
(E1 and E2). The E2 domain binds keratan
sulphate (KS) and chondroitin sulphate (CS).
The G1 domain is coiled like an
immunoglobulin (Ig), as is the link protein,
and is the site of the aggrecan molecule that
binds with hyaturonic acid.

G1
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Figure 2,10 A sketch of a coiled proteoglycan unit, illustrating
how the ionic radicals on its GAGs attract water into its
‘domain’

the water-binding capacity of a proteoglycan can be
shown to be proportional to the density of these ionic
radicals in its structure. In this respect, sulphated
GAGs attract water more strongly than other
mucopolysaccharides of similar size that lack sulphate
radicals. Furthermore, it is readily apparent that
because the chondroitin sulphates have both sulphate
and carboxyl radicals in their repeating units (see
Fig. 2.7), they will have twice the water-binding
capacity of keratan sulphate, which, although carrying

a sulphate radical, lacks a carboxyl radical. The water-
binding capacity of any proteoglycan will therefore be
largely dependent on the concentration of chondroitin
sulphate within its structure.?

Collagen

Fundamentally, collagen consists of strands of protein
molecules. The fundamental unit of collagen is the
tropocollagen molecule, which itself consists of three
polypeptide chains wound around one another in a
helical fashion and held together end to end by
hydrogen bonds (Fig. 2.11). Collagen is formed when
many tropocollagen molecules are arrayed end-on and
side by side. When only a few tropocollagen chains are
arrayed side by side, the structure formed is known as a
small collagen fibril. When the structure is made
thicker, by the addition of furtherlayers of tropocollagen
chains, it becomes a large fibril. The aggregation of
several large fibrils forms a collagen fibre. The
tropocollagen chains within a collagen fibre are held
together, side by side, by covalent bonds involving a
molecule of hydroxylysine (see Fig. 2.11).2%

There are 11 types of collagen found in connective
tissue.3! Each type is genetically determined and
differs in the chemical nature of the polypeptide
chains that form the tropocotlagen molecules found in
the collagen fibre and in the microstructure of the
fibre. The different types of collagen are denoted by
Roman numerals as types 1, I1, IIT up to type XI.

Types I, 11, 111, V and XI exhibit the typical triple
helical structure described above. Types IV and VII are
long-chain molecules that bear a globular extension at
one end and whose triple helix is interrupted
periodically by non-helical segments. Types VI, VIII,

17
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A. Collagen fibnl
0.1 ~0.5u

B. Microfibnl

0.04p

Tropocollagen chain

Bond between chains

C. Tropocollagen

15A

Splicing

Polypeptide chains

Figure 2.11  The structure of collagen. A coilagen fibril (A)

is made up of several microfibrils (8). Each microfibril consists
of several chains of tropocollagen (C) heid together side to

side by covalent bonds involving hydroxylysine molecules (...).
Tropocollagen consiste of three polypeptide chains wound around
one another in a helical fashion. Tropocollagen chains are formed
by the peptide chains in consecutive molecules splicing and being
held together by electrostatic bonds between their ends.

IX and X are much shorter molecules with interrupted
or uniform helical segments that bear globular
extensions at one or both ends.?!

Type [, I and LI molecules form most of the
collagen fibres of the body; types I and I are typical of
musculoskeletal tissues. Their distribution is shown in
Table 2.1. Type I collagen is essentially tensile in nature
and is found in tissues that are typically subjected to
tension and compression. Type Il collagen is more
elastic in nature and is typically found in tissues
habitually exposed to pressure.

Type I1I collagen is typical of the dermis, blood
vessels and synovium. Type IV collagen occurs only

Table 2.1  Genetic types of collagen and their
distribution in connective tissues

Type Distribution

| Skin, bone, tendon, meniscus, dentine, anulus fibrosus
1 Cartilage, vitreous humour, nucieus pulposus

I+ Dermis, heart, blood vessels, synovium

v Basement membrane

\ Co-distributed with type |

vi Biood vessels, viscera, muscle

vil Ectodermal basement membranes

Vil Descemet’s membrane

IX Cartilage, vitreous humour
X Epiphysial plates
Xl Co-distributed with type i

in basement membranes; type VII is found in
basement membranes of ectodermal origin; and type
VIl is found in Descemet’s membrane of the cornea;
type X has been found only in epiphysial plates; type
VI is characteristically found in blood vessels,
viscera and muscles while type IX occurs in
cartilagey

The principal types of collagen found in the
intervertebral disc are types I and II. Other types
of collagen occur in much lesser amounts. Type V
collagen is regularly associated with type I collagen
and is co-distributed with it, but its concentration is
only about 3% of that of type I. Similarly, type Xi
coexists with type Il but at only about 3% of its
concentration.3! Type IX collagen occurs in discs at
about 2% of the concentration of type II; its function
appears to be to link proteoglycans to collagen fibres
and to control the size of type Il fibrils.¥ Small
amounts of type V1 collagen occur in both the nucleus
pulposus and anulus fibrosus, and traces of type LlI
collagen occur within the nucleus pulposus and inner
anulus fibrosus; these collagens are located in the
immediate pericellular regions of the matrix,? but
their functions are still unknown.

Both type I and type Il collagen are present in the
anulus fibrosus but type 1 is the predominant
form 2293337 Type 1] collagen predominates in the
nucleus pulposus and is located between cells in
the interterritorial matrix.® Type I collagen is absent
from the central portions of the nucleus or is present
only in small amounts. This difference in distribution
within the intervertebral disc correlates with the
different biomechanical roles of the anulus fibrosus
and the nucleus pulposus. From a knowledge of the
biochemistry of the collagen in the intervertebral disc,
it can be anticipated that the nucleus pulposus, with
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only type Il collagen, will be involved more in
processes involving pressure, while the anulus
fibrosus, containing both type 1 and type 1l collagen,
will be involved in both tension-related and pressure-
related processes.

An important property of collagen and prote-
oglycans is that they can bind together. The binding
involves both electrostatic and covalent bonds, 2033740
and these bonds contribute to the strength of structures
whose principal constituents are proteoglycans and
collagen. Bonds are formed directly between proteo-
*glycans and type 1 and type Il collagen, or indirectly
through type IX collagen.

Other proteoglycans

Like articular cartilage, the intervertebral disc contains
small quantities of two small proteoglycans - decorin
and biglycan* — whose core proteins bear chains of the
glycosaminoglycan dermatan sulphate, one chain in
the case of decorin, two in the case of biglycan. These
proteoglycans interact with collagen, fibronectin and
growth factors in the matrix of the disc, and are
therefore critical factors in the homeostasis and repair
of the matrix.

Enzymes

The intervertebral disc, like articular cartilage,
contains proteolytic enzymes.**-*> These enzymes are
known as matrix metalloproteinases (MMPs). The
three main types are MMP-1 (or collagenase), MMP-2
(or gelatinase) and MMP-3 (or stromelysin). Colla-
genase and gelatinase have very selective substrates.
Collagenase can cleave type 1l collagen; gelatinase
cannot but it can cleave the fragments of type II
collagen produced by collagenase. Stromelysin is the
most destructive of the enzymes. It can cleave types
11, XI and IX collagen as well as fibronectin but it also
has an aggressive action on proteoglycans, cleaving
aggrecan molecules between their E1 and G2
domains.

Under normal circumstances, these enzymes
function to remove old components of the matrix,
allowing them to be replaced with fresh components.
The enzymes are secreted as inactive forms, which are
subsequently activated by agents such as plasmin,
and are inhibited by proteins known as tissue
inhibitors of metalloproteinases, which prevent
excessive enzyme activity.** If the balance between
activators and inhibitors is disturbed, excessive action
of stromelysin may result in degradation of the
matrix, at a rate that normal repair processes cannot
keep up with.

y

Microstructure
Nucleus pulposus

The nucleus pulposus is 70-90% water'720%4 although
the exact proportion varies with age (see Ch. 13).
Proteoglycans are the next major component, and they
constitute about 65% of the dry weight of the
nucleus.*# The water of the nucleus is contained within
the domains of these proteoglycans. Only about 25% of
the proteoglycans occur in an aggregated form.2* The
maijority are in the formn of freely dispersed proteoglycan
units that lack a functional binding site that would
enable them to aggregate with hyaluronic acid.2

About two-thirds of the proteoglycan aggregates in
the nucleus pulposus are smaller than those typically
found in articular cartilage?’” Each consists of about 8
to 18 proteoglycan units closely spaced on a short
chain of hyaluronic acid.”

Interspersed through the proteoglycan medium are
thin fibrils of type 1l collagen, which serve to hold
proteoglycan aggregates together.**' The mixture of
proteoglycan units, aggregates and collagen fibres
within the nucleus pulposus is referred to collectively
as the matrix of the nucleus.

Collagen constitutes 15-20% of the dry weight
of the nucleus?# and the remainder of the nucleus
consists of some elastic fibres and small quantities of
various other proteins known as non-collagenous
proteins.3-#:36485253 These include the link proteins of
the proteoglycans¥# and other proteins involved in
stabilising the structure of large collagen fibrils®” and
other components of the nuclear matrix;* however,
the function of many of these non-collagenous proteins
remains unknown.*

Embedded in the proteoglycan medium of the
nucleus are cartilage cells (chondrocytes), and in
the newborn there are also some remnant cells of the
notochord (see Ch. 12).38 The cartilage cells are located
predominantly in the regions of the vertebral endplates
and are responsible for the synthesis of the proteo-
glycans and collagen of the nucleus pulposus.!®3
The type Il collagen that occurs in the intervertebral
disc is characteristically located around the cells of
the nucleus pulposus and the inner anulus fibrosus.?!

It is the presence of water, in large volumes, that
endows the nucleus pulposus with its fluid properties,
and the proteoglycans and collagen fibrils account for
its ‘thickness’ and viscosity (‘stickiness’).

Anulus fibrosus

Water is also the principal structural component of
the anulus fibrosus, amounting to 60-70% of its
weight.!73046-4% Collagen makes up 50~60% of the dry

e
.
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weight of the anulus,®34652 and the tight spaces
between collagen fibres and between separate
lamellae are filled with a proteoglycan gel that binds
the collagen fibres and lamellae together to prevent
them from buckling or fraying.?* Proteoglycans make
up about 20% of the dry weight of the anulus,* and it
is this gel that binds the water of the anulus. About
50-60% of the proteoglycans of the anulus fibrosus are
aggregated, principally in the form of large
aggregates.?” The concentration of proteoglycans and
water is somewhat greater in the anterior anulus than
in the posterior anulus, and in both regions increases
from the outer to the inner anulus; conversely, there is
progressively less collagen from the outer to the inner
anulus,>

Interspersed among the collagen fibres and
lamellae are chondrocytes and fibroblasts that are
responsible for synthesising the collagen and
the proteoglycan gel of the anulus fibrosus. The
fibroblasts are located predominantly towards the
periphery of the anulus while the chondrocytes occur
in the deeper anulus, towards the nucleus.!*#

From a biochemical standpoint, it can be seen that
the nucleus pulposus and anulus fibrosus are similar.
Both consist of water, collagen and proteoglycans. The
differences lie only in the relative concentrations of
these components, and in the particular type of
collagen that predominates in each part. The nucleus
pulposus consists predominantly of proteoglycans
and water, with some type Il collagen. The anulus
fibrosus also consists of proteoglycans and a large
amount of water but is essentially ‘thickened’ by a
high concentration of collagen, type Il collagen being
found throughout the anulus and type | concentrated
largely in the outer anulus.®

The anulus fibrosus also contains a notable
quantity of elastic fibres.5>* Elastic fibres constitute
about 10% of the anulus fibrosus and are arranged
circularly, obliquely and vertically within the lamellae
of the anulus.® They appear to be concentrated
towards the attachment sites of the anulus with the
vertebral endplate.

Vertebral endplates

The chemical structure of the vertebral endplate
resembles and parallels that of the rest of the disc. [t
consists of proteoglycans and collagen fibres, with
cartilage cells aligned along the collagen fibres.!t It
resembles the rest of the disc by having a higher
concentration of water and proteoglycans and a lower
collagen content towards its central region, which
covers the nucleus pulposus, with a reciprocal pattern
over the anulus fibrosus. Across the thickness of the

endplate the tissue nearer bone contains more collagen
while that nearer the nucleus pulposus contains more
proteoglycans and water.!! This resemblance to the
rest of the disc means that at a chemical level the
endplate does not constitute an additional barrier to
diffusion. Small molecules pass through an essentially
uniform, chemical environment to move from the
vertebral body to the centre of the disc.

Metabolism

The proteoglycans and collagen of the intervertebral
disc are synthesised and maintained by the
\chrondrocytes and fibroblasts of the nucleus and
‘anulus (Fig. 2.12). In fetal and newborn discs, cells in
the nucleus exhibit far greater synthetic activity than
;those in the anulus, but in mature discs the greatest
lactivity occurs in the mid-portion of the anulus, there
\being progressively less activity exhibited towards the
outer anulus and towards the nucleus.®

Once synthesised and delivered out of the cell, the
proteoglycans aggregate and bind to the collagen
fibres, thereby establishing the solid phase of the
matrix. Water is then retained in the domains of
the proteoglycans. This matrix, however, undergoes a
slow turnover. Systematically, old proteoglycans and
collagen are constantly removed and replaced.
Removal is achieved by the metalloproteinases.
Collagenase degrades type Il collagen whereas
stromelysin degrades both collagen and proteoglycans
(see Fig. 2.12).

All these activities require the cells to be meta-
bolically active; they require oxygen, glucose, the sub-
strates for the products they produce, and cofactors
involved in their production. However, the disc
essentially lacks a blood supply and the cells therefore
rely on diffusion for their nutrition (see Ch. 11). Because
of this low blood supply, the oxygen concentrations in
the centre of a disc are only 2-5% of those at its
periphery®! and the cells of the disc must rely on
anaerobic metabolism. As a result, the cells produce
large amounts of lactic acid, which makes the envi-
ronment of the disc acidic®*? with a pH in the range
of 6.9-7.1 8162

The metabolism of cells in the nucleus is very
sensitive to changes in pH. They are maximally active
in pH ranges of 6.9-7.2, but below 6.8 their activity
falls steeply. Below 6.3 their activity is only about 15%
maximum.$?

The status of the matrix relies on a critical balance
between the synthetic and degradative activities of the
cells, and this balance can be disturbed by any number
of factors such as impaired nutrition, inflammatory
mediators or changes in pH. Seemingly trivial changes
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Figure 2.12 Metabolism of the matrix Degradation Synthesis
of an intetvertebral disc. Chrondrocytes
synthesise collagen and proteoglycans,
which form the matrix and retain water.
They also produce enzymes that can
degrade the collagens and proteoglycans.
The enzymes, in turn, are controlled by Prostromelysin
activators such as plasmin, and inhibitors
such as tissue inhibitors of Progelatinase
i IMP).
metalloproteinases (TIMP) Procotagendss
+ Gj Plasmin Collagen Proteogiycans
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in these factors can lead to major changes in the status
of the matrix.

FUNCTIONS OF THE DISC

T R T B R

The principal functions of the disc are to allow
movement between vertebral bodies and to transmit
loads from one vertebral body to the next. Having
reviewed the detailed structure of the intervertebral
disc, it is possible to appreciate how this structure
accommodates these functions.

Weight-bearing

Both the nucleus pulposus and the anulus fibrosus are
involved in weight-bearing. The anulus participates in
two ways: independently; and in concert with the
nucleus pulposus. Its independent role will be
considered first.

Although the anulus is 60-70% water, its densely
packed collagen lamellae make it a turgid, relatively
stiff body. In a sense, the collagen lamellae endow the
anulus with ‘bulk’. As long as the lamellae remain
healthy and intact and are held together by their
proteoglycan gel, the anulus will resist buckling and

will be capable of sustaining weight in a passive way,
simply on the basis of its bulk.

A suitable analogy for this phenomenon is a thick
book like a telephonedirectory. If the book is wrapped
into a semicylindrical form and stood on its end, its
weight-bearing capacity can be tested and appreciated.
So long as the pages of the book do not buckle, the
book standing on end can sustain large weights.

The compression stiffness of the anulus fibrosus is
essentially uniform across the thicliness of the anujus,
although there is a tendency for the inner anulus to be
less stiff than the middle and outer anuli* The
compression stiffness of the anulus correlates inversely
but weakly with its water content but not with its
proteoglycan content,>

It has been shown experimentally that, under
briefly applied loads, a disc with its nucleus removed
maintains virtually the same axial load-bearing
capacity as an intact disc.®® These observations
demonstrate that the anulus fibrosus is able to act as a
passive space filler and to act alone in transmitting
weights from one vertebra to the next. The disc does
not necessarily need a nucleus pulposus to do this -
the anulus alone can be sufficient.

The liability of an isolated anulus fibrosus, however,
is that if subjected to prolonged weight-bearing, it will
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tend to deform, i.e. it will be slowly squashed by any
sustained weight. Sustained pressure will buckle the
collagen lamellae and water will be squeezed out of
the anulus. Both processes will lessen the height of the
anulus. The binding of the collagen by proteoglycan
gel will not be enough to prevent this prolonged
deformation. Some form of additional bracing \
mechanism is required. This is provided by the ¥

nucleus pulposus.

As a ball of fluid, the nucleus pulposus may be
deformed but its volume cannot be compressed. Thus, A
when a weight is applied to a nucleus from above it
tends to reduce the height of the nucleus, and the
nucleus tries to expand radially, i.e. outwards towards
the anulus fibrosus. This radial expansion exerts a
pressure on the anulus that tends to stretch its collagen
lamellae outwards; however, the tensile properties of
the collagen resist this stretch, and the collagen
lamellae of the anulus oppose the outward pressure
exerted on them by the nucleus (Fig. 2.13).

For any given load applied to the disc, an
equilibrium will eventually be attained in which the
radial pressure exerted by the nucleus will be exactly
balanced by the tension developed in the anulus. In a
healthy disc with intact collagen lamellae, this
equilibrium is attained with minimum radial expansion
of the nucleus. The anulus fibrosus is normally so thick
and strong that, during weight-bearing, it resists any
tendency for the disc to bulge radially. Application of a
40 kg load to an intervertebral disc causes only 1 mm of
vertical compression and only 05 mm of radial
expansion of the disc.**

The other direction in which the nucleus exerts its
pressure is towards the vertebral endplates (see
Fig. 2.13) but because the endplates are applied to the
vertebral bodies they too will resist deformation. The
situation that arises, therefore, is that when subjected B
to a load, the nucleus attempts to deform but it is
prevented from doing so. Radially it is constrained by
the anulus fibrosus, and upwards and downwards it is
constrained by the vertebral endplates and vertebral
bodies. All that the nucleus can do is exert its raised
pressure against the anulus and the endplates.

-
e

Figure 2.13 The mechanism of weight transmission in an
intervertebral disc. (A) Compression raises the pressure in the nucleus

pulposus. This is exerted radially onto the anulus fibrosus and the \ T /
tension in the anulus rises. (B) The tension in the anulus is exerted on c g ‘
the nucleus preventing it from expanding radially. Nuctear pressure

is then exerted on the vertebral endplates. (C) Weight is borne, in /

part, by the anulus fibrosus and by the nucieus pulposus. The radial 5

pressure in the nucleus braces the anulus, and the pressure on the
endplates transmits the load from one vertebra to the next.

‘—_
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This achieves two things. The pressure exerted on
the endplates serves to transmit part of the applied
load from one vertebra to the next, thereby lessening
the load borne by the anulus fibrosus. Secondly, the
radial pressure on the anulus fibrosus braces it and
prevents the anulus from buckling. This aids the
anulus in its own capacity to transmit weight.

The advantage of the cooperative action of the
nucleus and the anulus is that the disc can sustain
loads that otherwise might tend to buckle an anulus
fibrosus acting alone.®® The essence of the combined
mechanism is the fluid property of the nucleus
pulposus. The water content of the nucleus makes the
disc a turgid body that resists compression, and the
water content of the nucleus is therefore of critical
importance to the disc. Because the water content of
the nucleus is, in turn, a function of its proteoglycan
content, the normal mechanics of the disc will
ultimately depend on a normal proteoglycan content of
the nucleus pulposus. Any change in the proteoglycan
and water content of the nucleus will inevitably alter
the mechanical properties of the disc (see Ch. 13).

A further property of the disc is its capacity to absorb
and store energy. As the nucleus tries to expand
radially, energy is used to stretch the collagen of the
anulus fibrosus. The collagen fibres are elastic and
stretch like springs, and as such they store the energy
that went into stretching them. If the load applied to the
disc is released, the elastic recoil of the collagen fibres
causes the energy stored in them to be exerted back
onto the nucleus pulposus, where it is used to restore
any deformation that the nucleus may have undergone.
This combined action of the nucleus and anulus
endows the disc with a resilience or ‘springiness’.

In essence, the fluid nature of the nucleus enables it to
translate vertically applied pressure into circumferential
tension in the anulus. In a static situation this tension
balances the pressure in the nucleus, but if the applied
load is released the tension is used to restore any
deformation of the disc that may have occurred.
Biochenically, this mechanical property of the disc is
due to the presence of proteoglycans and water in the
nucleus, and the tensile properties of the type I collagen
in the anulus fibrosus.

In a more global sense, the resilience of the
intervertebral disc enables it to act as a shock absorber.
If a force is rapidly applied to a disc, it will be diverted
momentarily into stretching the anulus fibrosus. This
brief diversion attenuates the speed at which a force
is transmitted from one vertebra to the next; the size of
the force is not lessened. Ultimately, it is fully trans-
mitted to the next vertebra. However, by temporarily
diverting the force into the anulus fibrosus, a disc can
protect its underlying vertebra by slowing the rate at

which the applied force is transmitted to that
vertebra.

Movements

It is somewhat artificial to consider the movements of
an interbody joint, as in-vivo movement of any lumbar
vertebra always involves movement not only at the
interbody joint but at the zygapophysial joints as well.
However, in order to establish principles relevant to
the appreciation of the role played by interbody joints
in the movements of the intact lumbar spine, it is worth
while to consider the interbody joints separately, as if
they were capable of independent movement.

If unrestricted by any of the posterior elements of
the vertebrae, two vertebral bodies united by an
intervertebral disc can move in virtually any direction.
In weight-bearing they can press together. Conversely,
if distracted, they can separate. They can slide
forwards, backwards or sideways; they can rock
forwards, backwards and sideways, or in any direction
in between; and they can twist. Deformation of the disc
accommodates all of these movements but at the same
time the disc confers varying degrees of stability to the
interbody joint during these movements. The
mechanics of the disc during compression (weight-
bearing) has already been described but a study ofeach
of the other movements of the interbody joint
illustrates how well the disc is designed to also
accommodate and stabilise these movements.

During distraction, all points on one vertebral body
move an equal distance perpendicularly from the
upper surface of the other vertebral body (Fig. 2.14).
Consequently, the attachments of every collagen fibre
in the anulus fibrosus are separated an equal distance.
Every fibre is therefore strained and every fibre in the
anulus resists distraction. Because of the density of
collagen fibres in the anulus fibrosus, distraction is
strongly resisted by the anulus. The capacity of the
discs in this regard is illustrated by how well they
sustain the load of the trunk and lower limbs in
activities like hanging by the hands. Hanging by the
hands, however, is not a common activity of daily
living, and vertebral distraction is not a particularly
common event. On the other hand, distraction is
induced clinically, in the form of traction. A further
description of the mechanics of traction, however, is
deferred until Chapter 8, when it is considered in the
context of the whole lumbar spine.

In pure sliding movements of the interbody joint,
all points on one vertebra move an equal distance
parallel to the upper surface of the next vertebra
(Fig. 2.15). This movement is resisted by the anulus
fibrosus but the fibres of the anulus act differently
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Figure 2.14 Distraction of the interbody joint. Separation of
the vertebral bodies increases the height of the intervertebral
disc (Ah), and all the collagen fibres in the anulus fibrosus are
lengthened and tensed, regardiess of their orientation.

according to their location within the anulus and in
relation to the direction of movement. In forward sliding,
the fibres at the sides of the disclie in a plane moreor less
parallel to the direction of movement and run obliquely
between the vertebral bodies but in opposite directions
in each successive lamella. Consequently, during
forward sliding, only half of the fibres in the lateral
anulus will be strained, for only half of the fibres have
their points of attachment separated by the movement.
The other half have their points approximated (see
Fig. 215). Therefore, only half the fibres in the lateral
anulus contribute to resisting forward sliding,

Fibres in the anterior and posterior anuli also
contribute resistance but not to as great an extent as
the lateral fibres. Although the movement separates
the points of attachment of all the fibres in the anterior
and posterior anuli, the separation is not in the
principal direction of orientation of the fibres. These
fibres run either to the left or to the right, whereas the
movement is forwards. The effect of forward sliding is
simply to incline the planes of the lamellae in the
anterior and posterior anuli anteriorly. Under these
circumstances, the degree of stretch imparted to the

Figure 2.15 Sliding movements of an interbody joint. Those
fibres of the anulus that are orientated in the direction of
movement have their points of attachment separated, and
therefore they are stretched. Fibres in every second lamella
of the anulus have their points of attachment approximated,
and these fibres are refaxed.

anterior and posterior anuli is less than that imparted
to the lateral anulus, whose fibres are stretched
principally longitudinally.

