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Foreword

to the sixth edition

Foreword

to the fifth edition

The spine is no longer an anatomical mystery now
that its challenging physiology has been explained
in this book. Despite the variations peculiar to its
various segments - cervical, thoracic, lumbar and
sacral - the structural and functional principles
remain identical whatever the segment. Its physi-
ology is actually simple and logical, yet how many
foolish things have been said and written about
and done to the spine!

Everything seems simple when it becomes clear
that protection of the neural axis must be assured,
along with a careful balance between the two
principal functions of the spine: stability and
mobility. Crowning the vertebral column is the
head, which plays a social and relational role
inasmuch as it is the seat of the five senses, of
which four are directly connected to the brain.

The triumph of Adalbert Kapandji is to have
shown all this simply and naturally by means of a
clear, understandable text enlivened by extraordi-
narily simple diagrams and colour drawings. In
this book everything seems perfectly simple - if
only someone had thought of it like this before -

The physiology of the spine cannot be said to be
easy even for surgeons who specialize in locomo-
tor problems. Someone with a feeling for mechan-
ics, an affinity for precision, an ability to see things
three-dimensionally had to feel a vocation for this
work - and that person had to be an able teacher
with a gift for simplifying complex ideas. Such are
the qualities of Adalbert Kapandji, who has put
into this work his great artistic talent along with
his sense of precision and of beauty, all of which
have resulted in a most inventive layout. We
all learned anatomy from diagrams, but they were
flat and fixed, whereas with his cut-out models
Dr Kapandji has created the three-dimensional
diagram.

The task of teaching the spine used to be more
difficult, since its complex movements are harder

and the myth of a complicated spinal column
naturally fades away.

Further expanded in its sixth edition, this thought-
provoking reference book, with its exciting
subject and extraordinary layout, both didactic
and enchanting, will be avidly read. So it will be
useful, or rather essential, equally for medical stu-
dents and for any practitioner interested in the
locomotor apparatus: orthopaedists, rheuma-
tologists, physicians, neurosurgeons, physiothera-
pists, osteopaths and even musicians and top-level
athletes interested in understanding the workings
of their own bodies.

Adalbert 1. Kapandji deserves heartfelt thanks for
having taken us back so enjoyably to certain basic
facts.

Professor G. Saillant

Member of the Academy of Surgery:

Former Dean of the Faculty of Medicine at Pitié
Salpétriere (Paris VI);

Former Head of Orthopaedics at
Salpétriere Hospital.

the Piti¢

to understand and explain. Dr Kapandji’'s achieve-
ment, which was already outstanding in the first
two volumes, is even more striking in the volume
it is my privilege to introduce.

In my opinion his success is complete. [ envy
young surgeons who have such a book available
to them. I have no doubt that, in making the
understanding of the mechanics of the spine
easier and in explaining the forces that cause
deformities, this book contributes enormously to
the very important progress that is being made
and will continue to be made in the treatment of
spinal lesions.

Professor Merle d’Aubigné



This new edition of volume 3 of The Physiology
of the joints follows the lead of volume 1: not
only have all the plates been redone in colour but
new ones have been added as well as some new
pages, and in consequence the text has been
entirely recast. The anatomical terms follow inter-
national nomenclature. The original chapters have
been enriched: for example, the chapter on the
cervical spine contains the addition of a page on
the vertebral artery, which is so closely linked to
the vertebrae that it is highly susceptible to
damage from clumsy manipulation. Important
knowledge about the vertebral pedicle has led to
great advances in spinal surgery, thanks to the
introduction of the pedicular screw. In the chapter
on the lumbar spine, different physical postures
adopted in everyday and professional life are
investigated. Some new chapters have been added,
as for example the chapter dealing with the pelvis

and describing the role of the perineum in the
physiological activities of urination, defecation,
erection and labour and delivery. A chapter on the
head introduces for the first time a description of
the physiology of the temporomandibular joint,
so essential in feeding. We learn too that the
movements of the eyeballs are those of a perfect
enarthrosis, and this ideal spherical joint, com-
parable to others of the same type, like the hip
and the shoulder, must obey the same rules of
mechanics. The physiology of the oblique muscles
is explained in terms of the pathetic facial expres-
sion. All this is illustrated with new original draw-
ings. Overall, this sixth edition of volume 3, like
that of volume 1 (and the future volume 2) is
really a completely new book, both in layout and
content, and consequently deserves renewed
attention from readers interested in the bio-
mechanics of the human body.

on the sixth edition

Note



ONE

A Global View of the
Spinal Column

The human species belongs to the subphylum Vertebrata and rep-
resents the final stage of a long evolution that started with fish
after they left the sea to colonize the land.

Its locomotor system, centred on the spinal column, or the spine,
is the result of the transformation of a prototype already recogniz-
able in the crossopterygians, which were fourlegged and caudate
animals intermediate between fish and reptiles. All the compo-
nents of this original model are still present in humans with some
modifications, notably these two:

» the loss of the tail
+ the transition to the erect position.

These changes have wrought profound alterations in the axis of
the human body (i.e. the spinal column), which nonetheless is still
made up of short bones stacked one on top of another and still
able to move freely among themselves (i.e. the vertebrae).

This osteoarticular complex not only supports the body but also
protects the spinal cord, a veritable message-transmitting cable
linking the muscles of the body and the brain, which lies within
the protective cranium at the top of the spinal column.

We share this spinal column with our cousins, the great apes,
which are also bipedal, albeit intermittently. As a result, our spinal
column is different from theirs.
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The spinal column: a stayed axis

The spinal column, the vertical axis of the body,
must reconcile two contradictory mechanical
requirements: rigidity and plasticity. It achieves
this goal, despite the apparently unstable stacking
of the vertebrae, as a result of stays built into its
very structure.