Bending or rocking movements involve the
lowering of one end of the vertebral body and the
raising of the opposite end. This necessarily causes
distortion of the anulus fibrosus and the nucleus
pulposus, and it is the fluid content of the nucleus and
anulus that permits this deformation. In forward
bending, the anterior end of the vertebral body lowers,
while the posterior end rises. Consequently, the
anterior anulus will be compressed and will tend to
buckle®* (Fig. 2.16). The nucleus pulposus will also
be compressed but mainly anteriorly. The elevation of
the posterior end of the vertebral body relieves
pressure on the nucleus pulposus posteriorly but at
the same time stretches the posterior anulus.

The anterior anulus buckles because it is directly
and selectively compressed by the tilting vertebral
body, and because it is not braced internally by the
nucleus pulposus. Although the nucleus s
compressed anteriorly, it is relieved posteriorly and is
able to deform posteriorly.
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Figure 2.16 Rocking movement of the interbody joint.
Rocking causes compression of the anulus fibrosus in the
direction of movement, and stretching of the anulus on the
opposite side. NP, nucleus pulposus.

Mathematical analyses indicate that if the disc is not
otherwise loaded (e.g. also bearing weight) there should
be no rise in nuclear pressure during bending of an
interbody joint as the volume of the nucleus pulposus
remains unchanged.® Experimental studies, however,
show that in cadaveric discs, 5° of bending is associated
with a rise in nuclear pressure of about 0.7 kPa cm=2.7
This rise is the same regardless of the load carried by the
disc, therefore the relative increase in disc pressure
caused by bending decreases as greater external loads
are applied. The increase in disc pressure amounts to
about 22% of the total disc pressure for loads of 2 kPa
cm 2 but is only 5% for loads of 10 kPa cm~27

The large increases in disc pressure seen in vivo
during bending of the lumbar spine are not
intrinsically due to the bending but are the result of
the additional compressive loads applied to the discs
by the action of the back muscles that control the
bending (see Ch. 9).

When an interbody joint bends, the anterior
compression deforms the nucleus pulposus, which
tries to ‘escape’ the compression by moving backwards.
1f at the same time a load is applied to the disc, nuclear
pressure will rise and this will be exerted on the pos-
terior anulus which is already stretched by the sep-
aration of the vertebral bodies posteriorly. A normal

anulus will adequately resist this combination of
tension and pressure but because the posterior anulus
is the thinnest portion of the entire anulus, its capacity
to resist is readily compromised.

Previous injury, or erosion as a result of disc
disease, may weaken some of the lamellae of the
posterior anulus, and the remaining lamellae may be
insufficient to resist the tension and posterior pressure
that occurs in loaded forward bending. Consequently,
the pressure of the nucleus may rupture the remaining
lamellae, and extrusion, or herniation, of the nucleus
pulposus may result (see Ch. 15). The resistance to this
type of injury is proportional to the density of collagen
fibres in the posterior anulus. Thicker anuli afford
more protection than thinner ones but the shape of the
posterior anulus also plays a role.

Discs that are concave posteriorly have a greater
cross-sectional area of anulus posteriorly than do
discs with an elliptical shape, even if the anulus is the
same thickness (Fig. 2.17). Thus, concave discs are
better designed than posteriorly convex discs to
withstand forward bending and injury during this
movement,® and this difference has a bearing on the
pattern of injuries seen in intervertebral discs (see
Ch. 15).

During twisting movements of the interbody joint,
all points on the lower surface of one vertebra will
move circumferentially in the direction of the twist;
this has a unique effect on the anulus fibrosus.
Because of the alternating direction of orientation of
the collagen fibres in the anulus, only those fibres
inclined in the direction of movement will have their
points of attachment separated. Those inclined in
the opposite direction will have their points of
attachment approximated (Fig. 2.18). Thus, at any
time, the anulus resists twisting movements with
only half of its complement of collagen fibres. Half of
the number of lamellae in the anulus will be
stretched, while the other half will be relaxed. This is
one of the reasons why twisting movements of an
interbody joint are the most likely to injure the
anulus (see Chs 8 and 15).

Figure 2.17 Discs that are concave posteriorly have a greater
portion of anulus fibrosus located posteriorly. Therefore,
concave discs have more anulus available to resist the posterior
stretch that occurs in flexion.

b [
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Figure 2.18 Twisting movements of the interbody joint. Those
fibres of the anulus that are orientated in the direction of the
twist have their points of attachment separated, and are therefore
stretched. Fibres in every second lamella of the anulus have their
points of attachment approximated and these fibres are refaxed.

SUMMARY

From the preceding accounts, it is evident that the
different components of an intervertebral disc act
in different ways, both independently and co-
operatively, during the various functions of the disc.
The nucleus pulposus is designed to sustain and
transmit pressure. It is principally involved in weight-
bearing, when it transmits loads and braces the anulus
fibrosus. During bending it deforms in a passive
manner, unless the joint is additionally loaded, in
which case its weight-bearing function is superimposed
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The lumbar zygapophysial joints are formed by the
articulation of the inferior articular processes of one
lumbar vertebra with the superior articular processes of
the next vertebra. The joints exhibit the features typical
of{ynovial joints. The articular facets are covered by
articular cartilage, and a synovial membrane bridges
the margins of the articular cartilages of the two facets
in each joint. Surrounding the synovial membrane is a
joint capsule which attaches to the articular processes a
short distance beyond the margin of the articular
cartilage (Fig. 3.1).

ARTICULAR FACETS

The articular facets of the lumbar vertebrae are ovoid
in shape, measuring some 16 mm in heightand 14 mm
in width, and having a surface area of about 160 mm?2.
The facets of upper vertebrae are slightly smaller than
these values indicate; those of the lower vertebrae are
slightly smaller.!

Viewed from behind (see Fig. 3.1), the articular
facets of the lumbar zygapophysial joints appear as
straight surfaces, suggesting that the joints are planar.
However, viewed from above (Fig. 3.2), the articular
facets vary both in the shape of their articular surfaces
and in the general direction they face. Both of these
features have significant ramifications in the bio-
mechanics of these joints and, consequently, of
the lumbar spine, and should be understood and
appreciated.

In the transverse plane, the articular facets may be
flat or planar, or may be curved to varying extents
(Fig. 3.3).2 The curvature may be little different from a
flat plane (Fig. 3.3D) or may be more pronounced,
with the superior articular facets depicting a C shape
(Fig. 3.3E) or a J shape (Fig. 3.3F). The relative
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incidence of flat and curved facets at various vertebral
levels is shown in Table 3.1.

The orientation of a lumbar zygapophysial joint is, by
convention, defined by the angle made by the average
plane of the joint with respect to the sagittal plane (see
Fig. 3.3). In the case of joints with flat articular facets, the
plane of the joint is readily depicted as a line paraliel to
the facets. The average plane of joints with curved facets
is usually depicted as a line passing through the
anteromedial and posterolateral ends of the joint cavity
(see Fig. 3.3). The incidence of various orientations at
different levels is shown in Fig. 3.4.

The variations in the shape and orientation of the
lumbar zygapophysial joints govern the role of these
joints in preventing forward displacement and rotatory
dislocation of the intervertebral joint. The extent to
which a given joint can resist forward displacement
depends on the extent to which its superior articular
facets face backwards. Conversely, the extent to which

Figure 3.1 A posterior view of the L3-4 zygapophysial the joint can resist rotation is related to the extent to
joints. On the left, the capsule of the joint {C) is intact. On which its superior articular facets face medially.

the right, the posterior capsule has been resected to reveal In the case of planar zygapophysia] joints, the
the joint CaVity, the articular cartilages (AC) and the line of ana]ysis is straightforward' In a ioint with an Ob[ique
attachment of the joint capsule (“)' The upper joint capsule orientation, the superior articular facets face backwards
(C) attaches further from the articular margin than the and medially (Fig. 35A). Because of their backward

i le. . . : .
PoBtenor g3l orientation, these facets can resist forward displacement.

It the upper vertebra in a joint attempts to move
forwards, i% inferior articular processes will impact
against the superior articular facets of the lower
vertebra, and this impaction will prevent further
forward movement (see Fig. 3.5A).

Similarly, the medial orientation of the superior
articular facets allows them to resist rotation. As the
upper vertebra attempts to rotate, say, anticlockwise
as viewed from above, its right inferior articular facet
will impact against the right superior articular facet of
the vertebra below, and further rotation will be
arrested (Fig. 3.5B).

Maximum resistance to forward displacement will
be exerted by the superior articular facets that are
orientated at90" to the sagittal plane, for then the facets

Table 3.1 The incidence of flat and curved lumbar
2yapophysial joints at different segmental levels.
(Based on Horwitz & Smith 1940).'

Joint level and percentage
incidence of feature

L1-2 12-3 (3-4 l4-5 L5-S1

Figure 3.2 A top view of an L3-4 zygapophysial joint showing Flat 4 2 18 5 86
how the joint space and articular facets are curved in the Curved 56 9 8 49 14
transverse plane. |, inferior articular process L3; S, superior Number of specimens 11 40 73 80 80

articular process L4.
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Figure 3.3 The varieties of orientation and curvature of the lumbar zygapophysial joints. (A) Flat joints orientated close to 90" to
the sagittal plane. (8) Flat joints orientated at 60° to the sagittal plane. (C) Flat joints orientated parallel (0°) to the sagittal piane.

(D) Slightly curved joints with an average orientation close to 90° to the sagittal plane. {€) C-shaped joints orientated at 45" to the
sagittal plane. (F) J-shaped joints orientated at 30" to the sagittal plane.
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B

Figure 3.4 The orientation of lumbar zygapophysial joints
with respect to the sagittal plane: incidence by level. (Based on
Horwitz and Smith 1940'). x axis, orientation (degrees from
sagittal plane), y axis, proportion of specimens showing
particular orientation.

face fully backwards and the entire articular surface
directly opposes the movement (Fig. 3.5C). Such facets,
however, are less capable of resisting rotation, for
during rotation the inferior articular facet impacts the
superior articular facet at an angle and is able to glance
off the superior articular facet (Fig. 3.5D).

Joints orientated parallel to the sagittal plane afford
no resistance to forward displacement. The inferior artic-
ular facets are able simply to slide past the superior
articular facets (Fig. 3.5E). However, such joints provide
substantial resistance to rotation (Fig. 3.5F).

In essence, therefore, the closer a joint is orientated
towards the sagittal plane, the less it is able to resist
forward displacement. Resistance is greater the closer
a joint is orientated to 90° to the sagittal plane.

In the case of joints with curved articular surfaces,
the situation is modified to the extent that particular
portions of the articular surface are involved in resisting
different movements. [n curved joints, the anteromedial
end of the superior articular facet faces backwards, and

Figure 3.5 The mechanics of flat lumbar zygapophysial joints.
A flat joint at 60" to the sagittal plane affords resistance to
both forward displacement (A) and rotation (B). A flat joint at
90 to the sagittal plane strongly resists forward displacement
(C) but during rotation (D) the inferior articular facet can glance
off the superior articular facet. A flat joint parallel to the
sagittal plane offers no resistance to forward displacement

(E) but strongly resists rotation (F).

it is this portion of the facet that will resist forward
displacement. As the upper vertebra attempts to move
forwards, its inferior articular facets will impact against
the anteromedial portion of the superior articular facets
of the vertebra below (Fig. 3.6A). The degree of
resistance will be proportional to the surface area of the
backward-facing, anteromedial portion of the superior
articular facet. Thus, C-shaped facets (Fig 3.6A) have a
larger surface area facing backwards and afford greater
resistance than J-shaped facets (Fig. 3.6B), which have
only a small portion of their articular surface facing
backwards.
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Figure 3.6 The mechanics of curved lumbar zygapophysial
joints. {A) C-shaped joints have a wide anteromedial portion
which faces backwards (indicated by the bracket), and this
portion resists forward displacement. (8) J-shaped joints have a
narrower anteromedial portion (bracket) that nonetheless resists
forward disptacement. {C,D) Both C- and J-shaped joints resist
rotation as their entire articutar surface impacts.

Rotation is well resisted by both C- and J-shaped
facets, for virtually the entire articular surface is brought
into contact by this movement (see Fig. 3.6C, D).

The additional significance of variations in
orientation of zygapophysial joints in relation to the
biomechanical requirements of joints at different
levels, the age changes they suffer and their liability to
injury are explored in Chapters 5, 8, 13 and 15.

Articular cartilage

There are no particular or unique features of the
cartilage of normal lumbar zygapophysial joints.
However, it is appropriate to revise the histology of
articular cartilage as it relates to the zygapophysial
joints, to provide a foundation for later chapters on age-
related changes in these joints.

Articular cartilage covers the facets of the superior
and inferior articular processes, and as a whole assumes
the same concave or convex curvature as the underlying
facet. In a normal joint, the cartilage is thickest over the
centre of each facet, rising to a height of about 2 mm.**
Histologically, four zones may be recognised in the
cartilage (Fig. 3.7).* The superficial, or tangential, zone

consists of three to four layers of ovoid cells whose long
axes areorientated parallel to the cartilage surface. Deep
to this zone is a transitional zone in which cartilage cells
are arranged in small clusters of three to four cells. Next
deeper is a radial zone, which constitutes most of the
cartilage thickness. It consists of clusters of six to eight
large cells whose long axes lie perpendicular to the
cartilage surface. The deepest zone is the calcified zone,
which uniformly covers the subchondral bone plate and
constitutes about one-sixth of the total cartilage
thickness. Conspicuously, the radial zone of cartilage is
identifiable only in the central regions of the cartilage.
Towards the periphery, the calcified zone is covered
only by the transitional and tangential zones. As is
typical of all articular cartilage, the cartilage cells of the
zygapophysial joints are embedded in a matrix of
glycosaminoglycans and type II collagen; however, the
most superficial layers of the tangential zone, forming
the surface of the cartilage, lack glycosaminoglycans
and consist only of collagen fibres running parallel to
the cartilage surface. This thin strip is known as the
lamina slendens.’

The articular cartilage rests on a thickened layer of
bone known as the subchondral bone (see Fig. 3.7). In
normal joints there are no particular features of the
subchondral bone. However, the age changes and
degenerative changes that affect the articular cartilage
also affect the subchondral bone, and these changes
are described in Chapter 13.

CAPSULE
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Around its dorsal, superior and inferior margins, each
lumbar zygapophysial joint is enclosed by a fibrous
capsule, formed by collagen fibres passing more or less
transversely from one articular process to the other
(Figs 3.1 and 3.8). Along the dorsal aspect of the joint,
the outermost fibres of the capsule are attached about
2 mun from the edge of the articular cartilage but some of
the deepest fibres attach into the margin of the articular
cartilage (Figs 3.8 and 3.9).%7 At the superior and
inferior poles of the joint, the capsule attaches further
from the osteochondral junctions, creating subcapsular
pockets over the superior and inferior edges of both
the superior and inferior articular processes, which in
the intact joint are filled with fat (see Fig. 3.8)2
Anteriorly, the fibrous capsule of the joint is replaced
entirely by the ligamentum flavum (see Ch. 4), which
attaches close to the articular margin (Fig. 3.9).8-10

The capsule has been found to consist of two
layers.”! The outer layer consists of densely packed
parallel collagen fibres. This layer is 13-17 mm long in
the superior and middle regions of the joint, but
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Figure 3.7 A histological section of the cartilage of a lumbar zygapophysial joint showing the four zones of cartilage: 1, superficial
zone; 2, transitional zone; 3, radial zone; 4, calcified zone. (Courtesy of Professor lance Twomey.)

15-20 mm long over the inferior pole of the joint. The
inner layer consists of irtegularly orientated elastic fibres;
itis 6-10 mm long over the superior and middle regions
of the joint and 9-16 mm long over its inferior pole.

The joint capsule is thick dorsally and is reinforced
by some of the deep fibres of the multifidus muscle
(see Ch. 9).461.12 At the superior and inferior poles of
the joint, the capsule is abundant and loose.®
Superiorly, it balloons upwards towards the base of
the next transverse process. Inferiorly, it balloons over
the back of the lamina (see Fig. 3.8). In both the
superior and inferior parts of the capsule, there is a
tiny hole, or foramen, that permits the passage of fat
from within the capsule to the extracapsular space (see
Fig. 3.10 below).?

SYNOVIUM

There are no particular features of the synovium of the
lumbar zygapophysial joints that distinguish it from
the synovium of any typical synovial joint. It attaches
along the entire peripheral margin of the articular
cartilage on one facet and extends across the joint to

attach to the margin of the opposite articular cartilage.
Basically, it lines the deep surface of the fibrous
capsule and the ligamentum flavum but it is also
reflected in parts to cover the various intra-articular
structures of the lumbar zygapophysial joints.

INTRA-ARTICULAR STRUCTURES

There are two principal types of intra-articular
structure in the lumbar zygapophysial joints. These
are fat, and what may be referred to as ‘meniscoid’,
structures. The fat basically fills any leftover space
underneath the capsule. It is located principally in the
subcapsular pockets at the superior and inferior poles
of the joint (Fig. 3.10). Externally, it is covered by
the capsule, while internally it is covered by the
synovium. It communicates with the fat outside the
joint through the foramina in the superior and inferior
capsules. Superiorly, this extracapsular fat lies lateral
to the lamina and dorsal to the intervertebral
foramen.*8 nferiorly, it lies dorsal to the upper end of
the lamina of the vertebra and separates the bone from
the overlying multifidus muscle.
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Figure 3.8 A posterior view of a right lumbar zygapophysial
joint in which the posterior capsule has been partially removed
to reveal the joint cavity and the subcapsular pockets (arrows).
I, inferior articutar process; MP, mamillary process; S, superior
articular process.

There have been many studies and differing
interpretations of the meniscoid structures of the lumbar
zygapophysial joints®-% but the most comprehensive
study of these structures identifies three types.®%

The simplest and smallest structure is the
connective tissue rim. This is simply a wedge-shaped
thickening of the internal surface of the capsule,
which, along the dorsal and ventral margins of thejoint,
fills the space left by the curved margins of the artic-
ular cartilages (Fig. 3.11). The second type of structure
is an adipose tissue pad. These are found principally
at the superoventral and inferodorsal poles of the
joint. Each consists of a fold of synovium enclosing
some fat and blood vessels (see Fig. 3.11). At the base
of the structure, the synovium is reflected onto the
joint capsule to become continuous with the synovium
of the rest of the joint, and the fat within the structure
is continuous with other fat within the joint. These
adipose tissue pads project into the joint cavity for a
short distance (about 2 mm).

The largest of the meniscoid structures are the fibro-
adipose meniscoids. These project from the inner
surface of the superior and inferior capsules. They
consist of a leaf-like fold of synovium which encloses

Figure 3.9 A transverse (horizontal) section through a lumbar
zygapophysial joint. Note how the posterior capsule is fibrous
and attaches to the inferior articular process (1) well beyond the
articular margin, but at its other end it attaches to the superior
articular process (S) and the margin of the articular cartilage.
The anterior capsule is formed by the ligamentum flavum (LF).

fat, collagen and some blood vessels (see Fig. 3.11). The
fat is located principally in the base of the structure,
where it is continuous with the rest of the fat within the
joint, and where it communicates with the extracapsular
fat through the superior and inferior capsular foramina.
The collagen is densely packed and is located towards
the apex of the structure. Fibro-adipose meniscoids are
long and project up to 5 mm into the joint cavity.
Differing and conflicting interpretations have
marked the literature on zygapophysial intra-articular
structures, and there is no conventional, universal
nomenclature that can be ascribed to them. However, it
is clear from their histology that none is really a
meniscus which resembles the menisci of the knee joint
or the temporomandibular joint. They do, nonetheless,
resemble the intra-articular structures found in the
small joints of the hand.3!32 The connective tisstie rims
described above are most easily interpreted as
a thickening of the joint capsule that simply acts as a
space filler, although it may be that they also serve to
increase the surface area of contact when articular
facets are impacted, and thereby transmit some load .58
The adipose tissue pads and the fibro-adipose
meniscoids have been interpreted as serving a protective



Figure 3.10 A right lumbar zygapophysial joint viewed from
behind. Portions of the capsule have been removed to show
how the fat in the subcapsular pockets communicates to the
extracapsular fat through foramina in the superior and inferior
capsules.

function.? During flexion of an intervertebral joint,
the inferior articular facet slides upwards some 5-8
mm along the superior articular facet.?* This move-
ment results in cartilages of the upper portion of the
inferior facet and the lower portion of the superior
facet becoming exposed. The adipose tissue pads and
the fibro-adipose meniscoids are suitably located to
cover these exposed articular surfaces, and to afford
them some degree of protection during this move-
ment. By remaining in contact with the exposed articular
cartilage, the synovium-covered pads and meniscoids
can maintain a film of synovial fluid between them-
selves and the cartilage. This ensures that the cartilage
is lubricated against friction as it moves back into its
resting position against the surface of the apposing
articular facet.

There is also another form of intra-articular
structure derived from the articular cartilage but it is
apparently formed artificially by traction on the
cartilage. This structure is described in Chapter 13,
and the clinical relevance of all intra-articular
structures is considered in Chapter 15.

Figure 3.11 Intra-articular structures of the lumbar zygapophysial
joints. (A) A coronal section of a left zygapophysial joint showing
fibro-adipose meniscoids projecting into the joint cavity from the
capsule over the superior and inferior poles of the joint. (8) A lateral
view of a right zygapophysial joint, in which the supenor articular
process has been removed to show intra-articular structures
projecting into the joint cavity across the surface of the inferior
articular facet. The superior capsule is retracted to reveal the base
of a fibro-adipose meniscoid (FM) and an adipose tissue pad (AP).
Another fibro-adipose meniscoid at the lower pole of the joint is
lifted from the surface of the articular cartilage. A connective tissue
rim (CT) has been retracted along the posterior margin of the joint.
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Chapter 4

The ligaments of the lumbar

spine
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Topographically, the ligaments of the lumbar spine
may be classified into four groups:

1. Those ligaments that interconnect the vertebral
bodies.

2. Those ligaments that interconnect the posterior
elements.

3. Theiliolumbar ligament.

4. False ligaments.

LIGAMENTS OF THE VERTEBRAL BODIES

The two named ligaments that interconnect the
vertebral bodies are the anterior and posterior
longitudinal ligaments. Intimately associated with
these ligaments are the anuli fibrosi of the interver-
tebral discs, and it must be emphasised that although
described as part of the intervertebral disc, each
anulus fibrosus is both structurally and functionally
like a ligament. In fact, on the basis of size and strength,
the anuli fibrosi can be construed as the principal
ligaments of the vertebral bodies, and for this reason
their structure bears reiteration in the context of the
ligaments of the lumbar spine.

Anuli fibrosi

As described in Chapter 2, each anulus fibrosus
consists of collagen fibres running from one vertebral
body to the next and arranged in concentric lamellae.
Furthermore, the deeper lamellae of collagen are con-
tinuous with the collagen fibres in the fibrocartilagi-
nous vertebral endplates (see Ch. 2). By surrounding
the nucleus pulposus, these inner layers of the anulus
fibrosus constitute a capsule or envelope around the
nucleus, whereupon it could be inferred that their
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principal function is to retain the nucleus pulposus
(Fig. 4.1).

In contrast, the outer fibres of the anulus fibrosus
are attached to the ring apophysis (see Ch. 2). For
various reasons it is these fibres that could be inferred
to be the principal ‘ligamentous’ portion of the anulus
fibrosus. Foremost, like other ligaments they are
attached to separate bones, and like other ligaments
they consist largely of type I collagen, which is
designed to resist tension (see Ch. 2). Such tension
arises during rocking or twisting movements of the
vertebral bodies. During these movements the
peripheral edges of the vertebral bodies undergo more
separation than their more central parts, and the
tensile stresses applied to the peripheral anulus are
greater than those applied to the inner anulus. [n
resisting these movements the peripheral fibres of the
anulus fibrosus are subject to the same demands as
conventional ligaments, and function accordingly.