In fact, when the body is in the position of sym-
metry (Fig. 1) the spinal column as a whole can
be viewed as a ship’s mast resting on the pelvis
and extending to the head. At shoulder level it
supports a main-yard set transversely (i.e. the
shoulder girdle); at all levels it contains ligamen-
tous and muscular tighteners arranged as stays
linking the mast itself to its attachment site (i.c.
the hull of the ship or the pelvis in the body).

A second system of stays is closely related to the
scapular girdle and has the shape of a lozenge,
with its long axis vertical and its short axis hori-
zontal. When the body is in the position of sym-
metry, the tensions in the stays are balanced on
both sides, and the mast is vertical and straight.

In one-legged standing (Fig. 2), when the body
weight rests entirely on one lower limb, the pelvis
tilts to the opposite side and the vertical column
is forced to bend as follows:

+ in the lumbar region it becomes convex
towards the resting limb

¢ then concave in the thoracic region
» and finally convex once more.

The muscular tighteners automatically adapt
their tension to restore equilibrium under the
guidance of spinal reflexes and of the central
nervous system, and this active adaptation is under
the control of the extrapyramidal system, which
constantly readjusts the tonus of the various pos-
tural muscles.

The plasticity of the spine resides in its make-up
(i.e. multiple components superimposed on one
another and interlinked by ligaments and muscles).
Its shape can therefore be altered by the muscu-
lar tighteners while its rigidity is maintained.
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The spinal column: axis of the body and
protector of the neuraxis

The spinal column is in effect the central pillar
of the trunk (Fig. 3). Its thoracic segment (Cross-
section b) lies more posteriorly, one-quarter deep
in the thorax; its cervical segment (cross-section
a) lies more centrally, one-third deep in the neck,
and its lumbar segment (cross-section ) lies cen-
trally in the middle of the trunk. Local factors can
explain these variations in position as follows:

« in the cervical region, the spine supports the
head and must lie as close as possible to its
centre of gravity

« in the thoracic region, it is displaced
posteriorly by the mediastinal organs,
especially the heart

+ in the lumbar region, where it must support
the weight of the entire upper trunk, it
resumes a central position and juts into the
abdominal cavity.

In addition to supporting the trunk, the spine is
the protector of the neuraxis (Fig. 4): the ver-
tebral canal starts at the foramen magnum and
provides a flexible and efficient casing for the
spinal cord. This protection, however, is not
without its downside, since, under certain cir-
cumstances and at certain locations, the protec-
tive casing can come into conflict with the

neuraxis and the spinal nerves, as we shall see
later.

Figure 4 also shows the four segments of the
spine:

« the lumbar segment (1), where the lumbar
vertebrae L are centrally located

« the thoracic segment (2), where the
vertebrae T lie posteriorly

+ the cervical segment (3), where the
vertebrae C are almost central

« the sacrococcygeal segment (4), formed by
two composite bones S.

The sacrum is formed by the fusion of the
five sacral vertebrae and is part of the pelvic
girdle.

The coccyx articulates with the sacrum and is the
vestige of the tail seen in most mammals. It is
formed by the fusion of four to six tiny coccygeal
vertebrae.

Below the second lumbar vertebra (12), where
lies the conus medullaris, the spinal canal con-
tains only the filum terminale internum, which
has no neurological function.
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A global view of the spinal curvatures

The spine as a whole is straight when viewed
from the front or from the back (Fig. 5). Some
people may show a slight lateral curvature, which
of course remains within normal limits.

In this position the line of the shoulders (s) and
the line of the sacral fossae (p), which is the
short diagonal of Michaelis’s lozenge (red dotted
line; see later, p. 82), are parallel and horizontal.

On the other hand, when viewed from the side
(i.e. in the sagittal plane; Fig. 6), the spine con-
tains four curvatures, which are, caudocranially,
the following:

« the sacral curvature (1), which is fixed as a
result of the definitive fusion of the sacral
vertebrae and is concave anteriorly

+ the lumbar curvature or lumbar lordosis
(2), which is concave posteriorly - when this
concavity is exaggerated the term lumbar
hyperlordosis is used

« the thoracic curvature (3), also called
thoracic kyphosis, especially when it is
accentuated

« the cervical curvature (4) or cervical
lordosis, which is concave posteriorly and
whose concavity is proportional to the degree
of thoracic kyphosis.

In the well-balanced erect posture, the posterior
part of the cranium, the back and the buttocks lie
tangential to a vertical plane (e.g. a wall). The
depth of each curvature is measured by the per-
pendicular drawn from this vertical plane to the
apex of the curvature. These perpendiculars will
be further defined later (see pp. 86 and 234).

These curvatures offset each other so that the
plane of the bite b, represented by a piece of
cardboard held between the teeth, is horizontal
and the eyes h are automatically directed to the
horizon.

In the sagittal plane, these curvatures can be asso-
ciated with curvatures in the coronal plane,
known commonly as humps or medically as
scoliosis.



Figure 5 Figure 6
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The development of the spinal curvatures

During phylogeny (i.e. evolution from the pre-
hominids to Homo sapiens) the transition from
the quadruped to the biped state (Fig. 7) led
first to the straightening and then to the inversion
of the lumbar curvature (black arrows) from
concave anteriorly to concave posteriorly (i.e. the
lumbar lordosis).

In fact, the angle formed by the straightening of
the trunk was only partially absorbed by retrover-
sion of the pelvis, and bending of the lumbar
column had to occur to absorb the rest. This
explains the lumbar lordosis, which varies
according to the degree of anteversion or retro-
version of the pelvis. At the same time the cervical
spine, which articulated with the cranium cau-
dally, was progressively displaced anteriorly under
the cranium so that the foramen magnum
moved towards the base of the skull
(arrow).

In quadrupeds the four limbs are weight-bearing
(blue arrows), whereas in bipeds only the lower
limbs are weight-bearing. Thus the lower limbs
are now subject to compression, while the upper
limbs, hanging free (red arrow), are subject to
elongation.

During ontogeny (i.c. the development of the
individual) similar changes can be seen in the
lumbar region (Fig. 8, after T.A. Willis). On
the first day of life (a) the lumbar spine is concave
anteriorly and at 5 monthbs (b) it is still slightly
concave anteriorly. It is only at 73 months (¢) that
the lumbar spine becomes straight. From 3 years
onwards (d) the lumbar lordosis begins to appear,
becoming obvious by 8 years (e) and assuming
the definitive adult state at 10 years ().

Thus ontogeny recapitulates phylogeny.
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Structure of the typical vertebra

Analysis of the structure of a typical vertebra
reveals two major components:

+ the vertebral body anteriorly
« the vertebral arch posteriorly.

A view of the typical vertebra disassembled
(Fig. 9) reveals the following;:

+ the body (1), the larger cylindroid
component, is wider than it is tall, with a cut-
off corner posteriorly

+ the posterior arch (2), in the shape of a
horseshoe, receives on either side (Fig. 10)
the articular processes (3 and 4), which
divide the arch into two parts (Fig. 11):

- the pedicles (8 and 9) in front of the
articular processes

- the laminae (10 and 11) behind the
articular processes.

In the midline is attached the spinous process (7).
The arch is then attached (Fig. 12) to the posterior
surface of the body by the pedicles. The com-
plete vertebra (Fig. 13) also contains the trans-
verse processes (5 and 6), which are attached to
the arch near the articular processes.

This typical vertebra is found at all spinal levels
with, of course, profound alterations that affect

either the body or the arch but generally both
simultaneously.

It is important to note, however, that in the verti-
cal plane all these various constituents are aligned
in anatomical correspondence. As a result,
the entire spine is made up of three columns
(Fig. 14):

« one major column (A), anteriorly located
and made up of the stacked vertebral bodies

+ two minor columns (B and C), posterior to
the body and made up of the stacked articular
processes.

The bodies are joined to each other by inter-
vertebral discs, and the articular processes to
each other by plane synovial joints. Thus at the
level of each vertebra there is a canal bounded by
the body anteriorly and the arch posteriorly.
These successive canals make up the vertebral
or spinal canal (12), which is formed alter-
nately by:

+ bony structures at the level of each vertebra
« fibrous structures between the vertebrae (i.e.
the intervertebral discs and the ligaments of

the dorsal arch).
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The spinal curvatures

The spinal curvatures increase resistance to
axial compression forces. Engineers have shown
(Fig. 15) that the resistance R of a curved column
is directly proportional to the number N of curva-
tures plus 1 (with k being the proportionality
factor). If a straight column (a) with N = 0 and
R = 1 is taken as reference, then the column (b)
with a single curvature has a resistance of 2 and
a column with two curvatures (¢) a resistance of
5. Finally, a column with three flexible curvatures
(d), like the spine with its lumbar, thoracic and
cervical curvatures, has a resistance of 10 (i.e. 10
times that of a straight column).

The significance of these curvatures can be quan-
titated by the Delmas index (Fig. 16), which can
only be measured on the skeleton and is expressed
as the ratio H/L x 100, where H is the height of
the spinal column from the upper surface of S1
to the atlas, and L is its fully extended length from
the upper surface of the sacrum to the atlas.

A spinal column with normal curvatures (2) has
an index of 95% with normal limits of 94-96%. A
spinal column with exaggerated curvatures (b)
has a Delmas index of 94%, signifying a greater
difference between the fully extended length of
the column and its height. On the other hand, a
spinal column with attenuated curvatures (©
(i.e. almost straight), has an index greater than
96%.

This anatomical classification is very important
because it is related to the functional type of the
spinal column. A. Delmas has in fact demonstrated
that a column with pronounced curvatures (i.e.
with an almost horizontal sacrum and a strong
lumbar lordosis) is of the dynamic type, whereas
a column with attenuated curvatures (i.e. with an
almost vertical sacrum and a flat back) is of the
static type.
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Structure of the vertebral body

The vertebral body is built like a short bone
(Fig. 17) (i.e. egg-like, with a dense bony cortex
surrounding a spongy medulla).

Its superior and inferior surfaces, called the inter-
vertebral or discal surfaces, consist of thick
cortical bone, which is thicker centrally where it
is partly cartilaginous.

Its margin is rolled up into a labrum (L), which
is derived from the epiphyseal disc and becomes
fused to the rest of the discal surface (S) at
14-15 years of age. Abnormal ossification of this
epiphyseal plate leads to vertebral epiphysitis or
Scheuermann’s disease.

A verticofrontal section of the vertebral body
(Fig. 18) shows clearly the thick cortical bone
lining its lateral surfaces, the superior and inferior
cartilage-lined discal surfaces and the spongy
centre of the body with bony trabeculae dispersed
along the lines of force, which run as follows:

« vertically, between the superior and inferior
surfaces

« horizontally, between the two lateral surfaces

« obliquely, between the inferior surface and
the lateral borders.

A sagittal section (Fig. 19) shows these vertical
trabeculae once more, In addition, there are

two sheaves of oblique fibres in a fan-like
arrangement:

+ the first (Fig. 20), arising from the superior
surface, runs through the two pedicles to
reach the corresponding superior articular
surfaces and the spinous process

« the second (Fig. 21), arising from the inferior
surface, runs through the two pedicles to
reach the corresponding inferior articular
surfaces and the spinous process.

The crisscrossing of these three trabecular systems
creates zones of strong resistance as well as one
zone of weaker resistance - in particular, the
triangle with its base lying on the anterior border
of the vertebral body, and made up entirely of
vertical trabeculae (Fig. 22).

This explains the occurrence of the wedge-
shaped compression fracture of the vertebra
(Fig. 23). An axial compressive force of 600 kg
crushes the anterior part of the vertebral body,
leading to a compression fracture, but a force of
800 kg is needed to crush the whole vertebra and
make the posterior part collapse (Fig. 24). This
type of fracture is the only one able to damage
the spinal cord by encroaching on the spinal
canal. (



Figure 17

Figure 20
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Figure 23

Figure 24
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The functional components of a vertebra

When viewed laterally (Fig. 25, after Brueger)
the functional components of the vertebral
column are easily distinguished:

« anteriorly (A) lies the vertebral body as part of
the anterior pillar, which is essentially a
supporting structure

« posteriorly (B) the posterior arch supports the
articular processes, which are stacked
together to form the posterior pillar.