As outlined in Chapter 2 and considered further in
Chapter 8, the anulus fibrosus functions as a ligament
in resisting distraction, bending, sliding and twisting
movements of the intervertebral joint. Thus, the
anulus fibrosus is called upon to function as a
ligament whenever the lumbar spine moves. It is only
during weight-bearing that it functions in concert with
the nucleus pulposus.

Anterior longitudinal ligament

Conventional descriptions maintain that the anterior
longitudinal ligament is a long band which covers the
anterior aspects of the lumbar vertebral bodies and
intervertebral discs (Fig. 4.2)." Although well devel-
oped in the lumbar region, this ligament is not restricted

‘Ligamentous’ portion

Nuclear envelope

Figure 4.1 The anulus fibrosus as a ligament. The inner fibres
of the anulus which attach to the vertebral endplate form an
internal capsule that envelopes the nucleus pulposus. The outer
fibres of the anulus which attach to the ring apophysis
constitute the ‘ligamentous’ portion of the anulus fibrosus.
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Figure 4.2 Classic descriptions of the anterior longitudinal
ligament (ALL) and the intertransverse ligaments (ITL). The
arrows indicate the span of various fibres in the anterior
longitudinal ligament stemming from the LS vertebra.

to that region. Inferiorly it extends into the sacrum,
and superiorly it continues into the thoracic and cervical
regions to cover the anterior surface of the entire
vertebral column.

Structurally, the anterior longitudinal ligament is
said to consist of several sets of collagen fibres.! There
are short fibres that span each interbody joint, covering
the intervertebral disc and attaching to the margins of
the vertebral bodies (Figs 4.2 and 4.3). These fibres are
inserted into the bone of the anterior surface of the
vertebral bodies or into the overlying periosteum.?
Some early authors interpreted these fibres as being
part of the anulus fibrosus,* and there is a tendency in
some contemporary circles to interpret these fibres as
constituting a ‘disc capsule’. However, embryologically,
their attachments are always associated with cortical
bone, as are ligaments in general, whereas the anulus
fibrosus proper is attached to the vertebral endplate.?
Even those fibres of the adultanulus that attach to bone
do so by being secondarily incorporated into the ring
apophysis (Ch. 2), which is not cortical bone. Because of
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Figure 4.3 A median sagittal section of the lumbar spine

to show its various ligaments. ALL, anterior longitudinal
ligament; ISL, interspinous ligament: v, ventral part; m, middle
part; d, dorsaj part; PLL, posterior tongitudinal ligament; SSL,
supraspinous ligament. LF, ligamentum flavum, viewed from
within the vertebral canal, and in sagittal section at the midline.

these developmental differences, the deep, short fibres
of the anterior longitudinal ligament should not be
considered to be part of the anulus fibrosus.

Covering the deep, unisegmental fibres of the
anterior longitudinal ligament are several layers of
increasingly longer fibres. There are fibres that span
two, three and even four or five interbody joints. The
attachments of these fibres, like those of the deep
fibres, are into the upper and lower ends of the
vertebral bodies.

Although the ligament is primarily attached to the
anterior margins of the lumbar vertebral bodies, it is
also secondarily attached to their concave anterior
surfaces. The main body of the ligament bridges this
concavity but some collagen fibres from its deep
surface blend with the periosteum covering the

concavity. Otherwise, the space between the ligament
and bone is filled with loose areolar tissue, blood
vessels and nerves. Over the intervertebral discs, the
anterior longitudinal ligament is only loosely attached
to the front of the anuli fibrosi by loose areolar tissue.

Because of its strictly longitudinal disposition, the
anterior longitudinal ligament serves principally to
resist vertical separation of the anterior ends of the
vertebral bodies. In doing so, it functions during
extension movements of the intervertebral joints and
resists anterior bowing of the lumbar spine (see Ch. 5).

Comment

It is only in the thoracic spine that the anterior
longitudinal ligament has an unambiguous structure,
for there it stands in isolation from any prevertebral
muscles. In the lumbar region the structure of the
anterior longitudinal ligament is rendered ambiguous
by the attachment of the crura of the diaphragm to the
first three lumbar vertebrae. Although formal studies
have not been completed, detailed examination of the
crura and their attachments suggests that many of the
tendinous fibres of the crura are prolonged caudally
beyond the upper three lumbar vertebrae such that
these tendons appear to constitute much of what has
otherwise been interpreted as the lumbar anterior
longitudinal ligament. Thus, it may be that the lumbar
anterior longitudinal ligament is, to a greater or lesser
extent, not strictly a ligament but more a prolonged
tendon attachment.

Posterior longitudinal ligament

Like the anterior longitudinal ligament, the posterior
longitudinal ligament is represented throughout the
vertebral column. In the lumbar region, it forms a
narrow band over the backs of the vertebral bodies but
expands laterally over the backs of the intervertebral
discs to give it a serrated, or saw-toothed, appearance
(Fig. 4.4). Its fibres mesh with those of the anuli fibrosi
but penetrate through the anuli to attach to the
posterior margins of the vertebral bodies.® The deepest
and shortest fibres of the posterior longitudinal
ligament span two intervertebral discs. Starting at the
superior margin of one vertebra, they attach to the
inferior margin of the vertebra two levels above,
describing a curve concave laterally as they do so.
Longer, more superficial fibres span three, four and
even five vertebrae (see Figs 4.3 and 4.4).

The posterior longitudinal ligament serves to resist
separation of the posterior ends of the vertebral bodies
but because of its polysegmental disposition, its action
is exerted over several interbody joints, not just one.
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Figure 4.4 The posterior longitudinal ligament. The dotted
lines indicate the span of some of the constituent fibres of
the ligament arising from the LS vertebra.

LIGAMENTS OF THE POSTERIOR ELEMENTS

The named ligaments of the posterior elements are the
ligamentum flavum, the interspinous ligaments, and
the supraspinous ligaments. In some respects, the
capsules of the zygapophysial joints act like ligaments
to prevent certain movements, and in a functional
sense they can be considered to be one of the
ligaments of the posterior elements. Indeed, their
biomechanical role in this regard is quite substantial
(see Ch. 8). However, their identity as capsules of the
zygapophysial joints is so clear that they have been
described formally in that context.

Ligamentum flavum

The ligamentum flavum is a short but thick ligament
that joins the laminae of consecutive vertebrae. At
each intersegmental level, the ligamentum flavum is a
paired structure, being represented symmetrically on
both left and right sides. On each side, the upper
attachment of the ligament is to the lower half of the
anterior surface of the lamina and the inferior aspect
of the pedicle (Figs 4.3 and 4.5). Its smooth surface
blends perfectly with the smooth surface of the upper

half of the lamina. Traced inferiorly, on each side the
ligament divides into a medial and lateral portion.>”
The medial portion passes to the back of the next
lower lamina and attaches to the rough area located on
the upper quarter or so of the dorsal surface of that
lamina (see Fig. 4.5). The lateral portion passes in front
of the zygapophysial joint formed by the two
vertebrae that the ligament connects. It attaches to the
anterior aspects of the inferior and superior articular
processes of that joint, and forms its anterior capsule.
The most lateral fibres extend along the root of the
superior articular process as far as the next lower
pedicle to which they are attached.”

Histologically, the ligamentum flavum consists of
88% elastin and 20% collagen.” Elastic fibres proper
are found throughout the ligament but at its terminal
ends the ligament contains modified fibres consisting
of elastin and microtubules, and known as elaunin.?

As an elastic ligament, the ligamentum flavum
differs from all the other ligaments of the lumbar
spine. This difference has prompted speculation as to
its implied unique function. Its elastic nature has been
said to aid in restoring the flexed lumbar spine to its
extended position, while its lateral division is said to
serve to prevent the anterior capsule of the zygapo-
physial joint being nipped within the joint cavity
during movement. While all of these suggestions are
consistent with the elastic nature of the ligament, the
importance of these functions for the mechanics of the
lumbar spine is unknown. It is questionable whether
the ligamentum flavum contributes significantly to
producing extension,” and no disabilities have been
reported in patients in whom the ligamentum flavum
has been excised, at single or even multiple levels.
Biomechanical studies have revealed that the ligamen-
tum flavum serves to pre-stress the intervertebral disc,
exerting a disc pressure of about 0.70 kg cm~2,'" but the
biological significance of this effect remains obscure.

A plausible explanation for the unique nature of the
ligamentum flavum relates more to its location than to its
possible biomechanical functions. The ligamentum
flavum lies immediately behind the vertebral canal, and
therefore immediately adjacent to the nervous structures
within the canal. As a ligament, it serves to resist excess
separation of the vertebral laminae. A collagenous
ligament in the same location would not function as well.
A collagenous ligament could resist separation of the
laminae, but when the laminae were approximated, a
collagenous ligament would buckle. Were the ligament
to buckle into the vertebral canal it would encroach upon
the spinal cord or spinal nerve roots and possibly
damage them. On the other hand, by replacing such a
collagenous ligament with an elastic one, this buckling
wotlld be prevented. From a resting position, an elastic
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Figure 4.5 The ligamentum flavum at the 12-3 level. (A)
Pasterior view. (B) Anterior view (from within the vertebral
canal). The medial (M) and lateral (L] divisions of the ligament
are labelled. The shaded areas depict the sites of attachment

of the ligamentum flavum at the levels above and below [2-3.
In (B), the silhouettes of the laminae and inferior articular
processes behind the ligament are indicated by the dotted lines.

ligament stretches and thins. When relaxed again, the lig-
ament simply assumes its original thickness. Buckling
does not occur or is minimal. Therefore, by endowing the
ligamentum flavum with elastic tissue, the risk of nerve
root compromise is reduced.

Interspinous ligaments

The interspinous ligaments connect adjacent spinous
processes. The collagen fibres of these ligaments are
arranged in a particular manner, with three parts being
identified (see Fig. 4.3)."" The ventral part consists of
fibres passing posterocranially from the dorsal aspect
of the ligamentum flavum to the anterior half of the
lower border of the spinous process above. The middle
part forms the main component of the ligament, and
consists of fibres that run from the anterior half of the
upper border of one spinous process to the posterior
half of the lower border of the spinous process above.
The dorsal part consists of fibres from the posterior half
of the upper border of the lower spinous process which
pass behind the posterior border of the upper spinous
process, to form the supraspinous ligament. Anteriorly,
the interspinous ligament is a paired structure, the
ligaments on each side being separated by a slit-like
midline cavity filled with fat. This cavity is not present
more posteriorly.

Histologically, the ligament consists essentially of
collagen fibres, but elastic fibres occur with increasing
density in the ventral part of the ligament, towards its
junction with the ligamentum flavum 82

The fibres of the interspinous ligament are poorly
disposed to resist separation of the spinous processes;
they run almost perpendicularly to the direction of
separation of the spinous processes. Indeed, X-ray
diffraction studies have indicated a greater dispersal
of fibre orientation than that indicated by dissec-
tion, with many fibres running roughly parallel to the
spinous processes'? instead of between them. Accord-
ingly, contrary to traditional wisdom in this regard,
the interspinous ligaments can offer little resist-
ance to forward bending movements of the lumbar
spine."?

Comment

Only the ventral and middle parts of the interspinous
ligament constitute true ligaments, for only they exhibit
connections to separate adjacent bones. The dorsal part
of the ligament appears to pass from the upper border
of one spinous process to the dorsal edge of the next
above, but here the ligament does not assume a bony
attachment: it blends with the supraspinous ligament
whose actual identity as a ligament can be questioned
(see below).

Supraspinous ligament

The supraspinous ligament lies in the midline. It runs
posterior to the posterior edges of the lumbar spinous

-
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processes, to which it is attached, and bridges the
interspinous spaces (see Fig. 4.3). The ligament is well
developed only in the upper lumbar region; its lower
limit varies. It terminates at the L3 spinous process in
about 22% of individuals, and at L4 in 73%; it bridges
the L4-5 interspace in only 5% of individuals, and is
regularly lacking at [.5-51.'"14

Upon close inspection, the nature of the supra-
spinous ligament as a ligament can be questioned. It
consists of three parts: a superficial; a middle; and a
deep layer.* The superficial layer is subcutaneous and
consists of longitudinally running collagen fibres that
span three to four successive spinous processes. It
varies considerably in size from a few extremely thin
fibrous bundles to a robust band, 56 mm wide and
3-4 mm thick, with most individuals exhibiting
intermediate forms."

The middle layer is about 1 mm thick and consists
of intertwining tendinous fibres of the dorsal layer of
thoracolumbar fascia (see Ch. 9) and the aponeurosis
of longissimus thoracis (see Ch. 9).

The deep layer consists of very strong, tendinous
fibres derived from the aponeurosis of longissimus
thoracis. As these tendons pass to their insertions on
the lumbar spinous processes, they are aggregated in
a parallel fashion, creating a semblance of a supra-
spinous ligament, but they are clearly identifiable as
tendons. The deepest of these tendons arch ventrally
and caudally to reach the upper border of a spinous
process, thereby constituting the dorsal part of the
interspinous ligament at that level. The deep layer of
the supraspinous ligament is reinforced by tendinous
fibres of the multifidus muscle (see Ch. 9).

It is therefore evident that the supraspinous
ligament consists largely of tendinous fibres derived
from the back muscles and so is not truly a ligament.
Only the superficial layer lacks any continuity with
muscle, and this layer is not present at lower lumbar
levels. Lying in the subcutaneous plane, dorsal to the
other two layers and therefore displaced from the
spinous processes, the superficial layer may be
rejected as a true ligament and is more readily
interpreted as a very variable condensation of the
deep or membranous layer of superficial fascia that
anchors the midline skin to the thoracolumbar fascia.
It affords little resistance to separation of the spinous
processes.'?

At the L4 and LS levels, where the superficial layer
is lacking, there is no semblance of a longitudinally
orientated midline supraspinous ligament, and the
true nature of the ‘ligament’ is revealed. Here, the
obliquely orientated tendinous fibres of the thora-
columbar fascia decussate dorsal to the spinous
processes and are fused deeply with the fibres of the

aponeurosis of longissimus thoracis that attach to the
spinous processes.

ILIOLUMBAR LIGAMENT

The iliolumbar ligaments are present bilaterally, and on
each side they connect the transverse process of the fifth
lumbar vertebra to the ilium. In brief, each ligament
extends from the tip of its transverse process to an area
on the anteromedial surface of the ilium and the inner
lip of the iliac crest. However, the morphology, and
indeed the very existence of the iliolumbar ligament,
has become a focus of controversy.

An early description, provided by professional
anatomists with an eye for detail, accorded five parts
to the ligament (Fig. 4.6).'

The anterior iliolumbar ligament is a well-
developed ligamentous band whose fibres arise from
the entire length of the anteroinferior border of the L5
transverse process, from as far medially as the body of
the L5 vertebra to the tip of the transverse process. The
fibres from the medial end of the transverse process
cover those from the lateral end, and collectively they
all pass posterolaterally, in line with the long axis of
the transverse process, to attach to the ilium.
Additional fibres of the anterior iliolumbar ligament
arise from the very tip of the transverse process, so
that beyond the tip of the transverse process the
ligament forms a very thick bundle. The upper surface
of this bundle forms the site of attachment for the
fibres of the lower end of the quadratus lumborum
muscle.

The superior iliolumbar ligament is formed by
anterior and posterior thickenings of the fascia that
surrounds the base of the quadratus lumborum
muscle. These thickenings are attached in common to
the anterosuperior border of the L5 transverse process
near its tip. Lateral to this, they separate to pass
respectively in front of and behind the quadratus
lumborum muscle to attach eventually to the ilium.
Inferiorly, they blend with the anterior iliolumbar
ligament to form a trough from which the quadratus
lumborum arises.

The posterior iliolumbar ligament arises from the
tip and posterior border of the L5 transverse process
and inserts into the ligamentous area of the ilium
behind the origin of the quadratus lumborum. The
deepest fibres of the longissimus lumborum arise from
the ligament in this area.

The inferior iliolumbar ligament arises from the
lower border of the L5 transverse process and from the
body of L5. Its fibres pass downwards and laterally
across the surface of the anterior sacroiliac ligament to
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Figure 4.6 The left iliolumbar ligament. (Based on Shellshear and Macintosh 1949.'5) (A) Front view. (B} Top view. a, anterior
layer of thoracolumbar fascia; ant, anterior iliolumbar ligament; inf, inferior iliolumbar ligament; itl, intertransverse ligament;
post, posterior iliolumbar ligament; QL, quadratus lumborum; sup, superior iliolumbar ligament; ver, vertical iliolumbar ligament.

attach to the upper and posterior part of the iliac fossa.
These fibres are distinguished from the anterior
sacroiliac ligament by their oblique orientation.

The vertical iliolumbar ligament arises from the
anteroinferior border of the L5 transverse process and
descends almost vertically to attach to the posterior
end of the iliopectineal line of the pelvis. Its
significance lies in the fact that it forms the lateral
margin of the channel through which the L5 ventral
ramus enters the pelvis.

A modern study confirmed the presence of anterior
and posterior parts of the iliolumbar ligament, but
denied a superior part and did not comment on the
inferior and vertical parts.'¢ These differences can be
resolved.

The recognition of the superior iliolumbar ligament
is probably an overstatement. This tissue is clearly the
anterior fascia of the quadratus lumborum and lacks
the features of true ligament-orientated collagen fibres
passing directly from one bone to another. The vertical
and inferior iliolumbar ligaments are readily
overlooked as part of the ventral sacroiliac ligament
but their attachments are not sacral and iliac but
lumbar and iliac. Therefore, they still deserve the
name ‘iliolumbar’.

Another study confirmed the incidence and
attachments of the anterior, dorsal and inferior bands,
butadded a further part.!” This was called the sacroiliac
part. Its fibres passed between the sacrum and ilium,
below the L5 transverse process, and blended
superiorly with the lowest fibres of the anterior part.

Notwithstanding the details of its parts, the existence
of the iliolumbar ligament has been questioned. One
study has found it to be present only in adults. In
neonates and children it was represented by a bundle of
muscle.!® The interpretation offered was that this muscle
is gradually replaced by ligamentous tissue. Replace-
ment starts near the transverse process and spreads
towards the ilium. The structure is substantially liga-
mentous by the third decade, although some muscle
fibres persist. From the fifth decade the ligament
contains no muscle but exhibits hyaline degeneration.
From the sixth decade the ligament exhibits fatty
infiltration, hyalinisation, myxoid degeneration and
calcification. The identity of the muscles that form the
iliolumbar ligament is discussed in Chapter 9.

In contrast, another study unequivocally denied the
absence of an iliolumbar ligament in fetuses.'* It found
the ligament to be present by 11.5 weeks of gestation.
How this difference should be resolved is not clear.
What may be critical are data from older fetuses and
new data from infants. The embryological study was
not able to examine fetuses older than 16.5 weeks,
which leaves a gap between that age and infancy. The
only reported data in that age range stipulate that the
ligament was muscular.®

Regardless of what its structure may or may not be in
children and adolescents, in the mature adult the
iliolumbar ligament forms a strong bond between the L5
vertebra and the ilium, with different parts subserving
different functions. As a whole, the ligament is disposed
to prevent forward sliding of the L5 vertebra on the
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sacrum, and the relevance of this function is explored in
Chapter 5. It also resists twisting, and forward, backward
and lateral bending of the L5 vertebra.®? Forward
bending is resisted by the posterior band of the ligament,
while lateral bending is resisted by its anterior band.Z

FALSE LIGAMENTS

There are several structures in the lumbar spine that
carry the name ‘ligament’ but for various reasons this is
not a legitimate term. These structures are the
intertransverse ligaments, the transforaminal ligaments
and the mamillo-accessory ligament.

Intertransverse ligaments

The so-called intertransverse ligaments (see Fig. 4.2)
have a complicated structure that can be interpreted in
various ways. They consist of sheets of connective
tissue extending from the upper border of one
transverse process to the lower border of the
transverse process above. Unlike other ligaments, they
lack a distinct border medially or laterally, and their
collagen fibres are not as densely packed, nor are they
as regularly orientated as the fibres of true ligaments.
Rather, their appearance is more like that of a
membrane.®> The medial and lateral continuations of
these membranes suggest that rather than being true
ligaments, these structures form part of a complex
fascial system that serves to separate or demarcate
certain paravertebral compartments. Indeed, the only
‘true’ ligament recognised in this area is the ligament
of Bourgery which connects the base of a transverse
process to the mamillary process below.3

In the intertransverse spaces, the intertransverse
ligaments form a septum that divides the anterior
musculature of the lumbar spine from the posterior
musculature, and embryologically the ligaments arise
from the tissue that separates the epaxial and hypaxial
musculature (see Ch. 12). Laterally, the intertransverse
ligaments can be interpreted as dividing into two
layers: an anterior layer, otherwise known as the
anterior layer of thoracolumbar fascia, which covers
the front of the quadratus lumborum muscle; and a
posterior layer which blends with the aponeurosis of
the transversus abdominis to form the middle layer of
thoracolumbar fascia (see Ch. 9).

Towards the medial end of each intertransverse
space, the intertransverse ligament splits into two
leaves (Fig. 4.7).2 The dorsal leaf continues medially
to attach to the lateral margin of the lamina of the
vertebra that lies opposite the intertransverse space.
Inferiorly, it blends with the capsule of the adjacent

Space between dorsal leaf
and ligamentum flavum
Figure 4.7 The ventral and dorsal leaves of the intertransverse
ligament. (Based on Lewin et al. 1962,2* with permission.)
D, dorsal leaf; MB, medial branch of dorsal ramus; V, ventral
leaf; VR, ventral ramus of spinal nerve.

zygapophysial joint. The ventral leaf curves forwards
and extends forward over the lateral surface of the
vertebral bodies until it eventually blends with the
lateral margins of the anterior longitudinal ligament.
In covering the lateral aspect of the vertebral column,
it forms a membranous sheet that closes the outer end
of the intervertebral foramen. This part of the leaf is
marked by two perforations which transmit structures
into and out of the intervertebral foramen. The
superior opening transmits the nerve branches to
the psoas muscle. The inferior opening transmits the
ventral ramus of the spinal nerve and the spinal
branches of the lumbar arteries and veins.

Enclosed between the ventral and dorsal leaves of
the intertransverse ligament is a wedge-shaped space,
called the superior articular recess. This recess serves
to accommodate movements of the subadjacent
zygapophysial joint. It is filled with fat that is
continuous with the intra-articular fat in the joint
below, through the foramen in its superior capsule.
The superior articular process of this joint projects into
the bottom end of the recess, and during extension
movements of the joint, its inferior articular process
moves inferiorly, pulling the superior articular recess,
like a sleeve, over the medial end of the superior
articular process. During this process the fat in the
recess acts as a displacable space-filler. At rest, it
maintains the space in the recess but is easily moved
out to accommodate the superior articular process.
A reciprocal mechanism operates at the inferior pole of
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the joint, where a pad of fat over the vertebral lamina
maintains a space between the lamina and the
multifidus muscle into which the inferior articular
process can move.

Transforaminal ligaments

The transforaminal ligaments are narrow bands of
collagen fibres that traverse the outer end of the
intervertebral foramen. Five types of such bands have
been described, according to their specific attachments
(Fig. 4.8):»

e The superior corporotransverse ligaments connect
the lower posterolateral cormer of a vertebral body
with the accessory process of the transverse
process of the same vertebra.

A

.

c

e The inferior corporotransverse ligaments connect
the lower posterolateral corner of a vertebral body
with the transverse process below.

e The superior transforaminal ligaments bridge
the inferior vertebral notches, and the inferior
transforaminal ligaments bridge superior vertebral
notches.

e The midtransforaminal ligaments run from the
posterolateral corner of an anulus fibrosus to the
zygapophysial joint capsule and ligamentum
flavum behind.

Transforaminal ligaments are not always present.
The overall incidence of all types is around 47%,
with the superior corporotransverse being the most
common type {27%). For two reasons, they are not
strictly ligaments. First, their structure resembles

jifud

Figure 4.8 The transforaminal iigaments. (Based on Golub and Silverman 1969.24) {A) Superior and inferior corporotransverse
tigaments. (B) Superior transforaminal figament. (C) Middie transforaminal ligament. (D) Inferior transforaminal ligament.



bands of fascia more than ligaments proper. Secondly,
except for the inferior corporotransverse ligament, they
do not connect two separate bones, and the mid-
transforaminal variety is not connected to any bones.
Accordingly, they are more correctly interpreted as
bands of fascia, and in view of their location it is most
likely that they represent thickenings in the ventral leaf
of the intertransverse ligament.

Mamillo-accessory ligament

A tight bundle of collagen fibres of variable thickness
bridges the tips of the ipsilateral mamillary and
accessory processes of each lumbar vertebra (Fig. 4.9).
This structure has been called the mamillo-accessory
ligament® but it is not a true ligament because it
connects two points on the same bone. Moreover, its
cord-like structure resembles a tendon more than a

AP MP MAL

ligament, and indeed it has been interpreted as
representing a tendon of the semispinalis musculature
in the lumbar region.?® The ligament may be ossified,
converting the mamillo-accessory notch into a bony
foramen, The prevalence of this change was found in
one study to be 10% at the L5 level,” while in another
study it was 28% at L5, 10% at L4 and 3% at L3.%

The ligament has no biomechanical significance,
but its significance lies in the fact that it covers the
medial branch of the dorsal ramus of the spinal nerve
as it runs through the mamillo-accessory notch.
Furthermore, when the ligament is ossified, the
foramen it forms can be an apparent anomaly evident
on CT scans.? Ossification of the ligament, however, is
a normal phenomenon without any pathological
significance. It has been suggested that the ligament
may be a site of entrapment of the nerve beneath it*
but this has not been verified clinically.

Figure 4.9 The mamillo-accessory ligaments (MAL). AP, accessory process; MP, mamillary process. Note the foramina under the
ligaments, through which pass the medial branches of the lumbar dorsal rami.
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THE LUMBAR LORDOSIS

The intact lumbar spine is formed when the five
lumbar vertebrae are articulated to one another
(Fig.5.1). Anteriorly the vertebral bodies are separated
by the intervertebral discs and are held together by the
anterior and posterior longitudinal ligaments. Pos-
teriorly the articular processes form the zygapophysial
joints, and consecutive vertebrae are held together
by the supraspinous, interspinous and intertransverse
ligaments and the ligamenta flava.

Although the lumbar vertebrae can be articulated
to form a straight column of vertebrae, this is not the
shape assumed by the intact lumbar spine in the
upright posture. The reason for this is that the sacrum,
on which the lumbar spine rests, is tilted forwards, so
that its upper surface is inclined downwards and
forwards. From radiographs taken in the supine
position, the size of this angle with respect to the
horizontal plane of the body has a mean value of
about 42°-45°,'% and is said to increase by about 8"
upon standing.!

If a straight lumbar spine articulated with the
sacrum, it would consequently be inclined forwards.
To restore an upward orientation and to compensate
for the inclination of the sacrum, the intact lumbar
spine must assume a curve (see Fig. 5.1). This curve is
known as the lumbar lordosis.

The junction between the lumbar spine and the
sacrum is achieved through joints like those between
the lumbar vertebrae. Anteriorly, the body of the L5
vertebra forms an interbody joint with the first
sacral vertebra, and the intervertebral disc of this joint
is known as the lumbosacral disc. Posteriorly, the
inferior articular processes of LS and the superior
articular processes of the sacrum form synovial joints,
known either as the L5-51 zygapophysial joints or as



52 CLINICAL ANATOMY OF THE LUMBAR SPINE AND SACRUM

SSL
ALL

ISL

Figure 5.1 lateral view of the intact, upright lumbar spine,
showing its curved shape. ALL, anterior longitudina! ligament;
IVD, intervertebral disc; ISL, interspinous tigament; SSL,
supraspinous ligament; ZJ, zygapophysial joint.

the lumbosacral zygapophysial joints. A ligamentum
flavum is present between the laminae of L5 and the
sacrum, and an interspinous ligament connects the L5
and S1 spinous processes. However, there is no
supraspinous ligament at the L5-S1 level,® nor are
there intertransverse ligaments, the latter having been
replaced by the iliolumbar ligament.

The shape of the lumbar lordosis is achieved as a
result of several factors. The first of these is the shape
of the lumbosacral intervertebral disc. This disc is
unlike any of the other lumbar intervertebral discs in
that it is wedge shaped. Its posterior height is about
6~7 mm less than its anterior height.> Consequently,
when the L5 vertebra is articulated to the sacrum, its
lower surface does not lie parallel to the upper surface
of the sacrum. It is still inclined forwards and
downwards but less steeply than the top of the
sacrum. The angle formed between the bottom of the
L5 vertebra and the top of the sacrum varies from
individual to individual over the range 6°~29° and has
an average size of about 16° (Fig. 5.2).

The second factor that generates the lumbar
lordosis is the shape of the L5 vertebra. Like the

Figure 5.2 Some of the angles used to describe the lumbar
spine. 1, angle formed by the top of the sacrum and the
horizontal plane (mean value about 50°); 2, angle between the
bottom of LS and the top of the sacrum (mean value 167}; 3,
angle between the top of L1 and the sacrum, used to measure
the lumbar lordosis (mean value: about 707).

lumbosacral disc, the L5 vertebral body is also wedge
shaped. The height of its posterior surface is some
3 mum less than the height of its anterior surface.® As a
consequence of the wedge shape of both the L5 body
and the lumbosacral disc, the upper surface of L5 lies
much closer to a horizontal plane than does the upper
surface of the sacrum.

The remainder of the lumbar lordosis is completed
simply by inclination of the vertebrae above LS. Each
vertebra is inclined slightly backwards in relation to
the vertebra below. As a result of this inclination, the
anterior parts of the anuli fibrosi and the anterior
longitudinal ligament are stretched. Posteriorly, the
intervertebral discs are compressed slightly, and the
inferior articular processes slide downwards in
relation to the superior articular processes of the
vertebra below, and may impact either the superior
articular process or the pedicle below. The latter
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phenomenon has particular bearing on the weight-
bearing capacity of the zygapophysial joints and is
described further in Chapter 8.

The form of the curve thus achieved is such that, in
the upright posture, the L1 vertebra is brought to lie
vertically above the sacrum. The exact shape of the
lumbar lordosis at rest varies from individual to
individual, and it is difficult to define what might be
called the ‘normal’ lumbar lordosis.

Magnitude

Various parameters have been used by different
investigators to quantify the curvature of the lumbar
lordosis, although they all involve measuring one or
other of the angles formed by the lumbar vertebral
bodies (see Fig. 5.2). Some have used the angle formed
by the planes through the top surface of L1 and the top
surface of the sacrum,”® and this could be called the
‘L1-S1 lordosis angle’. Fernand and Fox (1985)°
measured the angles between the top of L2 and the top
of the sacrum, and between the top of L2 and the
bottom of L5, which they called, respectively, the
‘lumbosacral lordotic angle’ and the ‘lumbolumbar
lordoticangle’. Others have measured the angle between
the top of L3 and the sacrum,' or the angle formed
between planes that bisect the Li1-L2 disc and the
[.5-S1 disc."'> Consequently, the measures obtained
in these various studies differ somewhat from one
another. Nevertheless they all show substantial ranges
of variation.

In radiographs taken in the supine position, the
angle between the top of L1 and the top of the sacrum
varies from 20° to more than 60° but has an average
value of about 50°.7 In the standing position, this same
angle has been measured as 67" (+3" standard deviation,
SD) in children, and 74 (+7° SD) in young males."* The
angle between the top of L2 and the sacrum has a range
of 16'-80° and a mean valueof 45°.% A value greater than
68" is considered to indicate a hyperlordotic curve.’
However, despite a common belief that excessive
lordosis is a risk factor for low back pain, comparison
studies reveal that there is no correlation between the
shape of the lumbar lordosis and the presence or
absence of back pain symptoms.7-012

Stability

The foremost structural liability of the lumbar spine
stems from the inclination of the sacrum. Because of
the downward slope of the superior surface of the
sacrum there is a constant tendency for the L5
vertebra, and hence the entire lumbar spine, to slide
forwards down this slope under the influence of the

weight of the trunk; more so whenever additional
weights are borne by the lumbar spine. In turn there is
a similar though lesser tendency for the L4 vertebra to
slide down the upper surface of the L5 vertebra.
However, the lumbar spine is adapted to offset these
tendencies, and these adaptations are seen in the
structure of the articular processes and ligaments of L5
and other lumbar vertebrae.

As described in Chapter 3, the lumbar zygapophysial
joints provide a bony locking mechanism that resists
forward displacement, and the degree to which a joint
affords such resistance is determined by its orientation.
The more a superior articular process faces back-
wards, the greater the resistance it offers to forward
displacement.

To resist the tendency for the LS vertebra to slip
forwards, the superior articular processes of the
sacrum face considerably backwards. The average
orientation of the 1.5-51 zygapophysial joints with
respect to the sagittal plane is about 45" with most
lumbosacral zygapophysial joints assuming this
orientation (see Fig. 3.4, p. 32). Only a minority of joints
assume a greater or lesser angle. Joints with a greater
angle, i.e. facing backwards to an even greater extent,
provide greater resistance to forward displacement of
LS, but they provide less resistance to axial rotation
(twisting movements) of L5. Joints with an angle less
than 45" provide greater protection against rotation but
less against forward displacement. An angle of 45° is
therefore a satisfactory compromise, allowing the
lumbosacral zygapophysial joints to resist both
rotation and forward displacement.

The L4-5 zygapophysial joints are also orientated at
about 45" (see Fig. 3.4) and thereby resist forward
displacement of the L4 vertebra. Above L4, the slopes of
the uppersurfaces of the vertebral bodies are horizontal
or inclined backwards, and there is no tendency, at rest,
for the upper lumbar vertebrae to slide forwards.
Consequently, there is less need for the upper lumbar
zygapophysial joints to face backwards, and their angle
of orientation is progressively less than 45° (see Fig. 3.4).
Such resistance as may be required to resist forward
displacement of these joints during flexion of the
lumbar spine is nevertheless afforded by the curved
shape of their articular surfaces. Although their general
orientation is closer to the sagittal plane, the
anteromedial ends of the articular surfaces of the upper
lumbar joints face backwards and can resist forward
displacement, if required (see Ch. 3).

The second mechanism that stabilises the lum-
bar lordosis is provided by the ligaments of the lumbar
spine. Atall levels, any tendency for a vertebra to slide
forwards will be resisted by the anulus fibrosus of the
underlying intervertebral disc. However, the anuli
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fibrosi are spared undue strain in this regard by the
bony locking mechanism of the zygapophysial joints.
Bony impaction will occur before the intervertebral
discs are strained. However, should the mechanism of
the zygapophysial joints be compromised by
unsuitable orientation, or by disease or injury, then the
resistance of the anuli fibrosi will be invoked to a
greater extent.

By connecting the L5 transverse processes to the
ilium, the iliolumbar ligaments, through their sheer
size, provide a strong additional mechanism that
prevents the L5 vertebra from sliding forwards. The
tension sustained through the iliolumbar ligament is
evident in the size of the L5 transverse processes.
These are unlike the transverse processes of any other
lumbar vertebra. Instead of thin flat bars, they are
thick and pyramidal. Moreover, instead of stemming
just from the posterior end of the pedicle, they have an
enlarged base that extends forwards along the pedicle
as far as the vertebral body. This modification of
structure can be interpreted as being due to the
modelling of the bone in response to the massive
forces transmitted through the L5 transverse processes
and the iliolumbar ligaments.

The anterior longitudinal ligament, and in a similar
way the anterior fibres of the anuli fibrosi, plays a
further role in stabilising the lumbar lordosis. If the
lumbar spine bows forwards, the anterior ends of the
vertebral bodies will attempt to separate but this will
be resisted by the anterior longitudinal ligament and
the anterior fibres of the anuli fibrosi. Eventually an
equilibrium will be established in which any force
tending to separate the vertebral bodies will be
balanced exactly by the tension in the anterior

ligaments. Any increase in force will be met by
increased tension in the ligaments. [n this way, the
anterior ligaments endow the curved lumbar spine
with a resilience. This mechanism is analogous to the
‘springiness’ that can be felt in a long wooden rod or a
plastic ruler that is stood on end and deformed into an
arc.

One of the advantages of a curved lumbar spine lies
in this resilience. By being curved, the lumbar spine is
protected to an appreciable extent from compressive
forces and shocks. In a straight lumbar spine, an axial
compressive force would be transmitted through the
vertebral bodies and intervertebral discs, and the only
mechanism to protect the lumbar vertebrae would be
the shock-absorbing capacity of the intervertebral
discs (see Ch. 2). In contrast, in a curved lumbar spine,
compressive forces are transmitted through the pos-
terior ends of the intervertebral discs while the ante-
rior ends of the vertebral bodies tend to separate. In
other words, compression tends to accentuate the
lumbar lordosis. This tendency will cause the anterior
ligaments to become tense, which, in turn, will resist
the accentuation. In this way, some of the energy of the
compressive force is diverted into stretching the
anterior ligaments instead of being transmitted
directly into the next vertebral body.

THE VERTEBRAL CANAL

In the intactlumbarspine, the vertebral foramina of the
five lumbar vertebrae are aligned to form a continuous
channel called the vertebral canal (Fig. 5.3). The
anterior wall of this canal is formed by the posterior

Figure 5.3 Latera! view of a prone lumbar spine with an arrow depicting the vertebral canal.
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surfaces of the lumbar vertebrae, the intervening discs
and the posterior longitudinal ligament. The posterior
wall is formed by the laminae of the vertebrae and the
intervening ligamenta flava. Because operations on
the lumbar spine are most frequently performed with
the patient in the prone position, the anterior and
posterior walls of the vertebral canal are, by convention,
alternatively referred to as the floor and roof of the
vertebral canal, respectively.

The floor of the vertebral canal is not absolutely flat
because the posterior surfaces of the lumbar vertebral
bodies exhibit slight curves, transversely and
longitudinally. The posterior surfaces of the L1 to L3
vertebrae regularly exhibit a slight transverse concavity.
In contrast L5 is slightly convex while L4 exhibits an
intermediate curvature.™ Along the sagittal plane, the
lumbar vertebrae present a slightly concave posterior
surface so that in profile the floor of the vertebral canal
presents a scalloped appearance.” This scalloping is
believed to be produced by the pulsatile, hydrostatic
pressure of the cerebrospinal fluid in the dural sac,
which occupies the vertebral canal.'

The lateral walls of the vertebral canal are formed by
the pedicles of the lumbar vertebrae. Between the
pedicles, the lateral wall is deficient where the superior
and inferior vertebral notches appose one another to
form the intervertebral foramina. Each intervertebral
foramen is bounded anteriorly by an intervertebral disc,
the adjacent lower third of the vertebral body above,
and the uppermost portion of the vertebral body below
(Fig. 5.4). Above and below, each intervertebral
foramen is bounded by a pedicle, while posteriorly it is
bounded by a vertebral lamina and a zygapophysial
joint. More accurately, the posterior boundary of each
intervertebral foramen is the lateral portion of the
ligamentum flavum that covers the anterior aspect of
the lamina and zygapophysial joint (see Ch. 4).

Subdivisions of the vertebral canal, recognised by
surgeons because of their relationship to the spinal
nerve roots,'"? are the so-called radicular canals.
These are not true canals because they do not have
boundaries around all their aspects. More accurately,
they are only subdivisions of the space of the vertebral
canal and intervertebral foramina, through which the
spinal nerve roots run (see Ch. 10), but in so far as they
form a series of bony relations to the course of the
nerve roots, they may be regarded as canals.

Each radicular canal is a curved channel running
around the medial aspect of each pedicle in the lumbar
spine, and each can be divided into three segments.'®
The uppermost, or retrodiscal segment, lies above the
level of the pedicle. Its anterior wall is formed by the
intervertebral disc in this region, while its posterior
wall is formed by the uppermost end of a superior

Figure 5.4 Lateral view of the boundaries of an intervertebrat
foramen. 1, pedicle; 2, back of vertebral body; 3, intervertebral
disc; 4, back of vertebral body; 5, pedicle; 6, ligamentum
flavum; 7, zygapophysial joint.

articular process (Fig. 5.5). This segment lacks a lateral
wall because it lies opposite the level of an intervertebral
foramen. Similarly, it has no medial wall for in this
direction it is simply continuous with the rest of the
vertebral canal.

The parapedicular segment lies immediately
medial to the pedicle, which therefore forms its lateral
wall. Anteriorly, this segment is related to the back of
the vertebral body, while posteriorly it is covered
by the vertebral lamina and the anteromedial edge of
the superior articular process that projects from this
lamina (see Fig. 5.5). Technically, this segment of
the radicular canal is simply the lateral portion of the
vertebral canal opposite the level of a pedicle, and for
this reason this segment is also known as the lateral
recess (of the vertebral canal). A lateral recess is
therefore present on both sides of the vertebral canal
opposite each of the lumbar pedicles.

The third segment of the radicular canal is formed
by the upper part of the intervertebral foramen: that
part behind the vertebral body and below the upper
pedicle (see Fig. 5.5).

The anatomical relevance of the radicular canals is
that the lumbar nerve roots run along them; the
anatomy of these nerves is described in Chapter 10.
The clinical relevance lies in the propensity for the
nerve roots to be compressed by structural alterations
in one or other of the structures that form boundaries
to the canals.
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IAP

Figure 5.5 The radicular canals. {A) The location of the radicular canals (shaded) in a dorsal view of the lumbar spine. (B) A view of
the radicular canals from within the vertebral canal, showing their lateral, anterior and posterior boundaries. (C) The anterior and
latera! boundaries of the radicular canals, viewed from behind. (D) The posterior and lateral boundaries of the radicular canals, as
seen from within the vertebral canal, looking at its roof. The ligamentum flavum has not been included {see also Fig. 4.5B).

IAP, inferior articular process; IVD, intervertebral disc; L, lamina; LF, ligamentum flavum; P, pedicle; SAP, superior articular process;

VB, vertebral body.

Another concept of relevance to nerve root
compression concerns narrowing of the vertebral canal.
The shape and size of the lumbar vertebral canal
govern the amount of space available for the nerves
that the canal transmits, and if this space is in any way
lessened by encroachment of the boundaries of the

canal, the condition is referred to as canal stenosis or
spinal stenosis. 2%

In transverse section, the lumbar vertebral canal
varies in shape. It is oval at upper lumbar levels,
becoming triangular more caudally, sometimes assum-
ing a trefoil shape at lower lumbar levels (Fig. 5.6).”
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Figure 5.6 The shape of the vertebral canal in transverse
section, (A) Oval outline of upper lumbar vertebrae. (B) Triangular
shape of lower lumbar vertebrae. (C) Trefoil shape found at lower
lumbar levels. (D) Congenital spinal stenosis. (E} Acquired spinal
stenosis of a triangular vertebral canal due to arthrosis of the
zygapophysial joints. (F) Acquired spinal stenosis of a trefoil
vertebral canal due to arthrosis of the zygapophysial joints.
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The sacrum
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The sacrum is a large block of bone located at the base
of the vertebral column. It is designed to support the
lumbar vertebral column and to transmit loads from
the trunk to the pelvic girdle and into the lower limbs.

Its most obvious features are its triangular shape
and its curvature. It has a broad, thick upper end but
tapers to a blunt point inferiorly (Fig. 6.1). It has a
relatively smooth anterior surface that is concave, and
a rough posterior surface that is convex. Perforating its
anterior surface is a series of paired holes, known as
the anterior sacral foramina. Perforating its posterior
surface is a corresponding series of holes, known as
the posterior sacral foramina.

PARTICULAR FEATURES
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Essentially, the sacrum consists of five fused vertebrae;
the particular features of the sacrum can be discerned
as the elements of these vertebrae or their vestiges.

In the midline anteriorly, the sacrum exhibits
rectangular regions that resemble vertebral bodies
embedded within the body of the sacrum (see Fig. 6.1).
The top and bottom surfaces of each are marked by
transverse ridges between which lie linear regions that
resemble narrow intervertebral discs that have
ossified. Laterally, bars of bone pass laterally from the
vertebral bodies, above and below the anterior sacral
foramina. Beyond the foramina, the bars expand,
effectively into transverse processes. Lateral to the
foramina, consecutive transverse processes fuse with
one another, and constitute the lateral mass of the
sacrum.

Posteriorly, the posterior elements of the fused
vertebrae are evident (Fig. 6.2). Along the midline, a
series of prominences represent the spinous processes
of the fused, sacral vertebrae. That of the first sacral
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Figure 6.1 Anterior view of the sacrum. asf, anterior sacral
foramina; Im, lateral mass; vb, vertebral bodies of the five sacral
vertebrae.

Figure 6.2 Posterior view of the sacrum. at, articular
tubercles; cc, cornua; la, laminae; psf, posterior sacral foramina;
sh, sacral hiatus; sp, spinous processes; tt, transverse tubercles.

vertebra (S1) is most prominent; at successively lower
levels the spinous processes become less prominent.
The line of spinous processes forms what is known as
the median sacral crest. The laminae of the fifth sacral
vertebrae fail to meet in the midline, and a fifth sacral
spinous process is not formed. The defect in its place
is known as the sacral hiatus. Lateral to the spinous

processes, plates of bone extend laterally as far as
the posterior sacral foramina. These represent the
laminae of the sacral vertebrae, but consecutive lam-
inae are fused with one another, there being no
ligamentum flavum at sacral levels. Opposite the
inferomedial corner of each posterior sacral foramen,
the junction of consecutive laminae is marked by a
tubercle that represents a fused sacral zygapophysial
joint. The line of articular tubercles constitutes
the intermediate crest of the sacrum. The tubercles of
the S5 vertebra flank the sacral hiatus and form defin-
itive right and left inferior articular process, called the
sacral cornua, which articulate with the coccyx. The
name is derived from the Latin cornu, meaning horn,
because the cornua resemble little horns at the base of
the sacrum.

Between and lateral to the posterior sacral foramina,
the transverse processes from the front of the sacrum
extend backwards and fuse with the lateral margins of
the laminae, thereby enclosing the foramina around
their superior, inferior and lateral aspects. Posteriorly,
the lateral edge of the transverse processes is marked
by a corrugated ridge, the summits of which mark the
tips of the transverse processes and are called the
transverse tubercles. The ridge forms the lateral crest
of the sacrum.

The terminal end of the sacrum is the flattened
bottom surface of the S5 vertebral body. It articulates
with the coccyx through the sacrococcygial interverte-
bral disc.

The superior surface of the sacrum presents an
appearance similar to that of the L5 vertebra (Fig. 6.3).
An area representing the S1 vertebral body is clearly
outlined. A broad transverse process extends from it
laterally on each side and resembles a wing. For this
reason, each is known as an ala of the sacrum, derived
from the Latin ala, meaning wing. Posteriorly, the
superior surface presents a pair of superior articular
processes, which, with the inferior articular processes
of the L5 vertebra, form the lumbosacral, or L5-51,
zygapophysial joint. Posterior to the S1 vertebral body,
the elements of a neural arch are evident. Short
pedicles support the superior articular processes and
continue medially as the laminae of S1. The arch
surrounds the upper opening of the sacral canal,
which is the continuation of the vertebral canal from
lumbar levels.

The sacral canal is patent throughout the entire length
of the sacrum and is enclosed anteriorly by the sacral
vertebral bodies, laterally by the transverse processes,
and posteriorly by the laminae. Inferiorly, the canal opens
through the sacral hiatus. Laterally, it communicates with
the exterior of the sacrum through the anterior and
posterior sacral foramina. A longitudinal section of the
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Figure 6.3 View of the upper end of the sacrum. la, lamina;
sap, superior articular process; sc, sacral canal; sp, spinous
process of S1; vb, vertebral body of S1.

Figure 6.4 Longitudinal section through the sacrum. ivd,
remnants of intervertebral disc; sc, sacral canal; sh, sacral
hiatus; sp, spinous processes; vb, vertebral bodies.

sacrum reveals the length of the sacral canal and the
remains of the sacral intervertebral discs (Fig. 6.4).

A lateral view of the sacrum (Fig. 6.5) shows that
the transverse processes of the lower two segments are
quite narrow from front to back, but those of the first
three segments are thick. It is this section of the sacrum
that articulates with the ilium. It presents two distinct
areas: a smooth surface that has the shape of an ear, for
which reason it is called the auricular surface; and an

Figure 6.5 Lateral view of sacrum showing the auricular
surface (as) and the ligamentous area (lg).

irregular, rougher area behind that. The auricular
surface is the articular surface for the sacroiliac joint.
The rough area is a ligamentous area that receives the
fibres of the interosseous sacroiliac ligament.

The auricular surface of the sacrum consists of two
arms: a superior arm that extends across the lateral
surface of the S1 segment and an inferior arm that
extends across the 52 segment and a variable distance
across the S3 segment. The anterior edges of the
superior and inferior arms coincide with the anterior
edge of the lateral surface of the sacrum. Consequently,
the anterior edge of the sacroiliac joint coincides with
the anterior surface of the sacrum.