While the anterior pillar plays a static role, the
posterior pillar has a dynamic role to play.

In the vertical plane bony and ligamentous
structures alternate, and give rise (according to
Schmorl) to a passive segment (I) formed by the
vertebra itself and a mobile segment (II), shown
in blue in the diagram. The latter consists of the
following:

e the intervertebral disc
 the intervertebral foramen

« the facet (zygapophyseal) joints (between the
articular processes)

+ the ligamentum flavum and the interspinous
ligaments.

The mobility of this active segment is responsible
for the movements of the vertebral spine.

There is a functional link between the ante-
rior and posterior pillars (Fig. 26), formed by
the pedicles. Each vertebra has a trabecular struc-
ture involving the body and the arch and can thus
be likened to a lever of the first order, where the
articular process (1) acts as the fulcrum. This first-
class lever system, present at each vertebral arch,
allows the axial compression forces acting on
the column to be cushioned directly and passively
(2) by the intervertebral disc and indirectly
and actively by the paravertebral muscles (3).
Thus the cushioning effect is both passive
and active.
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The elements of intervertebral linkage

Between the sacrum and the base of the skull
there are 24 movable parts linked together by
many fibrous ligaments.

A horizontal section (Fig. 27) and a lateral view
(Fig. 28) bring out the following ligaments:

« First, those attached to the anterior pillar:

- the anterior longitudinal ligament (1),
stretching from the cranial base to the
sacrum on the anterior surfaces of the
vertebral bodies

- the posterior longitadinal ligament
(2) extending from the jugular process of
the occipital bone to the sacral canal on
the posterior surfaces of the vertebral
bodies.

These long ligaments are interlinked by each
intervertebral disc, which consists peripherally
of the annulus fibrosus, formed by concentric
layers of fibrous tissue (6 and 7), and centrally of
the nucleus pulposus (8).

« Second, the numerous ligaments attached to
the posterior arch and connecting the
arches of the adjacent vertebrae:

- the strong thick ligamentum flavum (3),
which meets its contralateral counterpart in
the midline and is attached superiorly to
the deep surface of the lamina of the upper
vertebra and inferiorly to the superior
margin of the lamina of the lower vertebra

- the interspinous ligament (4),
continuous posteriorly with the
supraspinous ligament (5), which is
poorly defined in the lumbar region but is
quite distinct in the neck

- the intertransverse ligament (10)
attached to the apex of each transverse
process

- the two powerful anterior and posterior
ligaments (9), which strengthen the
capsules of the facet joints.

This ligamentous complex maintains an extremely
solid link between the vertebrae and imparts a
strong mechanical resistance to the spinal column.
Only a severe trauma (e.g. a fall from a great
height or a traffic accident) can cause rupture of
these intervertebral linkages.



Figure 27
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Structure of the intervertebral disc

The joint between two vertebrae is a symphysis
or amphiarthrosis. It is formed by the two adja-
cent vertebral discal surfaces and is connected by
the intervertebral disc, whose structure is quite
characteristic and consists of two parts (Fig. 29):

« A central part, the nucleus pulposus (N), a
gelatinous substance derived embryologically
from the notochord. It is a strongly
hydrophilic transparent jelly containing 80%
water; chemically it is made up of a
mucopolysaccharide matrix containing
protein-bound chondroitin sulphate,
hyaluronic acid and keratan sulphate.

Histologically the nucleus comprises collagenous
fibres, cells resembling chondrocytes, connective
tissue cells and very few clusters of mature carti-
lage cells. No blood vessels or nerves penetrate
the nucleus, and the absence of blood vessels
excludes the possibility of spontaneous healing.
It is hemmed in by fibrous tracts running from the
margin.

« A peripheral part, the annulus fibrosus (A),
made up of concentric fibres that cross one
another obligquely in space from one layer to
the next, as shown in the left half of the
diagram (Fig. 30).

On the right (Fig. 31), the fibres are vertical
peripherally and become more oblique towards
the centre. The central fibres, in contrast to the
nucleus pulposus, are nearly horizontal and run
between the vertebral discal surfaces in an ellip-
soid fashion. Thus the nucleus is enclosed within
an inextensible casing between the two vertebral
discal surfaces and the annulus, whose woven
fibres prevent any extrusion of the nuclear sub-
stance in the young. The nucleus is held under
pressure within its casing so that when the disc
is cut horizontally its gelatinous substance can
be seen to bulge through the cut. This is also
the case when the vertebral column is sectioned
sagittally.
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The nucleus pulposus likened to a swivel

Incarcerated under pressure within its casing
between the two vertebral discal surfaces, the
nucleus pulposus is roughly spherical. There-
fore, as a first approximation, it can be compared
to a billiard ball placed between two planes (Fig.
32). This type of joint, known as a swivel joint,
allows three types of bending movement:

« in the sagittal plane, flexion (Fig. 33) or
extension (Fig. 34)
+ in the coronal plane, lateral flexion

« rotation of one discal surface relative to the
other (Fig. 35).

In life the situation is more complex, since added
to these movements occurring around the ball
there are gliding and even shearing movements
that take place between the two discal surfaces
with the help of the ball. These movements
take place while the nucleus rolls slightly in
the direction of movement and is flattened on
the side where the two discal surfaces are
approximated.

During flexion (Fig. 30), the discal surface above
is slightly displaced anteriorly, whereas in exten-

sion (Fig. 37) it is displaced posteriorly. Likewise,
during lateral flexion, the displacement occurs
on the side of bending. During rotation (Fig. 38)
it takes place on the side of the rotation.