DESIGN FEATURES

The sacrum is massive but not because it bears the
load of the vertebral column. After all, the L5 vertebra
bears almost as much load as the sacrum but is
considerably smaller. Rather, the sacrum is massive
because it must be locked into the pelvis between the
two ilia. The bulk of the sacrum lies in the bodies and
transverse elements of its upper two segments and the
upper part of the third segment. These segments are
designed to allow the sacrum to be locked into the
pelvic girdle and to transfer axial forces laterally into
the lower limbs (and vice versa). Further aspects of
this design are considered in the context of the
sacroiliac joint (see Ch. 14).




Chapter 7

Basic biomechanics

CHAPTER CONTENTS

Movements 63

Planes of movement 64
Stress—strain 66

Stiffness 68

Initial range of movement 69
Creep 69

Hysteresis 70

Fatigue failure 71

Forces and moments 72

Because of its jargon and mathematical flavour,
biomechanics is a subject that is often daunting and
overwhelming to students of anatomy. However,
certain biomechanical concepts are indispensable for
the description and interpretation of the movements
and age changes of the lumbar spine. It is therefore
appropriate to review and summarise these concepts
as a prelude to the chapters discussing these topics.

MOVEMENTS

There are two types of motion that a bone may undergo:
translation and rotation. The essence of translation is
that every point on the bone moves in the same direction
and to the same extent (Fig. 7.1). Translation occurs
whenever a single force or a net single force acts on a
bone, and any force that tends to cause translation is
called a shear force.

Rotation is characterised by all the points on a bone
moving in parallel around a curved path centred on
some fixed point. The points move in a similar
direction but to different extents depending on their
radial distance from the fixed point which is known as
the centre of rotation (Fig. 7.2). Rotation occurs when
two unaligned forces act in opposing directions on
different parts of the bone, forming what is known as a
force couple (see Fig. 7.2), and the net force tending to
cause rotation is referred to as the torque. Depending
on circumstances, torque may be the result of two
opposed forces which may both be muscular actions,
or they may be a muscular action and a ligamentous
resistance, or they may be gravity opposed by either
muscular action or ligamentous resistance.

When a rotating bone is considered in three
dimensions it can be seen that all the points throughout
the bone can be grouped into individual planes that lie
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Figure 7.1 Translation. A single net force causes all points in
a body to move in parallel, in the same direction and to the
same extent.

Force 1 Movement

Force 2

Figure 7.2 Rotation. Two unaligned, opposite forces (a force
couple) cause the points in a body to move around a stationary
centre.

parallel to the direction of motion (Fig. 7.3). In each
plane, the points move about a centre located in that
plane, and when all the centres of all the planes are
lined up they depict a straight line that forms what is
known as the axis of rotation of the bone.

There is nothing special about an axis of rotation in
a biological sense. The points along an axis of rotation
do not have any unique biological properties. An axis
of rotation is only a mathematical phenomenon created
by the net effect of forces acting on a bone. For any
rotation, it can be shown that there is a region where all
opposing forces cancel out and no net force acts, and
this will be the axis of rotation. The axis remains
stationary because no net force acts on it. Meanwhile,
all the points surrounding the axis are subjected to a

Figure 7.3 During rotation, the points in any plane of a body
move around a centre located in that plane. A line formed by
these centres is the axis of rotation of the body.

net force, and motion will occur around the stationary
axis. Thus, a formal definition of an axis of rotation can
be ‘that region that does not move when two or more
opposing, unaligned forces act on a bone’.

The location of any axis of rotation is not an
intrinsic property of the bone that moves around it. It
is a property of the forces that may happen to act on
the bone, and different forces will create a different
axis of rotation. So-called ‘normal’ axes of rotation
occur only when, during repetitions of a movement,
the same forces are consistently applied. With each
repetition, the axis of rotation occurs consistently in
the same place. However, if at any time one of the
applied forces is altered, a new axis will occur.

PLANES OF MOVEMENT

Both translation and rotation can occur in either of two
opposite senses which can be variously defined
according to circumstances or convention. For
example, the motion can be upwards or downwards,
forwards or backwards, clockwise or anticlockwise,
and in some conventions positive (+) or negative (-).
Furthermore, in three-dimensional space, translation
or rotation can occur in any of three fundamental
planes. In anatomical terms, these planes are the
sagittal, coronal and horizontal planes (Fig. 7.4).
Backward or forward rotations are movements in the
sagittal plane, as are translations in the backward or
forward direction. Side-bending is rotation in the
coronal plane, and twisting is rotation in the horizontal
plane. A sideways gliding movement across the
horizontal plane would be horizontal translation,
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Horizontal
rotation

Figure 7.4 Planes and directions of motion: anatomical system.

while movements up or down are described as coronal
translations.

Biomechanists prefer to define movements in
relation to three imaginary axes drawn through the
body, which are labelled X, Y and Z.'? The X axis
passes sideways through the body; the Y axis passes
through it vertically; and the Z axis passes through it
from back to front (Fig. 7.5). Movements can then be
described as along or around any particular axis.
Thus, sagittal translation is translation along the Z axis;
sideways gliding movements are translations along
the X axis; and up and down movements are along the
Y axis. Forward bending is rotation around the X axis;
side-bending is rotation about the Z axis; and twist-
ing movements are rotations around the Y axis. The
key to this nomenclature lies in the prepositions
used. Translations are movements along one of the
axes while rotations are movements around one of
the axes.

Horizontal
plane

The advantage of the biomechanists’ convention is
that the dimensions of movements are accurately and
unambiguously defined. However, the terms ‘X’,"Y" and
‘2’ are unfamiliar and anonymous to all except to those
who use them regularly. The terms ‘sagittal’,’coronal’
and ‘horizontal’ are somewhat more meaningful because
of their use in other areas of anatomy, and these are the
terms used in this text. In the anatomical system the
movements are perceived to occur in or along the plane in
question, irrespective of whether the movement is a
translation or a rotation. For reference, the equivalence of
various terms derived from the anatomical system, the
biomechanists’ convention and colloquial vocabulary is
shown in Table 7.1.

Because of difficulties in appreciating the distinctions
between translations and rotations in the horizontal and
coronal planes, the term ‘axial’ has been introduced in
Table 7.1. Thus, the term ‘axial rotation’ replaces
‘horizontal rotation’ to refer to rotation in the horizontal
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Figure 7.5 Axes and directions of motion: biomechanical
system.

plane, i.e. around the long axis of the body. The term
‘axial translation’ replaces ‘coronal translation” to refer
to movement up or down, or along the long axis of the
body, and to distinguish this movement from sideways
translations in the horizontal plane, which are
described as horizontal or lateral translations.

To specify the direction of axial translations, the
terms ‘cephalad’, meaning towards the head, and
‘caudad’, meaning towards the tail, are used in Table 7.1.
Although perhaps cumbersome and unfamiliar, these
terms are accurate and applicable in all situations.
The more familiar terms ‘upward’ and ‘downward’ are
applicable for axial translations in the upright position
but they are not strictly applicable in describing
motions of vertebrae in patients who might be lying
down. To overcome this difficulty, the more colloquial
terms of ‘distraction’” and ‘compression’ are more
usually used instead of ‘cephalad’ and ‘caudad axial
translation’. Similarly, the term ‘lateral bending’ is
more convenient and is preferred to ‘coronal rotation’.

In this text, the term ‘sagittal’ rotation is strictly used
to refer to forward and backward rotatory movements.

Although the terms ‘flexion” and ‘extension’ are
commonly used to describe this motion, these terms are
insufficiently accurate when applied to movements of
individual lumbar vertebrae. Flexion and extension are
not pure movements of the lumbar vertebrae because,
as will be shown in Chapter 8, these movements involve
a combination of both sagittal translation and sagittal
rotation. The terms ‘flexion” and ‘extension’ may be
used to describe forward bending and backward
bending of the lumbar spine in a general sense, but in
relation to movements of individual vertebrae it should
be understood that the terms refer to a combination of
both sagittal rotation and sagittal translation.

The relevance of these explicit definitions of motion
is extensive. In the first instance, the motion of
individual vertebrae is often complex, and no single
term can describe the motion. Nevertheless, it can
always be described as some combination of the fun-
damental movements listed in Table 7.1. Furthermore,
each component of motion of the lumbar spine is
exerted and resisted by different mechanisms, and to
appreciate how these mechanisms act, each needs to
be analysed in relation to the particular component of
motion that it controls. This type of analysis is
undertaken in Chapter 8.

STRESS-STRAIN

To stretch a collagen fibre, a force must be applied to
it. Once it starts to stretch, the fibre resists elongation
by generating a resisting force due to the chemical
bonds between collagen fibrils, between tropocollagen
molecules, between collagen fibres, and between
collagen fibres and proteoglycans (see Ch. 2). By
convention, the applied or elongating force is known
as the applied stress and the extent to which a fibre is
elongated is known as the strain. Stress is measured in
units of force (newtons) and strain is measured as the
fractional or percentage increase in length relative to
initial length. Thus a fibre of length L, when stretched
to a new length L, undergoes a strainof L, /L or L, /L,
x 100%.

Particular terms are used to specify different types
of stress and strain according to the direction in which
a structure is deformed. When a structure is stretched
longitudinally, the deforming force is known as
tension and the structure undergoes tension strain. If
a structure is squashed, the deforming stress is
compression and it undergoes compression strain.
The latter is measured as the fractional or percentage
decrease in height of the structure. Forces that cause
two vertebrae to slide with respect to one another are
referred to as shear forces and the strain that occurs in



Basic biomechanics

Table 7.1

Descriptive terms of motion. By convention, the direction of any rotation is defined according to the

direction of movement of the most anterior point on the bone

Anatomical system

Biomechanical system

Colloquial description

Anterior sagittal translation +Z translation
Posterior sagittal translation —Z translation
Cephalad coronal translation +Y translation
Caudal coronal translation =Y translation
Left horizontal translation +X translation
Right horizontal translation —X translation
Anterior sagittal rotation +X rotation
Posterior sagittal rotation —X rotation
Left coronal rotation —Z rotation
Right coronal rotation +Z rotation
Left horizontal rotation +Y rotation
Right horizontal rotation —Y rotation

Forward slide or glide
Backward slide

Longitudinal or axial distraction
Longitudinal or axial compression
Left lateral slide

Right lateral slide

Forward bend, ‘flexion’
Backward bend, ‘extension’

Left lateral bend

Right lateral bend

Left axial rotation

Right axial rotation

the intervening intervertebral disc is referred to as
shear strain. The distinction between shear and
tension is that tension conventionally applies to forces
exerted along the long axis of a structure, whereas
shear forces are applied across this axis. When an
object twists, it is said to undergo torsion. A force that
causes torsion is a torque and the resultant strain is
referred to as torsion strain.

At rest, single collagen fibres are usually buckled,
and the wavy shape they assume is referred to as
crimp.*® When stress is applied to a collagen fibre, the
first effect is to straighten this crimp. Little energy is
required to do this as there are no major chemical
bonds that maintain it. Thus, a crimped collagen fibre
will elongate in response to little applied force.
However, once crimp has been removed, the collagen
fibre starts to resist strongly any further elongation.
The stress attempts to break the bonds between the
collagen fibrils and tropocollagen molecules. Energy is
required to oppose strain and perhaps eventually
break these bonds. Consequently, more force is
required to produce further elongation of the collagen
fibre. If sufficient force is applied, the bonds may
break, and when this occurs in a substantial number of
bonds, the collagen fibre ceases to resist elongation
and is said to “fail’. Once the collagen fibre has failed,
only small forces are required to tear apart its now
unbonded component fibrils and molecules.

The mechanical behaviour of collagen fibres subject
to stress can be depicted graphically,” as in Figure 7.6;
such graphs are known as stress-strain curves. The
curve exhibits three main regions. The first region,
known as the ‘toe” phase, reflects the phase when crimp
is being removed from the collagen fibre. The second, or
linear, region is the steep slope along the middle of the

Stress

Macro-failure

Linear phase
Micro-failure

‘Toe' phase
Crimp removed ;

1 2 3 4 5 6 7

Strain (% elongation)
Figure 7.6 Stress-strain curve of collagen. (Based on
Abrahams 19677 and Shah et al.1977.9)

curve. Mathematical calculations reveal that the
junction of the toe phase and the linear region
represents the point where crimp has been maximally
removed from the fibre and the stress starts to stretch
the collagen fibre longitudinally.®” The linear region
represents the phase when bonds within and between
collagen fibrils are being strained and some are being
broken. The peak of the curve represents the phase of
failure of the collagen fibre, when substantial numbers
of bonds are irreversibly broken. As depicted by the last
part of the curve, once failure has occurred, elongation
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can continue with ever decreasing amounts of stress
being required.

A key feature of the mechanical properties of
collagen is that bonds within and between collagen
fibrils start to be strained and broken somewhere after
3% and 4% elongation of the fibre has occurred.
Consequently, about 4% elongation is the maximum a
fibre can sustain without risking microscopic damage.

Collagenous tissues, like ligaments and joint capsules,
behave in a similar manner to isolated collagen fibres,
and exhibit similar stress—strain curves®**? but certain
additional mechanical events are involved (Fig. 7.7). In
addition to the removal of crimp, the toe phase may
represent the removal of any macroscopic slack in the
ligament. During the second phase, collagen fibres are
being rearranged in the stressed structure. Fibres that, at
rest, are curved or run obliquely in the three-dimensional
lattice of the ligament or capsule are straightened to line
up with the applied force. Thus, when the three-
dimensional lattice is stressed, any bonds between
separate collagen fibres and between collagen fibres and
their surrounding proteoglycan matrix are strained.
Furthermore, to make way for the rearrangement of
collagen fibres, water and proteoglycans may need to be
displaced from between the collagen fibres.

All of these processes require energy: to strain the
bonds to move the collagen fibres and proteoglycans;
and to squeeze out water. Thus, to achieve continued
elongation, more force must be applied and this creates

Stress

Macro-failure

Micro-failure

‘Slack’ and

1 2 3 4 5 6 7
Strain (% elongation)
Figure 7.7 Stress-strain curve for a ligament. (Based on
Nordin and Frankel 1980¢ and Noyes 1977.9)

the steep slope of the second phase (see Fig. 7.7).
Eventually, after the collagen fibres, proteoglycans and
water have been rearranged, the bonds within
individual collagen fibres are strained. In the face of
increasing stress, these bonds and those between
collagen fibres will fail and the entire structure fails.

The proportion of collagen fibres that needs to fail
before macroscopic failure of a ligament or capsule
occurs is not known, and it is not possible to predict
the stress-strain curves for different structures on the
basis of the number or nature of their constituent
collagen fibres. Therefore the mechanical behaviour of
different structures has to be derived empirically by
subjecting several samples of the same structure to
known stresses and obtaining average stress—strain
curves representative of the particular structure.

The value of stress-strain curves is that they
graphically depict the mechanical properties of
collagenous (and other) structures, notably their
strength and the way in which they resist elongation.
In turn, the mechanical behaviour reflects the
biochemical properties of the structure, for alterations
in the proteoglycan content and the bonding within
and between collagen fibres will affect the way a
ligament or a capsule can resist applied forces.

To a certain extent, physical examination involves
obtaining a stress-strain curve for a joint and its
capsule or ligaments. When passive movement is
induced, a stress is applied, and strain is reflected in
terms of both the range of movement observed and the
form of the palpated resistance to movement. It is
important to realise, however, that clinical examination
only studies the early part of the stress—strain curve, no
further than just beyond the toe phase.® The limit is
well within the 4% elongation at which microscopic
injury occurs. Physical examination rarely (and should
not) enter into the second phase, for then it is actually
inducing microfailure of the structure, and risks
macrofailure. Physical examination therefore gains
access to only a part of the total stress-strain curve
possible. Nevertheless, it does detect some of the
physical properties of the structure examined, which
can be interpreted in the light of knowledge of the
microstructure and biochemistry of the structure
examined, and knowledge of its total mechanical
behaviour as determined in cadaveric and post-
mortem material.

STIFFNESS

The stiffness of a given structure is its resistance to
deformation and can be measured by the force required
to produce a unit elongation or deformation.'’ In



mathematical terms, it is the slope of the stress-strain
curve of a structure. Stiffer structures resist deformation
and the slope of their stress-strain curves will be
steeper. In biochemical terms, stiffness implies a greater
degree of bonding between collagen fibres, or between
collagen fibres and their surrounding matrix.

INITIAL RANGE OF MOVEMENT

If a joint is moved passively or actively by a constant
force, a point is reached where no further movement
appears possible. The resistance in the capsule and
ligaments of the joint balances exactly the force
attempting to move the joint. The distance moved by
the joint up to this point is known as the initial range
of movement. If a stress-strain curve were constructed
for the joint, the initial range of movement would be
found to occur somewhere early in the second phase of
the curve, just after the toe phase when collagen
bonding is starting to resist the movement.

Application of a greater force would strain the
resisting structures further and a new, greater initial
range of movement would be perceived. The amount
of increased range would be dependent both on the
increase in force and on the stiffness of the joint and its
ligaments. However, to obtain a substantially greater
initial range of movement, considerably larger forces
would need to be applied to most joints and
ligaments. Such larger forces are not usually possible
during normal clinical examination.

With the forces used in clinical examination, the
initial range of movement remains early in the second
phase of the stress—strain curve, and even if the applied
force varies somewhat with the strength of the
examiner, the resistance of the joint is such that the
differences in perceived range of movement are not
great. Consequently, the initial range of movement as
perceived from clinical examination falls in a narrow
range and can be called the normal range of
movement.

CREEP

Initial ranges of movement are usually measured on
the basis of a brief application of force. The force is
applied until the range of movement is maximal, and
once the range is measured, the force is released.
However, if a constant force is left applied to a
collagenous structure for a more prolonged period,
further movement is detectable. This movement is small
in amplitude, occurs slowly, almost imperceptibly, and
is consequently known as creep.

Graphically, creep is seen as continued displacement
when a constant force is maintained at some point on a
stress—strain curve (Fig. 7.8). The time over which creep
can be measured is optional, and various studies have
employed times varying from minutes to hours.!*4

The biochemical and structural basis of creep is not
known for certain but it appears to be due to the
gradual rearrangement of collagen fibres, proteo-
glycans and water in the ligament or capsule being
stressed. Forces of short duration may not act long
enough to squeeze water out of a ligament or to allow
the rearrangement of collagen that could possibly
occur. The force is removed before maximal displace-
ment has had a chance to occur. In contrast, sustained
forces allow for these displacements to occur, where-
upon the ligament or capsule can elongate slightly as a
result of the internal readjustment of its constituents.

The academic relevance of creep is that it provides an
indirect though readily obtainable measure of the
interactions of collagen, proteoglycans and water in a
ligament or capsule. By studying the creep of structures,
one can determine how these interactions vary with age
or in the face of disease processes or injury. However,
creep is not just a laboratory phenomenon as it occurs
regularly in activities of daily living.

Many occupational groups, e.g. stonemasons,
bricklayers, roofing carpenters and the like, regularly
submit their lumbar spines to prolonged load-bearing
in flexion. Once they achieve such a posture there is
often little movement away from it, and their lumbar
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0 min 15 min

Creep

Elongation

Figure 7.8 Stress-strain curve illustrating creep. Despite
maintenance of a constant load, elongation occurs with the
passage of time.
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joints will creep. The possible significance of this
phenomenon is discussed below.

HYSTERESIS

Most structures, and certainly all biological tissues,
exhibit differences in mechanical behaviour during
loading versus unloading. Loading produces a
characteristic stress—-strain curve but gradual release of
the load produces a different stress-strain curve.
Restoration of the initial length of a ligament occurs at
a lesser rate and to a lesser extent than did the
deformation (Fig. 7.9). This difference in behaviour is
referred to as hysteresis and reflects the amount of
energy lost when the structure was initially stressed.
When a structure is deformed, the energy applied
to it goes into deforming the structure and into
straining the bonds within it. For collagenous tissues,
some of the energy goes into displacing proteoglycans
and water, rearranging the collagen fibres, and
perhaps even into breaking some of the bonds
between collagen fibres. Once used in this way, this
energy is not immediately available to restore the
structure to its original shape. Displaced water, for
example, does not remain in the structure exerting
some sort of back-pressure attempting to restore its
original form. It is squeezed out of the structure, and

Stress

S
of J— Hysteresis
S

Initial length

Set
= Strain
Final length

Figure 7.9 Stress-strain curve illustrating hysteresis. When

unloaded, a structure regains shape at a rate different to that
at which it deformed. Any difference between the initial and

final shape is the ‘set’

the energy used to displace the water is no longer
available to the system. If chemical bonds are broken
they cannot act to restore the form of the structure.

Thus, with less energy available to restore the
structure, the rate and extent of its restoration are
reduced. When all applied forces are completely
removed, the final length of the ligament or capsule
may remain greater than its original length (or less in
the case of compressed structures). This difference
between initial and final length is referred to as a ‘set’.

In general, hysteresis and a residual set do not
occur if a structure is stressed only in the toe phase of
its stress—strain curve, as bonds within and between
the collagen fibres are not broken. However, the
further a structure is stressed beyond its toe phase, the
more bonds are broken and the greater the hysteresis
and set.”

In time, collagen fibres and proteoglycans in a
structure may be rearranged into their usual
configuration, and any displaced water is eventually
reabsorbed, restoring the structure to its original form.
Under these circumstances any set disappears, and the
structure regains its original size.

A set often occurs after creep. When the applied
force is released, the structure does not immediately
spring back to its original shape, although it may do so
in time. However, if bonds between or within collagen
fibres have been broken, the set may not disappear
until and unless the bonds are exactly reconstituted. If
the original bonds are not reformed, or if new bonds
are formed in the set position, the set may persist
indefinitely.

This phenomenon has implications in the inter-
pretation of trauma to ligaments or capsules. The energy
lost in breaking the tissue may not be recoverable, and
the original structure is not fully reformed. Healing
may occur in a set position, and this may compromise
the mechanical function of the structure. Healing in a
set position effectively lengthens the ligament and it
will therefore accommodate greater than normal initial
ranges of movement, which may not be desirable.

The phenomena of creep and hysteresis are also of
particular relevance to the interpretation of sustained
insults to ligaments and capsules. A ligament may be
subjected to forces well within its load-bearing
capacity but if these forces are sustained for prolonged
periods, the ligament will creep, and because of
hysteresis, eventual release of the load does not result
in the immediate restoration of the form and
microstructure of the ligament. The ligament requires
time to reform fully. In the meantime, the mechanical
properties of the ligament have been altered. Its
stress—strain capacity is different from normal, and
until the structure is fully reformed it cannot be
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expected to sustain reapplied loads in the normal, or
accustomed, way. Therefore, the structure may be
liable to injury during this vulnerable period of
restoration.

FATIGUE FAILURE
When forces are repeatedly applied to a material, it does
not behave the same way each time. Each application
produces a certain amount of hysteresis, and the
structure of the material is altered slightly, albeit perhaps
temporarily. However, if the repetitions are frequent
enough, the material may not have an opportunity to
recover fully. Each application, therefore, effectively
weakens the material slightly. With one or two
applications this weakness may not be apparent.
However, following many repetitions, the small
weaknesses accumulate, and weakness in the material
becomes apparent. Indeed, after several frequent
repetitions of a stress, the material may fail at a stress
that is substantially less than that required to damage
the material following a single application of a force.
This phenomenon is referred to as fatigue failure;
its behaviour is illustrated graphically in Figure 7.10.
An initial loading reveals the mechanical properties of
the material. Its stiffness is evident, and the ultimate
tensile stress is the force that would be required to
disrupt the material completely upon one application
of a force. However, if the material is repeatedly
stressed, it exhibits an evolution of mechanical

Normal ultimate strength

Strain

Figure 7.10 Fatigue failure. After a single application of an
increasing force, a structure exhibits a typical stress-strain curve
(1). However, after 10100 and 1000 repeated applications of a
stress less than the initial ultimate tensile stress, the structure
becomes less stiff and may fail at substantially less stress than
its original ultimate tensile strain.

properties. Its stiffness decreases and, in particular, the
stress at failure drops. As a result, by repeatedly
stressing a material at forces less than those required
to break it after one loading, the material can
eventually be disrupted. A common analogy is the
ability to break a wire or paper clip, not by pulling or
bending it once but by repeatedly bending it.

Another way of plotting fatigue failure is to display
the evolution of strain over time as a force of constant
peak magnitude is applied (Fig. 7.11). The graph shows
the repeated cycles of force being applied. Initially, the
force applied results in a relatively constant strain but
at some point the strain suddenly increases and the
specimen operates at a new strain even though the
stress has not changed. This behaviour indicates that
something in the material has failed, allowing it to
exhibit greater deformation for the same stress.

How rapidly a material undergoes fatigue failure is
governed by the nature of the material itself and by the
magnitude of the offending stress and its periodicity.
Larger stresses are more likely to achieve failure
sooner; smaller stresses will require more repetitions.
Infrequent repetitions may allow biological materials
to recover; frequent repetitions deny this recovery and
may achieve failure sooner.

The clinical importance of fatigue failure is that
damage to tissues may occur without a history of
major or obvious trauma. Indeed, studies of human
spinal tissues have shown that an anulus fibrosus
typically fails after 3000 repetitions but can fail after as
few as 20 repetitions of a force equal to 60% of the
ultimate tensile stress.” Fractures of the vertebral
endplate occur within 1000 repetitions but in some
cases they occur after as few as 30-80 applications of a
stress equal to 50-80% of ultimate compressive
strength.'® The forces involved are within the range of
those encountered in activities of daily living, and
these experimental studies warn that in the face of

— 0.8
) uts
Failure 0.0
Strain "
Time
Figure 7.11 Fatigue failure. When a force of constant peak

magnitude is applied cyclically, the material initially deforms
repeatedly to the same extent, but at some point the strain
increases even though the load has not changed. This point
indicates the onset of fatigue failure. UTS, ultimate tensile stress.
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repetitive loading, elements of the lumbar spine can be
injured by forces considerably less than those

expected for an acute injury.

FORCES AND MOMENTS

When an object is free to move and is acted upon by a
force, it will accelerate in the same direction as the
applied force (Fig. 7.12). The force (F) is related to the
acceleration (a) by the equation

F=ma

where ‘'m’ is the mass of the object in kilograms. In the
MKS system, the unit of force is a newton (N) and has
the dimensions of kilogram metres per second
squared (kg m s2).

For an object in the Earth’s field of gravity, its
weight is produced by the force of gravity trying to
accelerate it towards the centre of the Earth (see
Fig. 7.12). The mass of the object (m) is related to its
weight by the acceleration produced by the Earth’s
gravitational field, i.e.

Weight = F = mg

where g=98ms?2 An object in the Earth’s
gravitational field therefore exerts a downward force

A
F a
e m — F=ma
B
m Weight=F=mg
9

Figure 7.12 The nature of forces. (A) A force (F) acting on a
mass (m) imparts an acceleration (a) on the mass in the same

direction as the force. (B) When gravity acts downwards on an
object, the force it exerts is the weight of the object, which is
proportional to its mass (m) and the gravitational acceleration
of the Earth (g).

whose magnitude in newtons is about 10 times its
mass measured in kilograms.

If an object is acted upon by a force but is fixed at
some point, the object is not free to move in the
direction of the applied force. Instead, it will tend to
bend or rotate about the fixed point (Fig. 7.13). A
force that causes bending is known as a moment,
and its magnitude is proportional to both the mag-
nitude of the force applied and the perpendicular
distance between the line of force and the fixed
point, i.e.

Moment = Fd

The unit of measure of a moment is newton-metres
whose dimensions are kg m? s

Intuitively, it should be obvious that the bending
capacity of a moment will be greater either if the force
applied is greater or if the distance from the fixed point
is greater. (Compare the effort required to bend a short
object versus a longer object of the same material.)

It is critical to appreciate that a moment is not
calculated according to the distance between the fixed
point and the point on the object at which the force is
applied. It is calculated according to the perpendicular
distance between the fixed point and the direction of
the force (Fig. 7.14). This distance is referred to as the
moment arm.

_\ M=Fd

e

Figure 7.13 The nature of moments. When a force acts
eccentrically on an object that is fixed at some point, the force
tends to bend or rotate the object. This bending effect is a
moment (M) whose magnitude is proportional to the magnitude
of the force (F) and the perpendicular distance (d) between the
fixed point and the direction of the force.
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Figure 7.15 Muscles e noments on joints that they move
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The concept of moments applies to all situations
where joints bend, whether they are acted upon
by muscles or gravity. The moment generated by
a muscle is the product of the force exerted by the
muscle and the perpendicular distance between
the axis of rotation of the joint and the line of action
of the muscle (Fig. 7.15). In the case of the vertebral
column, movements such as flexion are frequently
exerted by gravity. The forceinvolved is the weight of
the trunk leaning forwards of the lumbar spine and it
is exerted vertically downwards on the centre of mass

Basic biomechanics

Figure 7.16

when the

the lumbar spine

trunk leans for s the weight

(W) of the trunk above the lumbar spine. This force acts

s of the upper trunk (m). The

the iumbar spine to the
ne m nitude or the
¢ ce and the

of the trunk (Fig. 7.16). The magnitude of the force
acting on a given joint in the lumbar spine is
calculated as the mass of the trunk above that joint
multiplied by g. The moment arm is the perpendicular
distance from the joint in question to the line of action
of the force (see Fig. 7.16). Clearly, the further a
subject leans forward, the longer this moment arm
and the greater the resultant moment. Conversely,
the more upright a subject stands, the shorter the
moment arm and the smaller the flexion moment
(Fig. 7.17).
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M1=m9d1
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Since d,>d;, M;>M,

Figure 7.17 Different angles of flexion of the trunk result in moments of different magnitude being applied to the lumbar spine.
Even though the mass of the trunk (m) remains the same, different moments result from differences in the moment arms (d)
that occur.
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Chapter 8

Movements of the lumbar

spine
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The principal movements exhibited by the lumbar
spine and its individual joints are axial compression,
axial distraction, flexion, extension, axial rotation and
lateral flexion. Horizontal translation does not
naturally occur as an isolated, pure movement, but is
involved in axial rotation.

AXIAL COMPRESSION

Axial compression is the movement that occurs during
weight-bearing in the upright posture, or as a result of
contraction of the longitudinal back muscles (see Ch. 9).
With respect to the interbody joints, the weight-bearing
mechanisms of the intervertebral discs have already
been described in Chapter 2, where it was explained
how the nucleus pulposus and anulus fibrosus co-
operate to transmit weight from one vertebra to the
next. It is now appropriate to add further details.

During axial compression, both the anulus fibrosus
and nucleus pulposus bear the load and transmit it to
the vertebral endplates (see Ch. 2). In a normal disc, the
outermost fibres of the anulus do not participate in
bearing the load. Otherwise, the compression load is
borne uniformly across the inner, anterior anulus and
nucleus, but with a peak stress over the inner, posterior
anulus (Fig. 8.1).13 In older discs this posterior peak is
larger.2?

Compression squeezes water out of the disc.**®
Under a 100 kPa load, the nucleus loses some 8% of its
water and the anulus loses 11%.”® The loss of water
results in a relative increase in the concentration of
electrolytes remaining in the disc, and this increased
concentration serves to re-imbibe water into the disc
once compression is released.®

Under compression, the vertebral bodies around a
disc approximate and the disc bulges radially.>7!° The
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Figure 8.1 The stress profile of an intervertebral disc from

the posterior to the anterior anulus during axial compression.
(Based on Adams et al. 1993.%%)

vertebral bodies approximate because the vertebral
endplates bow away from the disc.’®? Indeed, the
deflection of each endplate is almost equal to half the
displacement of the vertebrae."! This amounts to
a strain of approximately 3% in the endplate.! The
disc bulges because, as the anulus loses height
peripherally, the redundant length must somehow be
accommodated, i.e. the lamellae of the anulus must
buckle. Nuclear pressure normally prevents buckling
inwards, leaving outward radial bulging as the only
means of accommodating loss of disc height. The
bulging is greater anteriorly than at the posterolateral
corner of the disc, and induces a strain in the anulus
fibrosus of about 2% per mm loss of disc height.?
Removing part of the nucleus (as occurs in
discectomy) increases both the loss of disc height and
the radial bulge."*

The load on the endplate during compression is
evenly distributed over its surface, there being no
greater load over the nucleus pulposus than over the
anulus fibrosus.!* The endplate bows, however,
because its periphery its strongly supported by the
underlying cortical bone of the vertebra, whereas its
central portion is supported by the slightly weaker
trabecular bone of the vertebral body. This trabecular
support is critical to the integrity of the endplate.

When excessive loads are applied to normal
intervertebral discs, the trabeculae under the endplates
fracture and the endplates themselves fracture,
typically in their central region, i.e. over the nucleus
pulposus, rather than over the anulus*'%' With the
application of very great loads the entire endplate may
fracture.'®2

In this context, it is noteworthy that the endplates
are the weakest components of the intervertebral disc
in the face of axial compression. Provided the anulus
is healthy and intact, increasing the load causes one or
other of the endplates to fail, by fracturing, sooner
than the anulus fibrosus fails, by rupturing.#'% This

phenomenon has particular ramifications in the
pathology of compression injuries of the lumbar spine
and disc degradation (see Ch. 15), and has its basis in
the relative strengths of the anulus fibrosus and the
bone of the vertebral body. Calculations have shown
that the anulus fibrosus can withstand a pressure of
3.2 x 107 Nm2 but cancellous bone yields at 34 x 10°
Nm-2 7 Consequently, endplates would be expected to
fail sooner than the anulus fibrosus when the disc is
subjected to axial compression.

With respect to the vertebral bodies, in adults under
the age of 40, between 25 and 55% of the weight
applied to a vertebral body is bome by the trabecular
bone;'2'2 the rest is borne by the cortical shell. In
older individuals this proportion changes, for reasons
explained in Chapter 13. Overall, the strength of a
vertebral body is quite great but varies considerably
between individuals. The ultimate compressive
strength of a vertebral body ranges between 3 and
12 kN.B2* This strength is directly related to bone
density?*?2 and can be predicted to within 1kN on
the basis of bone density and endplate area determined
by CT scanning.? It also seems to be inversely related
to physical activity, in that active individuals have
stronger vertebrae.?

Another factor that increases the load-bearing
capacity of the vertebral body is the blood within its
marrow spaces and intra-osseous veins (see Ch. 11).
Compression of the vertebral body and bulging of the
endplates causes blood to be extruded from the
vertebra.® Because this process requires energy, it
buffers the vertebral body, to some extent, from the
compressive loads applied to it.!

During compression, intervertebral discs undergo
an initial period of rapid creep, deforming about 1.5
mm in the first 2-10 min depending on the size of the
applied load.®* Subsequently, a much slower but
definite creep continues at about 1 mm per hour3!
Depending on age, a plateau is attained by about 90
min, beyond which no further creep occurs.®

Creep underlies the variation in height changes
undergone by individuals during activities of daily
living. Over a 16-hour day, the pressure sustained by
intervertebral discs during walking and sitting causes
loss of fluid from the discs, which results in a 10% loss
in disc height® and a 16% loss of disc volume.® Given
that intervertebral discs account for just under a
quarter of the height of the vertebral column, the 10%
fluid loss results in individuals being 1-2% shorter at
the end of a day.¥-3 This height is restored during
sleep or reclined rest, when the vertebral column is not
axially compressed and the discs are rehydrated by
the osmotic pressure of the disc proteoglycans.’
Moreover, it has been demonstrated that rest in the
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supine position with the lower limbs flexed and raised
brings about a more rapid return to full disc height
than does rest in the extended supine position.®

The pressure within intervertebral discs can be
measured using special needles,* % and disc pressure
measurement, or discometry, provides an index of the
stresses applied to a disc in various postures and
movements. Several studies have addressed this issue
although for technical reasons virtually all have
studied only the L34 disc.

In the upright standing posture, the load on the disc
is about 70 kPa.’ Holding a weight of 5kg in this
posture raises the disc pressure to about 700 kPa.3-3
The changes in disc pressure during other movements
and manoeuvres are described in Chapter 9.

Although the interbody joints are designed as the
principal weight-bearing components of the lumbar
spine (see Ch. 2), there has been much interest in the
role that the zygapophysial joints play in weight-
bearing. The earliest studies in this regard provided
indirect estimates of the load borne by the zygapo-
physial joints based on measurements of intradiscal
pressure, and it was reported that the zygapophysial
joints carried approximately 20% of the vertical load
applied to an intervertebral joint.* This conclusion,
however, was later retracted.®

Subsequent studies have variously reported that
the zygapophysial joints can bear 28%* or 40%% of a
vertically applied load. To the contrary, others have
reported that ‘compression did not load the facet
joints . .. very much’,** and that ‘provided the lumbar
spine is slightly flattened ... all the intervertebral
compressive force is resisted by the disc’.*

Reasons for these differencesin the conclusions relate
to the experimental techniques used and to the differing
appreciation of the anatomy of the zygapophysial joints
and their behaviour in axial compression.

Although the articular surfaces of the lumbar
zygapophysial joints are curved in the transverse
plane (see Ch. 3), in the sagittal and coronal planes
they run straight up and down (although see Ch. 11).
Thus, zygapophysial joints, in a neutral position,
cannot sustain vertically applied loads. Their articular
surfaces run parallel to one another and parallel to the
direction of the applied load. If an intervertebral joint
is axially compressed, the articular surfaces of the
zygapophysial joints will simply slide past one
another. For the zygapophysial joints to participate in
weight-bearing in erect standing, some aberration in
their orientation must occur, and either of two
mechanisms may operate singly or in combination to
recruit the zygapophysial joints into weight-bearing.

If a vertebra is caused to rock backwards on its
intervertebral disc without also being allowed to slide

backwards, the tips of its inferior articular processes
will be driven into the superior articular facets of the
vertebra below (Fig. 8.2). Axial compression of the
intervertebral joint will then result in some of the load
being transmitted through the region of impaction of
the zygapophysial joints. By rocking a pair of lumbar
vertebrae, one can readily determine by inspection that
the site of impaction in the zygapophysial joints falls
on the inferior medial portion of the facets. Formal
experiments have shown this to be the site where
maximal pressure is detected in the zygapophysial
joints of vertebrae loaded in extension.*®

Another mechanism does not involve the zygapo-
physial joint surfaces but rather the tips of the inferior
articular processes. With severe or sustained axial
compression, intervertebral discs may be narrowed to
the extent that the inferior articular processes of the
upper vertebra are lowered until their tips impact the
laminae of the vertebra below (Fig. 8.3).% Alternatively,
this same impact may occur if an intervertebral joint is
axially compressed while also tilted backwards, as is
the case in a lordotic lumbar spine bearing weight.¥5~%
Axial loads can then be transmitted through the
inferior articular processes to the laminae.

it has been shown that under the conditions of erect
sitting, the zygapophysial joints are not impacted and
bear none of the vertical load on the intervertebral
joint. However, in prolonged standing with a lordotic
spine, the impacted joints at each segmental level bear

Figure 8.2 When a vertebra rocks backwards, its inferior
articular processes impact the lower face of the superior
articular processes of the vertebra below.
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if an intervertebral joint is compressed (1), the
inferior articular processes of the upper vertebra impact the
laminae below (2), allowing weight to be transmitted through
the inferior articular processes (3).

Figure 8.3

an average of some 16% of the axial load.##7 In this
regard, the lower joints (L3—4, L4-5, L5-51) bear a
relatively greater proportion (19%), while the upper
joints (L1-2, L2-3) bear less (11%).*” Other studies
have shown that the actual load borne by impaction of
inferior articular processes varies from 3-18% of the
applied load, and critically depends on the tilt of
the intervertebral joint.® It has also been estimated that
pathological disc space narrowing can result in some
70% of the axial load being borme by the inferior
articular processes and laminae.*

It is thus evident that weight-bearing occurs
through the zygapophysial joints only if the inferior
articular processes impact either the superior articular
facets or the laminae of the vertebra below. Variations
in the degree of such impactions account for the
variations in the estimates of the axial load carried by
the zygapophysial joints,*® and explain why the
highest estimates of the load borne are reported in
studies in which the intervertebral joints have been
loaded in the extended position.#!424-5!

Although the preceding account of axial compression
emphasises the role of the discs and zygapophysial
joints in weight-bearing, other components of the lum-
bar spine also participate. The shape of the lordotic
lumbar spine allows the anterior longitudinal ligament

and the anterior portions of the anuli fibrosi to be
involved in weight-bearing. Because of the curvature
of the lordosis, the posterior parts of the intervertebral
discs and the zygapophysial joints are compressed,
but the anterior ligaments are stretched. Axial loading
of a lordotic spine tends to accentuate the lordosis and,
therefore, to increase the strain in the anterior
ligaments. By increasing their tension, the anterior
ligaments can resist this accentuation and share in the
load-bearing.

In this way, the lordosis of the lumbar spine
provides an axial load-bearing mechanism additional
to those available in the intervertebral discs and the
zygapophysial joints. Moreover, as described in
Chapter 5, the tensile mechanism of the anterior
ligaments imparts a resilience to the lumbar spine. The
energy delivered to the ligaments is stored in them as
tension and can be used to restore the curvature of the
lumbar spine to its original form, once the axial load is
removed.

Fatigue failure

Repetitive compression of a lumbar interbody joint
results in fractures of the subchondral trabeculae and
of one or other of the endplates. This damage occurs at
loads substantially less than the ultimate compression
strength of these structures, and well within the range
of forces and repetitions encountered in activities of
daily living, work and sporting activities.

Loads of between 37% and 80% of ultimate
compression strength, applied at 0.5 Hz, can cause
subchondral fractures after as few as 2000 or even 1000
cycles.®? Loads between 50% and 80% of ultimate
stress can cause subchondral and other vertebral
fractures after fewer than 100 cycles.®

The probability of failure is a function of the load
applied and the number of repetitions. Loads below
30% ultimate stress are unlikely to result in failure, even
after 5000 repetitions; increasing the load increases the
probability of failure after fewer repetitions.Z At loads of
50-60% of ultimate stress, the probability of failure after
100 cycles is 39%; at loads of 60-70% ultimate strength,
this probability rises to 63%.2 The lesions induced range
from subchondral trabecular fractures to impressions
of an endplate, frank fractures of an endplate and
fractures of the cortical bone of the vertebral body.?
Repetitions of 100 and up to 1000 are within the
calculated range for a variety of occupational activities,
as are loads of 60% ultimate stress of an average
vertebral body.”

Endplate fractures result in a loss of disc height'¢
and changes in the distribution of stress across the
nucleus and anulus.'®™® The stress over the nucleus
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and anterior anulus decreases, while that over the
posterior anulus rises.'®® This increase in stress causes
the lamellae of the anulus to collapse inwards towards
the nucleus, thereby disrupting the internal architecture
of the disc.!® Thus, even a small lesion can substantially
compromise the normal biomechanics of a disc. The
clinical significance of these phenomena is explored
further in Chapter 15.

AXIAL DISTRACTION

- = =

Compared to axial compression and other movements
of the lumbar spine, axial distraction has been studied
far less. One study provided data on the stress-strain
and stiffness characteristics of lumbar intervertebral
discs as a whole, and revealed that the discs are not as
stiff in distraction as in compression.® This is under-
standable, for the discs are designed principally for
weight-bearing and would be expected to resist
compression more than tension. In a biological sense,
this correlates with the fact that humans spend far
more time bearing compressive loads - in walking,
standing and sitting — than sustaining tensile loads, as
might occur in brachiating (tree-climbing) animals.

Other studies have focused on individual elements
of the intervertebral joints to determine their tensile
properties. When stretched along their length, isolated
fibres of the anulus fibrosus exhibit a typical ‘toe’
region between 0% and 3% strain, a failure stress
between 4 and 10 MPa, and a strain at failure between
9% and 15%; their stiffness against stretch ranges from
59 to 140 MPa.™ If the anulus is tested while still
attached to bone and distracted along the longitudinal
axis of the vertebral column, as opposed to along the
length of the fibres, the failure stress remains between
4and 10 MPa but the stiffnessdrops to between 10 and
80 MPa % These tensile properties seem to vary with
location but the results between studies are conflicting.
Isolated fibres seem to be stiffer and stronger in the
anterior region than in the posterolatera] region of the
disc, and stiffer in the outer regions of the anulus than
in the inner regions.®® On the other hand, in intact
specimens, the outer anterior anulus is weaker and less
stiff than the outer posterior anulus.

The capsules of the zygapophysial joints are
remarkably strong when subjected to longitudinal
tension. A single capsule can sustain 600 N before
failing.® Figuratively, this means that a pair of
capsules at a single level can bear twice the body
weight if subjected to axial distraction.

However, the significance of these results lies not so
much in the ability of elements of the lumbar spine to
resist axial distraction but in their capacity to resist

other movements that strain them. The anulus fibrosus
will be strained by anterior sagittal rotation and axial
rotation, and the zygapophysial joint capsules by
anterior sagittal rotation. Those movements are
considered below.

There has been one study® that has described the
behaviour of the whole (cadaveric) lumbar spine during
sustained axial distraction, to mimic the clinical
procedure of traction. Application of a 9 kg weight to
stretch the lumbar spine results in an injtial mean
lengthening of 7.5 mm. Lengthening is greater (9 mm) in
lumbar spines of young subjects, and less in the middle-
aged (5.5 mm) and the elderly (7.5 mm). Sustained
traction over 30 min results in a creep of a further
1.5 mm. Removal of the load reveals an immediate ‘set’ of
about 2.5 mm, which reduces to only 0.5 mm by 30 min
after removal of the load. Younger spines demonstrate a
more rapid creep and do not show a residual ‘set’. The
amount of distraction is greater in spines with healthy
discs (11-12mm) and substantially less (3-5 mm) in
spines with degenerated discs.

Some 40% of the lengthening of the lumbar spine
during traction occurs as a result of flattening of the
lumbar lordosis, with 60% due to actual separation of
the vertebral bodies. The major implication of this
observation is that the extent of distraction achieved
by traction (using a 9 kg load) is not great. It amounts
to 60% of 7.5 mm of actual vertebral separation, which
is equivalent to about 0.9 mm per intervertebral joint.
This revelation seriously compromises those theories
that maintain that lumbar traction exerts a beneficial
effect by ‘sucking back’ disc herniations, and it is
suggested that other mechanisms of the putative
therapeutic effect of traction be considered.%’

The other implication of this study relates to the
fact that the residual ‘set’ after sustained traction is
quite small (0.5 mm), amounting to about 0.1 mm per
intervertebral joint. Moreover, this is the residual set in
spines not subsequently reloaded by body weight.
One would expect that, in living patients, a 0.1 mm set
would naturally be obliterated the moment the patient
rose and started to bear axial compression. Thus, any
effect achieved by therapeutic traction must be phasic,
i.e. occurring during the application of traction, and
not due to some maintained lengthening of the lumbar
spine.

FLEXION

During flexion, the entire lumbar spine leans forwards
(Fig. 8.4). This is achieved basically by the ‘unfolding’
or straightening of the lumbar lordosis. At the full
range of forward flexion, the lumbar spine assumes a

TN
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Fiexion

Figure 8.4 During flexion, the lumbar lordosis unfolds, and
the lumbar spine straightens and leans forwards on the sacrum.
The cusvature of the lordosis may be reversed at upper lumbar
levels but not at L5-S1.

straight alignment or is curved slightly forwards,
tending to reverse the curvature of the original
lordosis (see Fig. 8.3). The reversal occurs principally
at upper lumbar levels. Reversal may occur at the L4-5
level but does not occur at the L5-51 level.%* Forward
flexion is therefore achieved for the most part by each of
thelumbar vertebraerotating from their backward tilted
position in the upright lordosis to a neutral position, in
which the upper and lower surfaces of adjacent
vertebral bodies are parallel to one another. This relieves
the posterior compression of the intervertebral discs and
zygapophysial joints, present in the upright lordotic
lumbar spine. Some additional range of movement is
achieved by the upper lumbar vertebrae rotating further
forwards and compressing their intervertebral discs
anteriorly.

It may appear that during flexion of the lumbar
spine, the movement undergone by each vertebral body
is simply anterior sagittal rotation. However, there is a
concomitant component of forward translation as
well 540 [f a vertebra rocks forwards over its inter-
vertebral disc, its inferior articular processes are raised
upwards and slightly backwards (Fig. 8.5A). This opens
a small gap between each inferior articular facet and the
superior articular facet in the zygapophysial joint. As
the lumbar spine leans forwards, gravity or muscular
action causes the vertebrae to slide forwards, and this
motion closes the gap between the facets in the zygapo-
physial joints (Fig. 8.5B). Further forward translation
will be arrested once impaction of the zygapophysial
joints is re-established, but nonetheless a small forward
translation will have occurred. At each intervertebral
joint, therefore, flexion involves a combination of
anterior sagittal rotation and a small amplitude anterior
translation.