All told, this very mobile joint has exactly six
degrees of freedom:

« flexion-extension

» lateral flexion on both sides

« gliding in the sagittal plane

« gliding in the transverse plane
» rotation to the right
 rotation to the left.

However, each of these movements has a small
range, and sizable movements are only possible
by the simultancous participation of multiple
joints.

These complex movements depend on the
arrangement of the posterior articular surfaces
and of the ligaments, which must be taken into
account in the design of disc prostheses now
under development.



Figure 32
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A Global View of the Spinal Column

The preloaded state of the disc and the
self-stabilization of the disco-vertebral

joint

The forces applied to the intervertebral disc are
considerable, the more so as the sacrum is
approached.

In terms of axial compression forces it has been
worked out that when a vertebral discal surface
presses on the disc the nucleus pulposus bears
75% of the force and the annulus fibrosus
bears the remaining 25%, so that for a force of
20 kg a 15-kg force is exerted on the nucleus and
a 5-kg force on the annulus.

In the horizontal plane, however, the nucleus
transmits some of the pressure to the annulus
(Fig. 39). For instance, in the standing position,
the vertical compression force acting on the
nucleus at L5-S1 level and transmitted to the
margin of the annulus equals 28 kg/cm and
16 kg/cm’. These forces are increased consider-
ably when the subject is lifting a load. During
forward flexion of the trunk the pressure/cm’
rises to 58 kg, while the force exerted/cm reaches
87 kg. When the trunk is being brought back to
the vertical, these pressures reach up to 107 kg/
cm’ and 174 kg/cm. These pressures can be
higher still if a weight is lifted while the trunk is
being straightened, and they come close to the
values for breaking point.

The pressure in the centre of the nucleus is never
zero, even when the disc is unloaded. This is due
to the disc’s water-absorbing capacity (hydro-
philia), which causes the disc to swell within
its inextensible casing. This is analogous to the
preloaded state. In concrete-building tech-
nology preloading denotes a pre-existing tension
within a beam about to be stressed. If a homogen-
eous beam (Fig. 40) is exposed to a load, it is
deflected inwards for a distance denoted by f1.

If a beam (Fig. 41) is fitted with a very taut cable
passing through its lower half from one end (T)

to the other (T7), it is now a preloaded beam, and
the deflexion f2 caused by the same load will be
clearly smaller than f1.

The preloaded state of the disc likewise gives it
greater resistance to the forces generated during
axial compression and lateral flexion. As the
nucleus loses its hydrophilic properties with age,
its internal pressure decreases with loss of its
preloaded state; hence the lack of flexibility of
the spinal column in the aged.

When an axial load is applied asymmetrically
to a disc (Fig. 42, F), the upper vertebral discal
surface will tilt towards the overloaded side,
making an angle (a) with the horizontal. Thus a
fibre AB” will be stretched to AB but, at the same
time, the internal pressure of the nucleus, which
is maximal in the direction of the arrow (f), will
act on that fibre AB and bring it back to AB’,
thereby righting the vertebral discal surface and
restoring it to its original position. This self-
stabilization mechanism is linked to the pre-
loaded state. Therefore, the annulus and the
nucleus form a functional couple, whose effec-
tiveness depends on the integrity of each compo-
nent. If the internal pressure of the nucleus
decreases, or if the impermeability of the annulus
is impaired, this functional couple immediately
loses its effectiveness.

The preloaded state also explains the elastic
properties of the disc, as well shown by Hirsch’s
experiment (Fig. 43). If a preloaded disc (P) is
exposed to a violent force (5), the disc thickness
exhibits 2 minimum and then a maximum, fol-
lowed by damped oscillations over one second.
If the force is too violent, the intensity of this
oscillatory reaction can destroy the fibres of
the annulus, accounting for the deterioration of
intervertebral discs exposed to repeated violent
stresses.
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Water imbibition by the nucleus pulposus

The nucleus rests on the centre of the vertebral
discal surface, an area lined by cartilage and tra-
versed by many microscopic pores, which link
the casing of the nucleus with the spongy tissue
underlying the vertebral discal surfaces. When a
significant axial force is applied to the column,
as by the weight of the body during standing (Fig.
44), the water contained in the gelatinous matrix
of the nucleus escapes into the vertebral body
through these pores (i.e. the nucleus loses
water). As this static pressure is maintained
throughout the day, by night the nucleus con-
tains less water than in the morning, with the
result that the disc is perceptibly thinner. In
normal people this cumulative thinning of the
discs during the day can amount to 2 cm.

Conversely, during the night, in recumbency
(Fig. 45), the vertebral bodies are no longer
subject, to the axial force of gravity, but only to
that generated by muscular tone, which is much
reduced during sleep. In this period of relief,
the hydrophilia of the nucleus draws water back
into the nucleus from the vertebral body and the
disc regains its original thickness (d). Therefore,

one is taller in the morning than at night. As
the preloaded state is greater in the morning than
at night, the flexibility of the spinal column is
greater in the morning.

The imbibition pressure of the nucleus is consid-
erable, since it can reach 250 mmHg (Charnley).
With age, its hydrated state is reduced along
with its hydrophilia and its state of preloading.
This explains the loss of beight and of flexibility
of the spinal column in the aged.

As shown by Hirsch, when a constant load is
applied to a vertebral disc (Fig. 46), the loss of
thickness is not linear but exponential (first part
of the curve), suggesting a dehydration process
proportional to the volume of the nucleus. When
the load is removed, the disc regains its initial
thickness once more exponentially (second part
of the curve), and the restoration to normal
requires a finite time (T). If these forces are applied
and removed over too long a period, the disc
does not regain its initial length even if there is
enough time for recovery. This results in ageing
of the vertebral disc.
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Compressive forces acting on the disc

Compressive forces applied to the disc assume
greater significance the nearer the disc is to the
sacrum, because the weight of the body sup-
ported by the vertebral column increases with
the length of the spinal column above (Fig. 47).
For an 80-kg man the head weighs 3 kg, the upper
limbs 14 kg and the trunk 30 kg. If it is assumed
that at the level of disc L5-S1 the column supports
only two-thirds of the weight of the trunk, then
the weight borne is 37 kg, i.e. nearly half of the
body weight P. To this must be added the force
exerted tonically by the paraspinal muscles (M1
and M2) in order to maintain the trunk in the erect
position at rest. If a /oad E is being carried and a
further load F is added violently, the lowest discs
may be subjected to forces that occasionally
exceed their resistance, especially in the aged.

The loss of thickness of the disc varies according
to whether it is healthy or diseased. If a healthy

disc at rest (Fig. 48) is loaded with a 100-kg weight,
it is flattened by a distance of 1.4 mm and
becomes wider (Fig. 49). If a diseased disc is simi-
larly loaded, it is flattened by a distance of 2 mm
(Fig. 50), and it fails to recover completely its
initial thickness after unloading.

This progressive flattening of the disc is not
without an effect on the facet joints:

o with normal disc thickness (Fig. 51) the
cartilaginous articular facets of these joints are
normally arranged, and their interspaces are
straight and regular

o with a flattened disc (Fig. 52) the
relationships of these facets are disturbed, and
generally speaking the interspaces open out
posteriorly.

This articular distortion, in the long run, is the
main factor leading to spinal osteoarthritis.



Figure 49 Figure 50

Figure 51
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Variations in disc structure related

to cord level

Disc thickness varies with position in the spinal
column:

* it is thickest in the lumbar region (Fig. 55),
i.e. 9 mm

+ it is 5 mm thick in the thoracic region
(Fig. 54)

+ it is 3 mm thick in the cervical region
(Fig. 53).

But more important than its absolute thickness is
the ratio of disc thickness to the height of the
vertebral body. In fact it is this ratio that accounts
for the mobility of a particular segment of the
column, since the greater the ratio, the greater
the mobility. Thus, in decreasing order:

« the cervical spine (Figs 53 and 56) is the most
mobile with a disc/body ratio of 2/5

+ the lumbar spine (Figs 55 and 58) is slightly
less mobile with a ratio of 1/3

« the thoracic spine (Figs 54 and 57) is the least
mobile with a ratio of 1/5.

Sagittal sections of the various segments of the
spine show that the nucleus pulposus is not
exactly at the centre of the disc. If the antero-
posterior thickness of the disc is divided into 10
equal parts, then:

« In the cervical spine (Fig. 56) the nucleus
lies at 4/10ths thickness from the anterior

border and 3/10ths thickness from the
posterior border of the vertebra and occupies
the intermediate 3/10ths. It lies exactly on
the axis of movement (blue arrow).

» In the thoracic spine (Fig. 57) the nucleus
is a little closer to the anterior than the
posterior border. Once more it amounts to
3/10ths of the disc thickness, but it now lies
posterior to the axis of movement. The blue
arrow indicating this axis runs clearly anterior
to the nucleus.

« In the lumbar spine (Fig. 58) the nucleus
lies clearly closer to the posterior border, i.e.
at 2/10ths thickness from the posterior border
and 4/10ths thickness from the anterior
border, but it now amounts to 4/10ths of the
thickness, i.e. it has a greater surface area
corresponding to the greater axial forces
exerted there. As in the cervical spine it lies
exactly on the axis of movement (blue
Arrow).

Leonardi considers that the centre of the nucleus
is equidistant from the anterior border of the
vertebra and the ligamentum flavam and cor-
responds obviously to a point of equilibrium, as if
the strong posterior ligaments acted to pull the
nucleus posteriorly.
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Elementary movements in the

intervertebral disc

Let us start with movements occurring in the axis
of the spinal column. In the rest position (Fig.
59) before any loading, the fibres of the annulus
fibrosus (3), already stretched by the nucleus
pulposus (2), are in the preloaded state.

* When the column is actively elongated
axially (Fig. 60, red arrows) the vertebral
discal surfaces (1) tend to move apart, thus
increasing the disc thickness (d). At the same
time, its width is reduced and the tension in
the annulus rises. The nucleus, somewhat
flattened at rest, now becomes more
spherical. This increase in disc height reduces
the internal pressure; hence the rationale
underlying the treatment of disc prolapse by
spinal traction. When the spine is elongated,
the gelatinous substance of the prolapsed disc
moves back into its original intranuclear
location. This result, however, is not always
achieved, because the tightening of the
central fibres of the annulus may in fact raise
the internal pressure of the nucleus.

* During axial compression (Fig. 61, blue
arrows). the disc is crushed and widened
and the nucleus is flattened so that its raised
internal pressure is transmitted laterally to
the innermost fibres of the annulus. Thus a
vertical force is transformed into lateral forces
and stretches the fibres of the annulus.

e During extension (Fig. 62, red arrow) the
upper vertebra moves posteriorly (p),
reducing the intervertebral space and driving
the nucleus anteriorly (blue arrow). The
nucleus then presses on the anterior fibres of
the annulus and increases their tension, with
the result that the upper vertebra is restored
to its original position.

* During flexion (Fig. 63, blue arrow) the
upper vertebra moves anteriorly, narrowing
the intervertebral space anteriorly (a). The
nucleus is displaced posteriorly and now
presses on the posterior fibres of the annulus,
increasing their tension. Once more self-

stabilization is the result of the concerted
action of the nucleus-annulus couple.

* During lateral flexion (Fig. 64) the upper
vertebra tilts towards the side of flexion and
the nucleus is driven to the opposite side
(green arrow). This results again in
self-stabilization.

* During axial rotation (Fig. 65, blue arrows)
the oblique fibres, running counter to the
direction of movement, are stretched, while
the intermediate fibres with opposite
orientation are relaxed. The tension is
maximal in the central fibres of the annulus,
which are the most oblique. The nucleus is
therefore strongly compressed and its internal
pressure rises in proportion to the degree of
rotation. This explains why combined flexion
and axial rotation will tend to tear the
annulus by increasing the pressure inside the
nucleus and driving it posteriorly through
potential cracks in the annulus.