The zygapophysial joints play a major role in
maintaining the stability of the spine in flexion, and
much attention has been directed in recent years to the
mechanisms involved. To appreciate these mechanisms,
it is important to recognise that flexion involves both
anterior sagittal rotation and anterior sagittal trans-
lation, for these two components are resisted and
stabilised in different ways by the zygapophysial joints.

Anterior sagittal translation is resisted by the direct
impaction of the inferior articular facets of a vertebra
against the superior articular facets of the vertebra
below, and this process has been fully described in
Chapter 3. This mechanism becomes increasingly
important the further the lumbar spine leans forward,
for with a greater forward inclination of the lumbar
spine, the upper surfaces of the lumbar vertebral
bodies are inclined downwards (Fig. 8.6), and there
will be a tendency for the vertebrae above to slide
down this slope.

The cardinal ramification of the anatomy of the
zygapophysial joints with respect to forward shear is that
in joints with flat articular surfaces, the load will be borne
evenly across the entire articular surface (see Ch. 3), but
in joints with curved articular surfaces the load is con-
centrated on the anteromedial portions of the superior
and inferior articular facets (see Ch. 3). Formal exper-
iments have shown that during flexion, the highest
pressures are recorded at the medial end of the lumbar
zygapophysial joint,*® and this has further bearing on
the age changes seen in these joints (see Ch. 13).

The anterior sagittal rotation component of flexion is
resisted by the zygapophysial join in a different way.
The mechanism involves tension in the joint capsule.
Flexion involves an upward sliding movement of each
inferior articular process, in relation to the superior
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Figure 8.5 The components of flexion of a lumbar
intervertebral joint. (A) The lateral parts of the right superior
articular process have been cut away to reveal the contact
between the inferior and superior articular facets in the neutral
position. (B) Sagittal rotation causes the inferior articular
processes to lift upwards, leaving a gap between them and the
superior articular facets. This gap allows for anterior sagittal
translation. (C) Upon translation, the inferior articular facews
once again impact the superior articular facets.

Figure 8.6 When the lumbar spine is flexed, the weight
of the trunk exerts compressive and shearing forces on the
intervertebral joints. The forces are proportional to the angle
of inclination of the interbody joint.

articular process in each zygapophysial joint, and the
amplitude of this movement is about 5-7 mm.®' This
movement will tense the joint capsule, and it is in this
regard that the tensile strength of the capsule is
recruited. Acting as a ligament, each capsule can resist
as much as 600 N.'3% Indeed, the tension developed in
the capsules during flexion is enough to bend the
inferior articular processes downwards and forwards
by some 5°.62

The other elements that resist the anterior sagittal
rotation of flexion are the ligaments of the intervertebral
joints. Anterior sagittal rotation results in the separation
of the spinous processes and laminae. Consequently,
the supraspinous and interspinous ligaments and the
ligamenta flava will be tensed, and various types of
experiments have been performed to determine the
relative contributions of these structures to the
resistance of flexion. The experiments have involved
either studying the range of motion in cadavers in
which various ligaments have been sequentially
severed,® or determining mathematically the stresses
applied to different ligaments on the basis of the
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separation of their attachments during different phases
of flexion.?

In young adult specimens, sectioning the supra-
spinous and interspinous ligaments and ligamenta
flava results in an increase of about 5° in the range of
flexion.® (Lesser increases occur in older specimens
but this difference is discussed in Chapter 13.)
Sectioning the zygapophysial joint capsules results in
a further 4° of flexion. Transecting the pedicles, to
remove the bony locking mechanism of the zygapo-
physial joints, results in a further 15° increase in range.

In a sense, these observations suggest the relative
contributions of various structures to the resistance of
flexion. The similar increases in range following the
transection of ligaments and capsules suggest that the
posterior ligaments and the zygapophysial joint capsules
contribute about equally, but their contribution is
overshadowed by that of the bony locking mechanism,
whose elimination results in a major increase in range of
movement. However, such conclusions should be made
with caution, for the experiments on which they are
based involved sequential sectioning of structures. They
do not reveal the simultaneous contributions of various
structures, nor possible variations in the contribution by
different structures at different phases of movement.
Nevertheless, the role of the bony locking mechanism in
the stability of the flexed lumbar spine is strikingly
demonstrated.

To determine the simultaneous contribution by
various structures to the resistance of flexion,
mathematical analyses have been performed.? The
results indicate that in a typical lumbar intervertebral
joint, the intervertebral disc contributes about 29% of
the resistance, the supraspinous and interspinous
ligaments about 19%, the ligamentum flavum about
13%, and the capsules of the zygapophysial joints
about 39%. It is emphasised that these figures relate
only to the resistance of anterior sagittal rotation,
which is the movement that tenses these ligaments.
They do not relate to the role played by the bony
locking mechanism in preventing anterior translation
during flexion.

Within the disc, the posterior anulus is tensed
during flexion and the anterior anulus is relaxed. The
posterior anulus exhibits a strain of 0.6% per degree of
rotation, and the anterior anulus exhibits a reciprocal
strain of -0.6% per degree.!> With respect to anterior
translation, the anulus exhibits a strain of about 1%
per mm of horizontal displacement.'? An isolated disc
can withstand a flexion moment of about 33 Nm, and
can sustain flexion angles of about 18°% but in an
intact specimen it is protected by the posterior
ligaments. In an intact intervertebral joint, the
posterior ligaments protect the disc and resist 80% of

the flexion moment and restrict the segment to 80% of
the range of flexion that will damage the disc.8

Failure

If a lumbar spine is tested progressively to failure, it
emerges that the first signs of injury (to the posterior
ligaments) appear when the bending moment is about
60 Nm.! Gross damage is evident by 120 Nm and
complete failure occurs at 140-185 Nm.**#> These data
underscore the fact that ligaments alone are not
enough to support the flexed lumbar spine and that
they need support from the back muscles during heavy
lifts that may involve moments in excess of 200 Nm
{see Ch. 9). The disc fails by horizontal tears across the
middle of the posterior anulus or by avulsion of the
anulus from the ring apophysis.®?

Speed of movement and sustained postures affect the
resistance of the ligaments of the spine to flexion.
Reducing the duration of movement from 10s to 1s
increases resistance by 12%; holding a flexed posture for
5min reduces resistance by 42%; holding for an hour
reduces resistance by 67%.' These figures indicate that
various work postures involving stooping can put the
spine at risk by weakening its resistance to movement.
Ostensibly, creep is the basis for this change in resistance.

Repetitive loading of the spine in flexion produces a
variety of changes and lesions. Repeated pure bending
has little effect on the intervertebral joints.® At most, it
produces a 10% increase in the range of extension but
no significant changes to other movements.* Repeated
bending under compression, however, produces a
variety of lesions in many specimens. Loading a
lumbar joint in 9-12° of flexion, under 15006000 N, at
40 times per minute for up to 4 hours causes endplate
fractures in about one in four specimens, and a variety
of internal disruptions of the anulus fibrosus, ranging
from buckling of lamellae to overt radial fissures.5
These lesions are similar to those observed under pure
compression loading and should be ascribed not to
bending but to the compression component of cyclic
bending under compression.

The zygapophysial joints offer a resistance of up to
2000 N against the forward translation that occurs
during flexion.! This resistance passes from the
inferior articular processes, through the laminae and
pedicles, into the vertebral body. As a result, a bending
force is exerted on the pars interarticularis. Repetitive
loading of the inferior articular facets results in failure
of the pars interarticularis or the pedicles. Subject to a
force of 380-760 N, 100 times per minute, many
specimens can sustain several hundred thousand
repetitions but others fail after as few as 1500, 300 and
139 repetitions.®® These figures warn that, in addition
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to injuries to the disc, repeated flexion can induce
fractures of the pars interarticularis.

EXTENSION

In principle, extension movements of the lumbar
intervertebral joints are the converse of those that occur
in flexion. Basically, the vertebral bodies undergo
posterior sagittal rotation and a small posterior
translation. However, certain differences are involved
because of the structure of the lumbar vertebrae.
During flexion, the inferior articular processes are free
to move upwards until their movement is resisted by
ligamentous and capsular tension. Extension, on the
other hand, involves downward movement of the
inferior articular processes and the spinous process,
and this movement is limited not by ligamentous
tension but by bony impaction.

Bony impaction usually occurs between the
spinous processes.* As a vertebra extends, its spinous
process approaches the next lower spinous process.
The first limit to extension occurs as the interspinous
ligament buckles and becomes trapped between the
spinous processes. Further extension is met with
further compression of this ligament until the spinous
processes virtually come into contact (Fig. 8.7A).%°

In individuals with wide interspinous spaces,
extension may be limited before spinous processes come
into contact.® Impaction occurs between the tip of one
or other of the inferior articular processes of the moving
vertebra and the subjacent lamina (Fig. 8.7B). This type
of impaction is accentuated when the joint is subjected
to the action of the back muscles,* for in addition to
extending the lumbar spine, the back muscles also exert
a substantial compression load on it (see Ch. 9).
Consequently, during active extension, the inferior
articular processes are drawn not only into posterior
sagittal rotation but also downwards as the entire
intervertebral joint is compressed. Under these
circumstances, the zygapophysial joints become weight-
bearing, as explained above (see ‘Axial compression’).

The posterior elements, however, are not critical for
limiting extension. Resection of the zygapophysial joints
has little impact on the capacity of a lumbar segment to
bear an extension load.”™ The extension load, under these
conditions, is adequately borne by the anterior anulus.™

AXIAL ROTATION
Axial rotation of the lumbar spine involves twisting,
or torsion, of the intervertebral discs and impaction of
zygapophysial joints.

4r

Figure 8.7 Factors limiting extension. Posterior sagittal
rotation is usually limited by impaction of the spinous processes
(A) but may be limited by impaction of the inferior articular
processes of the laminae (B).

During axial rotation of an intervertebral joint, all the
fibres of the anulus fibrosus that are inclined toward the
direction of rotation will be strained. The other half will
be relaxed (see Ch. 2). Based on the observation that
elongation of collagen beyond about 4% of resting
length leads to injury of the fibre (see Ch. 7), it can be
calculated that the maximum range of rotation of an
intervertebral disc without injury is about 3°.7 Beyond
this range the collagen fibres will begin to undergo
micro-injury. Moreover, observational studies have
determined that the anulus fibrosus exhibits a strain of
1% per degree of axial rotation,'> which also sets a limit
of 3" before excessive strain is incurred.

Experiments on lumbar intervertebral discs have
shown that they resist torsion more strongly than
bending movements, and the stress--strain curves for
torsion rise very steeply in the range 0-3° of rotation.®
Very large forces have to be applied to strain the disc
beyond 3°, and isolated discs (the posterior elements
having being removed) fail macroscopically at about
12° of rotation.”* This suggests that 12° is the ultimate
range for rotation before disc failure occurs but this
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relates to total macroscopic failure. Analysis of the
stress—strain curves for intervertebral discs under
torsion (Fig. 8.8) reveals an inflection point just before
3* of rotation, which indicates the onset of microscopic
failure in the anulus fibrosus.” The range between 3°
and 12° represents continued microfailure until overt
failure occurs.

In an intact intervertebral joint, the zygapophysial
joints, and to a certain extent the posterior ligaments,
protect the intervertebral disc from excessive torsion.
Because the axis of rotation of a lumbar vertebra passes
through the posterior part of the vertebral body,” all
the posterior elements of the moving vertebra will
swing around this axis during axial rotation. As
the spinous process moves, the attachments of the
supraspinous and interspinous ligaments will be
separated, and these ligaments will be placed under
slight tension. Furthermore, one of the inferior
articular facets of the upper vertebra will be impacted
against its apposing superior articular facet (Fig. 8.9).
In the case of left axial rotation, it will be the right
inferior articular facet that impacts (and vice versa).
Once this impaction occurs, normal axial rotation is
arrested.

Because the joint space of the zygapophysial joint is
quite narrow, the range of movement before impaction
occurs is quite small. Such movement as does occur is
accommodated by compression of the articular car-
tilages, which are able to sustain compression because
their principal constituents are proteoglycans and
water. Water is simply squeezed out of the cartilages,
and is gradually reabsorbed when the compression is
released.

Given that the distance between a zygapophysial
joint and the axis of rotation is about 30 mm, it can be
calculated that about 0.5 mm of compression must

Macro-failure
Onsatof
Micro-failure

Log torque

1 2 3 4 5 6 7 8 9 10 11 12 13 14°
Rotation

Figure 8.8 Stress-strain curve for torsion of the intervertebral
disc. {Based on Farfan et al. 1970.7)

occur forevery 1° of axial rotation. Furthermore, given
that the articular cartilages of a lumbar zygapophysial
joint are about 2 mm thick (see Ch.3),and thatarticular
cartilage is about 75% water,” it can be calculated that
to accommodate 3° of rotation, the cartilages must be
compressed to about 62% of their resting thickness and
must lose more than half of their water. The
zygapophysial joints therefore provide a substantial
buffer during the first 3° of rotation, and the
zygapophysial joint must be severely compressed
before rotation exceeds the critical range of 3°, beyond
which the anulus fibrosus risks torsional injury.
Nevertheless, if sufficiently strong forces are applied,
rotation can proceed beyond 37, but then an ‘impure’
form of rotation occurs as the result of distortion of
other elements in the intervertebral joint.

To rotate beyond 3°, the upper vertebra must pivot
on the impacted joint, and this joint becomes the site of
a new axis of rotation. Both the vertebral body and the
opposite inferior articular process will then swing
around this new axis. The vertebral body swings
laterally and backwards, and the opposite inferior
articular process swings backwards and medially (see
Fig. 89C). The sideways movement of the vertebral
body will exert a lateral shear on the underlying disc”'7?
which will be additional to any torsional stress already
applied to the disc by the earlier rotation. The backward
movement of the opposite inferior articular process will
strain the capsule of its zygapophysial joint.

During this complex combination of forces and
movements, the impacted zygapophysial joint is being
strained by compression, the intervertebral disc is
strained by torsion and lateral shear, and the capsule
of the opposite zygapophysial joint is being stretched.
Failure of any one of these elements can occur if the
rotatory force is sufficiently strong, and this underlies
the mechanism of torsional injury to the lumbar spine
(see Ch. 15).

The relative contributions of various structures to
the resistance of axial rotation have been determined
experimentally, and it is evident that the roles played
by the supraspinous and interspinous ligaments, and
by the capsule of the tensed (the opposite) zyga-
pophysial joint are not great™ The load is borne
principally by the impacted zygapophysial joint and
the intervertebral disc. Quantitative analysis” reveals
that the disc contributes 35% of the resistance to
torsion, the remaining 65% being exerted by the post-
erior elements: the tensed zygapophysial joint; the
supraspinous and interspinous ligaments; and prin-
cipally the impacted zygapophysial joint. Experimental
studies, however, have established that the zygapo-
physial joints contribute only between 42% and 54% of
the torsional stiffness of a segment, the rest stemming
from the disc.”®
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Figure 8.3 The mechanism of left axial rotation of a lumbar
intervertebral joint. Two consecutive vertebrae, superimposed on
one another, are viewed from above. The lower vertebra is depicted
by a dotted line. (A) Initially, rotation occurs about an axis in the
vertebral body. (B) As the posterior elements swing around, the
right inferior articular process of the upper vertebra impacts the
superior articular process of the lower vertebra (1). The opposite
zygapophysial joint is gapped (2). (C) Rotation beyond 3" occurs
about an axis located in the impacted zygapophysia! joint. The
intervertebral disc must undergo lateral shear (1), and the opposite
zygapophysial joint is gapped and distracted posteriorly (2).

Fatigue failure

Specimens vary in their susceptibility to repetitive axial
rotation. Lf the segment does not rotate beyond 1.5%, it
can sustain 10 000 repetitions without visible damage.
Segments which exhibit a larger initial range of motion,
however, exhibit failure after 2000 or 3000 repetitions
but in some cases after as few as 200-500, or even 50,
repetitions.”® Failure occurs in the form of fractures of
the facets, laminae or vertebral bodies, and tears in the
anulus fibrosus and zygapophysial joint capsules.

LATERAL FLEXION

Lateral flexion of the lumbar spine does not involve
simple movements of the luumbar intervertebral joints. It
involves a complex and variable combination of lateral
bending and rotatory movements of the interbody
joints and diverse movements of the zygapophysial
joints. Conspicuously, lateral flexion of the lumbar
spine has not been subjected to detailed biomechanical
analysis, probably because of its complexity and the
greater clinical relevance of sagittal plane movements
and axial rotation. However, some aspects of the
mechanics of lateral flexion are evident when the range
of this movement is considered below.

ROTATION IN FLEXION

There has been considerable interest in the movement
of rotation in the flexed posture because this is a
common movement associated with the onset of back
pain. However, the studies offer conflicting results and
opinions that stem from the complexities and subtleties
of this movement, and differences in methods of study.

Using an external measuring device, Hindle and
Pearcy” observed in 12 subjects that the range of axial
rotation of the lumbar spine increased when these
subjects sat in a flexed position. This, they argued,
occurred because, upon flexion, the inferior articular
facets are lifted out of the sockets formed by the
apposed superior articular facets, and if the inferior
facets are tapered towards one another, they gain an
extra range of motion in the transverse direction.
Subsequently, they demonstrated this phenomenon in
cadavers.”®

Gunzburg et al (1991)” reported contrary data.
They could not find increased rotation upon flexion
either in cadavers or in living subjects in the standing
position.

It has been argued that these differences can be
explained by differences in compression loads.® If a
cadaveric specimen is compressed when flexed, the
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zygapophysial joints will remain deeper in their sockets
than when allowed simply to flex. In living subjects,
stooping while standing imposes large external loads
that must be resisted by the back muscles, whose
contraction will compress the moving segments (see
Ch. 9). Consequently, increased axial rotation may be
prevented by axial compression. However, this
compression is not as great during flexion in the sitting
position, under which conditions the increased axial
rotation becomes apparent.

The argument concludes that increased axial
rotation during flexion will notbe apparent if the back
muscles are strongly contracted although it may be
apparent during sitting or if sudden external loads are
applied which exceed the force of the back muscles.
Under these circumstances, the increased axial rotation
renders the disc liable to injury. As long as the
zygapophysial joints limit rotation to less than 3°, the
anulus is protected from injury. However, if axial
rotation is greater than this, the anulus must undergo a
greater strain and, moreover, one that is superimposed
on the strain already induced by flexion.®

RANGE OF MOVEMENT

The range of movement of the lumbar spine has been
studied in a variety of ways. It has been measured in
cadavers and in living subjects using either clinical
measurements or measurements taken from radio-
graphs. Studies of cadavers have the disadvantage that
because of post-mortem changes and because cadavers
are usually studied with the back musculature removed,
the measurements obtained may not accurately reflect
the mobility possible in living subjects. However,
cadaveric studies have the advantage that motion can be
directly and precisely measured and correlated with
pathological changes determined by subsequent
dissection or histological studies. Clinical studies have
the advantage that they examine living subjects
although they are limited by the accuracy of the
instruments used and the reliability of identifying bony
landmarks by palpation.

The availability and reliability of modemn spondylo-
meters, and the techniques for measuring the range
of lumbar spinal motion are conveniently summarised
in the AMA’s Guides to the Evaluation of Permanent
Impairment, which also provides modern normative
data.® These, however, pertain to clinical measure-
ments of spinal motion. They do not indicate exactly
what happens in the lumbar spine and at each segment.
That can be determined only by radiography.

Radiographic studies provide the most accurate
measurements of living subjects but, although there

have been many radiographic studies of segmental
ranges of motion, these have now been superseded by
the more accurate technique of biplanar radiography.
Conventional radiography has the disadvantage that
it cannot quantify movements that are not in the plane
being studied. Thus, while lateral radiographs can be
used to detect movement in the sagittal plane, they do
not demonstrate the extent of any simultaneous
movements in the horizontal and coronal planes. Such
simultaneous movements can affect the radiographic
image in the sagittal plane and lead to errors in the
measurement of sagittal plane movements.58~?42

The technique of biplanar radiography overcomes
this problem by taking radiographs simultaneously
through two X-ray tubes arranged at right angles to
one another. Analysis of the two simultaneous
radiographs allows movements in all three planes to
be detected and quantified, allowing a more accurate
appraisal of the movements that occur in any one
plane 585982

There have been two principal results stemming
from the use of biplanar radiography. These are the
accurate quantification of segmental motion in living
subjects, and the demonstration and quantification of
coupled movements.®¥#8 The segmental ranges of
motion in the sagittal plane (flexion and extension),
horizontal plane (axial rotation) and coronal plane
(lateral bending) are shown in Table 8.1. It is notable
that, for the same age group and sex (25- to 36-year-
old males), all lumbar joints have the same total range
of motion in the sagittal plane, although the middle
intervertebral joints have a relatively greater range of
flexion, while the highest and lowest joints have a
relatively greater range of extension.

As determined by biplanar radiography, the mean
values of axial rotation are approximately equal at all
levels (see Table 8.1), and even the greatest values fall
within the limit of 3°, which, from biomechanical
evidence, is the range at which microtrauma to the
intervertebral disc would occur. Conspicuously, the
values obtained radiographically are noticeably
smaller than those obtained both in cadavers and in
living subjects using a spondylometer. The reasons for
this discrepancy have not been investigated but may
be due to the inability of clinical measurements to
discriminate primary and coupled movements.

Coupled movements are movements that occur in
an unintended or unexpected direction during the
execution of a desired motion, and biplanar radio-
graphy reveals the patterns of such movements in the
lumbar spine. Table 8.2 shows the ranges of movements
coupled with flexion and extension of the lumbar
spine and Table 8.3 shows the movements coupled
with axial rotation and lateral flexion.
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Table 8.1
and Tibrewal 1984.84)

Ranges of segmental motion in males aged 25 to 36 years. (Based on Pearcy et al. 1984% and Pearcy

Mean range (measured in degrees, with standard deviations)

Lateral flexion Axial rotation

Level Left Right Left Right Flexion Extension Flexion and extension
L1-2 5 6 1 1 8 (5) 5(2) 13 (5)
12-3 5 6 1 1 10 (2) 3(2) 13(2)
L3-4 5 6 1 2 12 (1) 1(1) 13 (2)
L4-5 3 5 1 2 13 (4) 2(1) 16 (4)
L5-S1 0 2 1 0 9 (6) 5(4) 14 (5)

Flexion of lumbar intervertebral joints consistently
involves a combination of 8-13° of anterior sagittal
rotatron and 1-3 mum of forward translation, and these
movements are consistently accompanied by axial and
coronal rotations of about 1° (see Table 8.2). Some
vertical and lateral translations also occur but are of
small amplitude. Conversely, extension involves
posterior sagittal rotation and posterior translation,
with some axial and coronal rotation, but little vertical
or lateral translation (see Table 8.2).

Axial rotation and lateral flexion are coupled with
one another and with sagittal rotation (see Table 8.3).
Axial rotation is variably coupled with flexion and
extension. Either flexion or extension may occur
during left or right rotation but neither occurs

consistently. Consequently, the mean amount of
flexion and extension coupled with axial rotation is
zero (see Table 8.3). Similarly, lateral flexion may be
accompanied by either flexion or extension of the
same joint, but extension occurs more frequently and
to a greater degree (see Table 8.3). Therefore, it might
be concluded that lateral flexion is most usually
accompanied by a small degree of extension.