* When a static force is applied slightly
obliquely to a vertebra (Fig. 60), the
vertical force (white arrow) can be resolved
into:

- a force perpendicular to the lower
vertebral discal surface (blue arrow)

- a force parallel to the same discal surface
(red arrow).

The vertical force presses the two vertebrae
together; the tangential force makes the
upper vertebra slide anteriorly, and leads to
progressive stretching of the oblique fibres in
cach fibrous layer of the annulus.

On the whole it is clear that, whatever the force
applied to the disc, it always increases the
internal pressure of the nucleus and stretches
the fibres of the annulus. But, because of the
relative movement of the nucleus, stretching the
annulus fibrosus tends to oppose this movement;
hence the system tends to be restored to its initial
state.
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Automatic rotation of the spine during

lateral flexion

During lateral flexion the vertebral bodies auto-
matically rotate on each other so that the line
passing through the middle of their anterior sur-
faces is displaced contralaterally. This is clearly
seen in the schematic representation of an ante-
rior radiograph taken during lateral flexion
(Fig. 67). The bodies lose their symmetry and the
interspinous line (heavy broken line) moves
towards the side of movement. One vertebra is
drawn with its bony constituents to allow a better
understanding of its orientation and of the radio-
graphic findings.

When viewed from above (Fig. 68A), as the ver-
tebra rotates, the transverse process on the side
of lateral flexion appears in full view, whereas
the contralateral process is foreshortened. Fur-
thermore, the X-ray beam goes successively
through the facet joints on the convex side (Fig.
68B), while providing a frontal view of these joints
and of the vertebral pedicle on the concave
side.

This automatic rotation of the vertebral bodies
depends on two mechanisms:

s compression of the intervertebral discs
« stretching of the ligaments.

The effect of disc compression is easily displayed
using a simple mechanical model (Fig. 69),
which you can build as follows:

» Use wedge-shaped segments of cork and soft
rubber to represent the vertebrae and the disc
respectively.

» Glue them together.

« Draw a line centrally on their anterior
surfaces to indicate the symmetrical resting
position.

» Then bend the model laterally, and you will
observe contralateral rotation of the vertebral
bodies, indicated by the displacement of the
various segments of the central line running
through the vertebrae. Lateral bending
increases the internal pressure of the disc on

the concave side; as the disc itself is wedge-
shaped, its compressed contents tend to
escape towards the more open side, i.e. the
convex side. This leads to rotation.

This pressure differential is shown in Figure 68A.,
where a plus sign inside a circle marks the high
pressure area and the arrow indicates the direc-
tion of rotation.

Conversely, lateral bending stretches the contra-
lateral ligaments, which tend to move towards the
midline so as to minimize their lengths. This is
shown in Figure 68A as a circled minus sign at the
level of an intertransverse ligament, while the
arrow indicates the direction of movement.

It is remarkable that these two mechanisms are
synergistic and contribute to rotation of the ver-
tebrae in the same direction. This rotation is
physiological but, in certain cases, the vertebrae
are fixed in a position of rotation, as a result
of an imbalance of the ligaments or of develop-
mental abnormalities. This results in scoliosis,
which combines fixed lateral flexion of the spine
with rotation of the vertebral bodies.

This abnormal rotation can be demonstrated clini-
cally as follows:

 in the normal subject (Fig. 70), when the
trunk is flexed forwards, the spinal column is
symmetrical posteriorly

 in the scoliotic subject (Fig. 71), when the
trunk is flexed forwards, the column becomes
asymmetrical, with the appearance of a
hump in the thoracic region on the same
side as the convexity.

This is the result of a state of permanent rotation
of the vertebrae. Thus in scoliosis the short-
lasting physiological automatic rotation of the
vertebral bodies has become pathological in
being permanently linked to spinal flexion. Since
it occurs in the young, this deformity becomes
fixed as a result of unequal growth of the ver-
tebral bodies.
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Global ranges of movement during
flexion-extension of the spine

Taken as a whole, the column from sacrum to
skull corresponds to a joint with three degrees
of freedom allowing the following movements:

* flexion-extension
* lateral flexion to the right and to the left
* axial rotation.

It is thus equivalent to a ball-and-socket joint
placed between the sacrum and the skull.

The ranges of these various elementary move-
ments at each level of the spine are quite small,
but their cumulative effect is significant in view
of the many joints involved (i.e. 25 in all, dis-
counting the sacrococcygeal joint).

Flexion-extension takes place in the sagittal
plane (Fig. 72). The reference plane at skull level
is the plane of the bite, which can be imagined
as a sheet of cardboard tightly held between the
teeth. The angle formed by the plane of the
bite and the two extreme positions Tr is 250° in
the normal subject. This range is considerable
when compared to the 180° maximum range of
all the other joints of the body. Of course this 250°
value applies to the maximum range attained in
normal supple individuals. The young can do a
crab (Fig. 73), but at all ages it is easier to curl up
in flexion (Fig. 74). On the other hand, these
ranges can be even greater in certain male or
female acrobats who can push their heads between
their thighs.

The segmental contributions can be measured on
lateral radiographs:

+ in the lumbar spine, flexion (blue arrow)
attains 60° and extension (red arrow) 20°

« for the thoracolumbar spine taken as a
whole: flexion attains 60° and extension 60°

+ for the thoracic spine the ranges can be
calculated by subtraction, i.e. flexion
(Fts) = 45° and extension (Ets) = 40°

= for the cervical spine (Fig. 75) the range of
movement is measured between the upper
discal surface of the first thoracic vertebra and
the plane of the bite. It attains 60° for
extension and 40° for flexion, giving a total
range of close to 100°,

For the total range of movement of the spine
the double black arrows indicate the axes of
reference.