The coupling between axial rotation and lateral
flexion is somewhat more consistent and describes an
average pattern. Axial rotation of the upper three
lumbar joints is usually accompanied by lateral flexion
to the other side, and lateral flexion is accompanied by
contralateral axial rotation (see Table 8.3). In contrast,
axial rotation of the L5-S1 joint is accompanied by

Table 8.2 Movements coupled with flexion and extension of the lumbar spine. {Based on Pearcy et al. 1984).5°

Coupled movements

Mean (SD) rotations (degrees)

Primary movement

Mean (SD) translations (mm)

and level Sagittal Coronal Axial Sagittal Coronal Axial
Flexion

§] 8(5) 101) 101) 3(1) 0(1) 1(1)
L2 10 (2) 1(1) 1 (1) 2(1) 101) 101
13 12 (1) 1(1) 1(1) 2(1) 101) 0(1)
L4 13 (4) 2 (1) 1(1) 2(1) 0(1) 0(1)
Ls 9 (6) 1(1) 1(1) 1(1) 0(1) 101)
Extension

8 s (1) 0(1) 101) 1(1) 1(1) 0(1)
L2 3(1) 0(1) 1(1) 101) 0(1) 0 (1)
3 1(1) 1(1) 0(1) 1(1) 1(1) 0(1)
L4 2(1) 1(1) 1(1) 1(1) 0(1) 1(1)

Ls

5(1)

1(1) 1(1) 1(1)

1(1)

0(1)

i
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Table 8.3 Coupled movements of the lumbar spine. (Based on Pearcy and Tibrewal 1984.8¢)

Coupled movements

Axial rotation, degrees
(+'ve to left)

Flexion/extension, degrees

Lateral flexion, degrees

{+'ve flexion) (+'ve to left)

Primary movement and level mean range mean range mean range
Right rotation

L -1 (-2to 1) 0 (-3 t03) 3 (-1t05)
2 -1 (-2t01) 0 (-2t02) 4 (1t09)
L3 -1 (-3to 1) 0 (-2t0 2) 3 (1to6)
L4 -1 (-2t01) 0 (~Sto5) 1 (-3t03)
Ls -1 (-2to 1) 0 (-5to 3) -2 (-7 t0 0)
Left rotation

L1 1 (-1to1) 0 {(-—4to4d) -3 {~7 to-1)
12 1 (-1to 1) 0 (4 t04) -3 (-5t0 0)
L3 2 (0to 1) 0 (-3to2) -3 (-6 to00)
L4 P (0to 1} 0 (-7t02) -2 (-5t0 1)
LS 0 (-2to 1) 0 (-5t0 3) 1 (0to2)
Right lateral flexion

L1 0 (-3to 1) -2 (-5to 1) -5 (-8 to~-2)
L2 1 (-1to1) -1 (-3to1) -5 (-8 to -4)
L3 1 (~1to 1) -1 (-3to1) -5 (-1 to 2)
L4 1 (0to1) 0 (-1to 4) -3 (-5 to 1)
LS 0 (-1to 1) 2 (-3to8) 0 (-2to3)
Left lateral flexion

Q] 0 (-2to 1) -2 (-9t00) 6 (4to10)
L2 -1 (-3to 1) -3 (-4 to-1) 6 (2 to10)
L3 -1 (-4to1) -2 {4 to 3) 5 (-3 to 8)
L4 -1 (-4to1) -1 (4t02) 3 (-3 to 6)
LS -2 (-3t01) 0 (-5to 5) =3 (~6to 1)

lateral flexion to the same side, and lateral flexion of
this joint is accompanied by ipsilateral axial rotation
(see Table 8.2). The L4-5 joint exhibits no particular
bias; in some subjects the coupling is ipsilateral while
in others it is contralateral ™

While recognising these patterns, it is important to
note that they represent average patterns. Not all
individuals exhibit the same degree of coupling at any
segment or necessarily in the same direction as the
average; nor do all normal individuals necessarily
exhibit the average direction of coupling at every
segment. While exhibiting the average pattern of
coupling at one level, a normal individual can exhibit
contrary coupling at any or all other levels.®
Consequently, no reliable rules can be formulated to
determine whether an individual exhibits abnormal
ranges or directions of coupling in the lumbar spine.
All that might be construed is that an individual differs
from the average pattern but this may not be abnormal.

The presence of coupling indicates that certain
processes must operate during axial rotation to produce
inadvertent lateral flexion, and vice versa. However,
the details of these processes have not been deter-
mined. From first principles, they probably involve a
combination of the way zygapophysial joints move and
are impacted during axial rotation or lateral flexion, the
way in which discs are subjected to torsional strain and
lateral shear, the action of gravity, the line of action of the
muscles that produce either axial rotation or lateral
flexion, the shape of the lumbar lordosis and the location
of the moving segment within the lordotic curve.

Clinical implications

Total ranges of motion are not of any diagnostic value,
for aberrations of total movement indicate neither the
nature of any disease nor its location. However, total
ranges of motion do provide an index of spinal function
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that reflects the biomechanical and biochemical
properties of the lumbar spine. Consequently, their
principal value lies in comparing different groups to
determine the influence of such factors as age and
degeneration, and this is explored later in Chapter 13

Of greater potential diagnostic significance is the
determination of ranges of movement for individual
lumbar intervertebral joints, for if focal disease is to
affect movement it is more likely to be manifest to a
greater degree at the diseased segment than in the
total range of motion of the lumbar spine.

Armed with a detailed knowledge of the range of
normal intersegmental motion and the patterns of
coupled movements in the lumbar spine, investigators
have explored the possibility that patients with back
pain or specific spinal disorders might exhibit
diagnostic abnormalities of range of motion or
coupling. However, the results of such investigations
have been disappointing. On biplanar radiography,
patients with back pain, as a group, exhibit normal
ranges of extension but a reduced mean range of
flexion along with greater amplitudes of coupling;
those patients with signs of nerve root tension exhibit
reduced flexion but normal coupling.® However,
patients with back pain exhibit such a range of
movement that although their mean behaviour as a
group differs from normal, biplanar radiography does
not allow individual patients to be distinguished from
normal with any worthwhile degree of sensitivity.5
Patients with proven disc herniations exhibit reduced
ranges of motion at all segments but the level of disc
herniation exhibits no greater reduction.® Increased
coupling occurs at the level above a herniation.
However, these abnormalities are not sufficiently
specific to differentiate between patients with disc
herniations and those with low back pain of other
origin.% Moreover, discectomy does not result in
improvements in the range of motion nor does it
restore normal coupling %

Some investigators, however, have argued that
abnormalities may not be evident if the spine is tested
under active movements.®” They argue that
radiographs of passive motion may be more revealing
of segmental hypermobility although appropriate
studies to verify this conjecture have yet to be
conducted.

AXES OF SAGITTAL ROTATION

The combination of sagittal rotation and sagittal
translation of each lumbar vertebra which occurs
during flexion and extension of the lumbar spine
results in each vertebra exhibiting an arcuate motion

in relation to the next lower vertebra (Fig. 8.10). This
arcuate motion occurs about a centre that lies
somewhere below the moving vertebra and can be
located by applying elementary geometric techniques
to flexion—extension radiographs of the moving
vertebrae.®

For any arc of movement defined by a given starting
position and a given end position of the moving
vertebra, the centre of movement is known as the
instantaneous axis of rotation or IAR. The exact
location of the IAR is a function of the amount of
sagittal rotation and the amount of simultaneous
sagittal translation that occurs during the phase of
motion defined by the starting and end positions
selected. However, as a vertebra moves from full
extension to full flexion, the amount of sagittal rotation
versus sagittal translation is not regular. For different
phases of motion the vertebra may exhibit relatively
morerotation for the same change in translation, or vice
versa. Consequently, the precise location of the IAR for
each phase of motion differs slightly. In essence, the axis
of movement of the joint is not constant but varies in
location depending on the position of the joint.

The behaviour of the axis and the path it takes
when it moves can be determined by studying the
movement of the joint in small increments. If IARs are
determined for each phase of motion and then plotted
in sequence, they depict a locus known as the centrode
of motion (Fig. 8.11). The centrode is, in effect, a map

Figure 8.10 During flexion-extension, each lumbar vertebra
exhibits an arcuate motion in relation to the vertebra below.
The centre of this arc lies below the moving vertebra and is
known as the instantaneous axis of rotation (lAR).
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Figure 8.11 As a vertebra moves from extension to flexion,
i%s motion can be reduced to small sequential increments. Five
such phases are illustrated. Each phase of motion has a unique
IAR. In moving from position O to position 1, the vertebra
moved about IAR number 1. in moving from position 1 to
position 2, it moved about IAR number 2, and so on. The dotted
lines connect the vertebra in each of its five positions to the
location of the IAR about which it moved. When the IARs are
connected in sequence they describe a locus or a path known
as the centrode.

of the path taken by the moving axis during the full
range of motion of the joint.

In normal cadaveric specimens the centrode is short
and is located in a restricted area in the vicinity of
the upper endplate of the next lower vertebra
(Fig. 8.12A).8% |n specimens with injured or so-called
degenerative intervertebral discs, the centrode differs
from the norm in length, shape and average location
(Fig. 8.12B).8%% These differences reflect the patho-
logical changes in the stiffness properties of those
elements of the intervertebral joint that govern sagittal
rotation and translation. Changes in the resistance to
movement cause differences in the lARs at different
phases of motion and therefore in the size and shape
of the centrode.

Increased stiffness or relative laxity in different
structures such as the anulusfibrosus, the zygapophysial
joints or the interspinous ligaments will affect sagittal
rotation and translation to different extents. Therefore,
different types of injury or disease should result in
differences, if not characteristic aberrations, in the
centrode pattern. Thus it could be possible to deduce
the location and nature of a disease process or injury
by examining the centrode pattern it produces.
However, the techniques used to determine centrodes

A B
Figure 8.12 (A) The centrodes of normal cadaveric
intervertebral joints are short and tightly clustered. (B)
Degenerative specimens exhibit longer, displaced and seemingly
erratic centrodes. (Based on Gertzbein et al. 1985, 1986).9%%

are subject to technical errors whenever small
amplitudes of motion are studied.® Consequently,
centrodes can be determined accurately only if metal
markers can be implanted to allow exact registration
of consecutive radiographic images. Without such
markers, amplitudes of motion of less than 5° cannot
be studied accurately in living subjects. Reliable
observations in living subjects can only be made of the
IAR for the movement of full flexion from full
extension.® Such an |AR provides a convenient
summary of the behaviour of the joint and constitutes
what can be taken as a reduction of the centrode of
motion to a single point.

In normal volunteers, the 1ARs for each of the
lumbar vertebrae fall in tightly clustered zones, centred
in similar locations for each segment near the superior
endplate of the next lower vertebra (Fig. 8.13).% Each
segment operates around a very similar point, with
little normal variation about the mean location. This
indicates that the lumbar spine moves in a remarkably
similar way in normal individuals: the forces
governing flexion-extension must be similar from
segment to segment, and are similar from individual to
individual.

It has been shown®! that the location of an IAR can
be expressed mathematically as

XIAR = XCR + T/Z

Yiar = Yeg + T/[2tan(8/2)]

where (X, .. Y,Ap) are the coordinates of the IAR, (Xcp,
Yg) are the coordinates of the centre of reaction, T is
the translation exhibited by the moving vertebra and
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Figure 8.13 The mean location and distribution of IARs of the
lumbar vertebrae. The central dot depicts the mean location,
while the outer ellipse depicts the two SD range exhibited by 10
normal volunteers. (Based on Pearcy and Bogduk 1988).%

6 is the angular displacement of the vertebra
(Fig. 8.14). These equations relate the location of the
IAR to fundamental anatomical properties of the
motion segment.

The centre of reaction is that point on the inferior
endplate of the moving vertebra through which the
compression forces are transmitted to the underlying
intervertebral disc; as a point it is the mathematical
average of all the forces distributed across the
endplate. A feature of the centre of reaction is that it is
a point that undergoes no rotation: it exhibits only
translation. Its motion therefore reflects the true
translation of the moving vertebra. Other points that
appear to exhibit translation exhibit a combination of
true translation and a horizontal displacement due to
sagittal rotation.

If the compression profile of the disc is altered, the
centre of reaction will move. Consequently, the AR
will move. Similarly, if the amplitude of translation or
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Figure 8.14 The location of an !AR in relation to a
coordinate system registered on the lower vertebral body, the
location of the centre of reaction of the moving vertebra and
the rotation and translation that that vertebra exhibits.

rotation is altered, the IAR will move according to the

equations.

These relationships allow the displacement of an
IAR from normal to be interpreted in terms of those
factors that can affect the centre of reaction, translation
and angular rotation. For example, posterior muscle
spasm will increase posterior compression loading
and will reduce angular rotation. This will displace the
IAR backwards and downwards.” Conversely, a joint

whose 1AR is located behind and below

the normal

location can be interpreted to be subject to excessive

posterior muscle spasm.

In so far as 1ARs reflect the quality of movement of

a segment, as opposed to its range of

movement,

determining the 1ARs in patients with spinal disorders
could possibly provide a more sensitive way of
detecting diagnostic movement abnormalities than
simply measuring absolute ranges of movement.
What remains to be seen is whether IARs in living
subjects exhibit detectable aberrations analogous to
the changes in centrode patterns seen in cadavers.
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The lumbar spine is surrounded by muscles which, for
descriptive purposes and on functional grounds, may
be divided into three groups. These are:

1. Psoas major, which covers the anterolateral aspects
of the lumbar spine.

2. Intertransversarii laterales and quadratus lum-
borum, which connect and cover the transverse
processes anteriorly.

3. The lumbar back muscles, which lie behind and
cover the posterior elements of the lumbar spine.

PSOAS MAJOR

e —" —r————————————————

The psoas major is a long muscle which arises from the
anterolateral aspect of the lumbar spine and descends
over the brim of the pelvis to insert into the lesser
trochanter of the femur. It is essentially a muscle of the
thigh whose principal action is flexion of the hip.

The psoas major has diverse but systematic
attachments to the lumbar spine (Fig. 9.1). At each
segmental level from T12-L1 to L4-5, it is attached to
the medial three-quarters or so of the anterior surface
of the transverse process, to the intervertebral disc, and
to the margins of the vertebral bodies adjacent to the
disc.’ An additional fascicle arises from the L5
vertebral body. Classically, the muscle is also said to
arise from a tendinous arch that covers the lateral
aspect of the vertebral body.? Close dissection,'
however, reveals that these arches constitute no more
than the medial, deep fascia of the muscle, and that the
fascia affords no particular additional origin; the most
medial fibres of the muscle skirt the fascia and are
anchored directly to the upper margin of the vertebral
body. Nonetheless, the fascia forms an arcade deep to
the psoas, over the lateral surface of the vertebral body,
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Psoas major. At each segmental level, the psoas
major attaches to the transverse process, the intervertebral disc
and adjacent vertebral margins.

Figure 9.1

leaving a space between the arch and the bone that
transmits the lumbar arteries and veins (see Ch. 11).
The muscle fibres from the L4-5 intervertebral disc,
the L5 body and the L5 transverse process form the
deepest and lowest bundle of fibres within the muscle.
These fibres are systematically overlapped by fibres
from the disc, vertebral margins and transverse
process at successively higher levels. As a result, the
muscle in cross-section is layered circumferentially,
with fibres from higher levels forming the outer
surface of the muscle and those from lower levels
buried sequentially, deeper within its substance.
Within the muscle, bundles from individual lumbar
segments have the same length, such that those from
L1 become tendinous before those from successively
lower levels. This isometric morphology indicates that
the muscle is designed exclusively to act on the hip."
Biomechanical analysis reveals that the psoas has
only a feeble action on the lumbar spine with respect
to flexion and extension. Its fibres are disposed so as to
extend upper lumbar segments and to flex lower
lumbar segments. However, the fibres act very close to
the axes of rotation of the lumbar vertebrae and so can
exert only very small moments, even under maximal
contraction.! This denies the psoas any substantial
action on the lumbar spine. Rather, it uses the lumbar
spine as a base from which to act on the hip.
However, the psoas potentially exerts massive
compression loads on the lower lumbar discs. The

proximity of the lines of action of the muscle to the
axes of rotation minimises its capacity as a flexor but
maximises the axial compression that it exerts. Upon
maximum contraction, in an activity such as sit-ups,
the two psoas muscles can be expected to exert
a compression load on the L5-51 disc equal to about
100 kg of weight.!

INTERTRANSVERSARII LATERALES

The intertransversarii laterales consist of two parts:
the intertransversarii laterales ventrales and the
intertransversarii laterales dorsales. The ventral inter-
transversarii connect the margins of consecutive
transverse processes, while the dorsal intertransversarii
each connect an accessory process to the transverse
process below (Fig. 9.2). Both the ventral and dorsal
intertransversarii are innervated by the ventral rami of
the lumbar spinal nerves, and consequently cannot be
classified among the back muscles which are all
innervated by the dorsal rami (see Ch. 10). On the
basis of their attachments and their nerve supply, the

MP

Figure 9.2 The short, intersegmental muscles. AP, accessory
process; IS, interspinales; ITLD, intertransversarii laterales
dorsales; ITLV, intertransversarii laterales ventrales;

ITM, intertransversarii mediales; MAL, mamillo-accessory
ligament; MP, mamillary process.




ventral and dorsal intertransversarii are considered to
be homologous to the intercostal and levator costae
muscles of the thoracic region.?

The function of the intertransversarii laterales has
never been determined experimentally but it may be
like that of the posterior, intersegmental muscles (see
below).

QUADRATUS LUMBORUM

The quadratus lumborum is a wide, more or less
rectangular, muscle that covers the lateral two-thirds or
so of the anterior surfaces of the L1 to L4 transverse
processes and extends laterally a few centimetres
beyond the tips of the transverse processes. In detail,
the muscle is a complex aggregation of various oblique
and longitudinally running fibres that connect the
lumbar transverse processes, the ilium and the 12th rib
(Fig. 9.3).4

The muscle can be considered as consisting of four
types of fascicle arranged in three layers.® lliocostal
fibres connect the ilium and the 12th rib. lliolumbar
lumbar fibres connect the ilium and the lumbar
transverse processes. Lumbocostal fibres connect the
lumbar transverse processes and the 12th rib. A fourth
type of fascicle connects the ilium and the body of the
12th thoracic vertebra. Occasionally, fascicles may
connect the lumbar transverse processes to the body of
the 12th thoracic vertebra.

The posterior layer (see Fig. 9.3A) consists of
iliolumbar fascicles inferiorly and medially, and
iliocostal fascicles laterally.® The iliolumbar fibres arise
from the iliac crest, and most consistently insert into the
upper three lumbar transverse processes. Occasionally,
some fascicles also insert into the LA transverse process.

The middle layer (see Fig. 9.3B) typically arises by a
common tendon from the anterior surface of the L3
transverse process. Its fascicles radiate to the inferior
anterior aspect of the medial half or so of the 12th rib.
Occasionally these fascicles are joined by ones from
the L2, L4 and LS transverse processes.

The anterior layer (see Fig. 9.3C) consists of more or
less parallel fibres stemming from the iliac crest and
passing upwards. The more lateral fibres insert into
the lower anterior aspect of the 12th rib. More medial
fibres insert into a tubercle on the lateral aspect of the
body of the 12th thoracic vertebra.’> These latter
fascicles may be joined at their insertion by fascicles
from the lumbar transverse processes, most often from
the L4 and LS levels, when they occur.

Within each layer, different fascicles are interwoven,
in a complex and irregular fashion. Also, the three
layers blend in places, and may be difficult to

distinguish, especially laterally where iliocostal fibres
from the anterior and posterior layers wrap around the
iliolumbar and lumbocostal fascicles of the middle and
posterior layers.

The prevalence of fascicles with particular seg-
mental attachments varies considerably from specimen
to specimen. Not all are always represented. The most
consistently represented fascicles are iliocostal fas-
cicles from the outer end of the iliac origin of the

Figure 9.3 The layers and more common fascicles of
quadratus lumborum. (A) Posterior layer. (B} Middle layer.
(C) Anterior layer.

Continued
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muscle, iliolumbar fibres to the L3 transverse process,
and lumbocostal fascicles from the L3 transverse
process.

Fascicles also vary considerably in size, if and when
present. The largest tend to be those from the ilium to
the lumbar transverse processes, and those from the
ilium to the 12th thoracic vertebra (when present).

The irregular and inconstant structure of the
quadratus lumborum makes it difficult to discern
exactly its function. Classically one of the functions of
this muscle is said to be to fix the 12th rib during
respiration.? This fits with many, although not most, of
its fibres inserting into the 12th rib. The majority of
fibres, and the largest, however, anchor the lumbar
transverse processes and the 12th thoracic vertebra to
the ilium. These attachments indicate that a major
action of the muscle would be lateral flexion of the
lumbar spine. However, the strength of the muscle is
limited by the size of its fascicles and their moment
arms. For lateral flexion, the quadratus lumborum can
exert a maximum moment of about 35 Nm.?

Since the fascicles of the quadratus lumborum act
behind the axes of sagittal rotation of the lumbar
vertebrae, they are potentially extensors of the
lumbar spine. However, in this role their capacity is
limited to about 20 Nm,*> which amounts to less than
10% of the moment exerted by the posterior back
muscles.

These limitations in strength leave the actual
function of the quadratus lumborum still an enigma.

THE LUMBAR BACK MUSCLES
The lumbar back muscles are those that lie behind the
plane of the transverse processes and which exert an
action on the lumbar spine. They include muscles that
attach to the lumbar vertebrae and thereby act directly
on the lumbar spine, and certain other muscles that,
while not attaching to the lumbar vertebrae,
nevertheless exert an action on the lumbar spine.

For descriptive purposes and on morphological
grounds, the lumbar back muscles may be divided
into three groups:

1. The short intersegmental muscles - the inter-
spinales and the intertransversarii mediales.

2. The polysegmental muscles that attach to the
lumbar vertebrae ~ the multifidus and the lumbar
components of the longissimus and iliocostalis.

3. The long polysegmental muscles, represented by
the thoracic components of the longissimus and
iliocostalis lumborum, which in general do not
attach to the lumbar vertebrae but cross the lumbar
region from thoracic levels to find attachments on
the ilium and sacrum.

The descriptions of the back muscles offered in this
chapter, notably those of the multifidus and erector
spinae, differ substantially from those given in
standard textbooks. Traditionally, these muscles have
been regarded as stemming from a common origin on
the sacrum and ilium and passing upwards to assume
diverse attachments to the lumbar and thoracic
vertebrae and ribs. However, in the face of several
studies of these muscles,®? it is considered more
appropriate to view them in the reverse direction -
from above downwards. Not only is this more
consistent with the pattern of their nerve supply®!® but
it clarifies the identity of certain muscles and the
identity of the erector spinae aponeurosis, and reveals
the segmental biomechanical disposition of the
muscles.

Interspinales

The lumbar interspinales are short paired muscles that
lie on either side of the interspinous ligament and
connect the spinous processes of adjacent lumbar
vertebrae (see Fig. 9.2). There are four pairs in the
lumbar region.

Although disposed to produce posterior sagittal
rotation of the vertebra above, the interspinales are
quite small and would not contribute appreciably to
the force required to move a vertebra. This paradox is
similar to that which applies for the intertransversarii
mediales and is discussed further in that context.
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{ntertransversarii mediales

The intertransversarii mediales can be considered to be
true back muscles for, unlike the intertransversarii
laterales, they are innervated by the lumbar dorsal
rami.*"® The intertransversarii mediales arise from an
accessory process, the adjoining mamillary process and
the mamillo-accessory ligament that connects these two
processes. They insert into the superior aspect of the
mamillary process of the vertebra below (see Fig.9.2).

The intertransversarii mediales lie lateral to the axis
of lateral flexion and behind the axis of sagittal
rotation. However, they lie very close to these axes and
are very small muscles. Therefore, it is questionable
whether they could contribute any appreciable force
in either lateral flexion or posterior sagittal rotation. It
might perhaps be argued that larger muscles provide
the bulk of the power to move the vertebrae and the
intertransversarii act to ‘fine tune’ the movement.
However, this suggestion is highly speculative, if not
fanciful, and does not account for their small size and
considerable mechanical disadvantage.

A tantalising alternative suggestion is that the
intertransversarii (and perhaps also the interspinales)
act as large proprioceptive transducers; their value lies
not in the force they can exert but in the muscle
spindles they contain. Placed close to the lumbar
vertebral column, the intertransversarii could monitor
the movements of the column and provide feedback
that influences the action of the surrounding muscles.
Such a role has been suggested for the cervical
intertransversarii, which have been found to contain a
high density of muscle spindles.'>'* Indeed, all
unisegmental muscles of the vertebral column have
between two and six times the density of muscles
spindles found in the longer polysegmental mus-
cles, and there is growing speculation that this under-
scores the proprioceptive function of all short, small
muscles of the body.!>-7

Multifidus

The multifidus is the largest and most medial of the
lumbar back muscles. It consists of a repeating series
of fascicles which stem from the laminae and spinous
processes of the lumbar vertebrae and exhibit a
constant pattern of attachments caudally.’

The shortest fascicles of the multifidus are the
‘laminar fibres’, which arise from the caudal end of the
dorsal surface of each vertebral lamina and insert into
the mamillary process of the vertebra two levels
caudad (Fig. 9.4A). The L5 laminar fibres have no
mamillary process into which they can insert, and
insert instead into an area on the sacrum just above the

first dorsal sacral foramen. Because of their
attachments, the laminar fibres may be considered
homologous to the thoracic rotatores.

The bulk of the lumbar multifidus consists of much
larger fascicles that radiate from the lumbar spinous
processes. These fascicles are arranged in five
overlapping groups such that each lumbar vertebra
gives rise to one of these groups. At each segmental
level, a fascicle arises from the base and caudolateral
edge of the spinous process, and several fascicles arise,
by way of a common tendon, from the caudal tip of the