The total range of flexion of the spine (Fv) is
thus 110° and total extension (Et) is 140°. When
added together, the total range (Tr) is 250°, which
greatly exceeds the 180° limit of all the other
joints.

Nonetheless these figures are given as guidelines,
as there is no agreement among authors regarding
the range of movement at the various levels of the
spine. Moreover, these values vary enormously
with age. Therefore only maximum values are
given here.
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Global ranges of lateral flexion

of the spine

Lateral flexion occurs in a coronal plane (Fig. 706).
Clinically these ranges cannot be measured accu-
rately, but it is easy to measure them on radio-
graphs taken from the front (Fig. 77) using as
reference either the axis of the vertebrae or the
orientation of the upper surface of a particular
vertebra. The baseline is the lumbosacral articu-
lar surface, i.e. the upper surface of the first
sacral vertebra.

At skull level the landmark is the intermastoid
line, i.e. the line passing through the two mastoid
processes.

Lateral flexion of the lumbar spine (L)
attains 20°.

Lateral flexion of the thoracic spine (TH)
attains 20°,

Lateral flexion of the cervical spine (C) is
35-45°,

The total range of flexion of the spine (T)

from sacrum to cranium is 75-85° on each
side.
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Global ranges of axial rotation of the spine

It is difficult to measure the ranges of axial rota-
tion clinically. Moreover, it is impossible to take
radiographs in the transverse planes, and axial CT
scans need to be taken to measure this rotation
precisely. Clinically the total rotation of the spine
can be measured by fixing the pelvis and noting
the angle of rotation of the skull.

Recently, two American authors (Gregersen and
Lucas) have been able to measure very accurately
the elementary components of rotation by using
metal chips inserted into the spinous processes
under local anaesthesia. We will come back to this
work later when dealing with the thoracolumbar
spine.

e Axial rotation of the lumbar spine (Fig. 78)
is quite small, only 5°. The reasons for this
will become apparent later.

» Axial rotation of the thoracic spine (Fig. 79)
is more extensive, i.e. 35°. It is enhanced by
the arrangement of the articular processes.

= Axial rotation of the cervical spine (Fig. 80)
is definitely more extensive, attaining 45-50°.
One can see that the atlas has rotated almost
90° relative to the sacrum.

 Axial rotation between the pelvis and the
skull (Fig. 81) attains or just exceeds 90°. The
atlanto-occipital joint contributes a few
degrees of rotation but, as very often the
range of rotation in the thoracolumbar region
is smaller than expected, total rotation barely
attains 90°.
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of spinal movements

Accurate measurements of the global ranges of
spinal movements can only be made using radio-
graphs of the entire column for flexion-extension
and lateral flexion, and CT scans for rotation.
Nevertheless these ranges can be obtained
clinically with the wuse of certain ‘test’
measurements:

+ For flexion of the thoracolumbar spine
(Fig. 82) proceed as follows:

- Measure the angle a between the vertical
line V and the line joining the
anterosuperior border of the greater
trochanter to the lateral extremity of the
acromion. This angle also includes a
contribution of flexion at the hip.

- Or determine the level attained by the
tips of the fingers (f) during flexion of
the trunk in the standing position with
knees extended; here again some hip
flexion is included. Then measure in
centimetres the distance f from the
fingertips to the ground or the distance n
from the level of the fingertips to a
landmark in the lower limbs, e.g. patella,
mid-calf, instep or toes.

lumn, P

C @)

- Or measure with a tape the distance
between the spinous processes of C7 and
S1 during extension and flexion. In the
diagram this distance increases by 5 cm in
flexion.

« For extension of the thoracolumbar
spine (Fig. 83) proceed as follows:

of the Joints Volume 3 Ti

- Measure the angle a between the vertical
line V and the line joining the
anterosuperior border of the greater
trochanter to the lateral extremity of the
acromion during maximal extension. This
value also includes some degree of
extension at the hips.

A G_Iobal View of the Spjnal Qolumn

- Or (to be slightly more accurate) measure
the angle of extension of the spine in its

Clinical assessment of the global ranges

entirety (angle b) and then subtract from it
the angle of extension of the cervical
column (measured by keeping the trunk
vertical and throwing the head backwards).
A good test of extension and flexibility

of the column is to ‘do the crab’ (see

Fig. 73, p. 39), but its usefulness is clearly
limited.

« For lateral flexion of the thoracolumbar
spine (Fig. 84), proceed as follows:

- Measure from behind the angle a between

the vertical line V and the line joining the
upper edge of the natal cleft to the spinous
process of C7. It would be more accurate,
however, to measure the angle b between
the vertical line and the tangent to the
curvature of the spine at C7. A simpler and
quicker method is to determine the level n
of the fingertips with respect to the
position of the knee on the side of
bending (i.e. where it lies above or below
the knee).

» For axial rotation (Fig. 85):
- Examine from above the subject, who sits

on a low-backed chair with the pelvis fixed
by steadying both pelvis and knees. The
plane of reference is the coronal plane C
passing across the top of the head, and the
rotation of the thoracolumbar spine is
measured by the angle a between the
shoulder line Sh-Sh” and the coronal
plane.

« For the range of rotation of the entire
spinal column:

- measure the angle of rotation b between

the interauricular line and the coronal
plane

- or measure the angle of rotation b’

between the plane of symmetry of the head
§” and the sagittal plane S.



Figure 84

Figure 85
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The Pelvic Girdle

The pelvic girdle, also called the pelvis, is the base of the trunk
and the very foundation of the abdomen. It also links the lower
limbs to the vertebral column and, as a result, it supports the
entire body.

With respect to its prototype in the vertebrates it is an anatomical
structure that has undergone extensive changes, particularly in
mammals and later in the great apes and in Homo sapiens. The
pelvic cavity contains not only some abdominal organs but also,
in women, the uterus, which grows considerably during preg-
nancy. As a result, the perineum (i.e. the pelvic diaphragm) has
been shaped to allow the passage of the fetus during labour.
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The Physiolog

The pelvic girdle in the two sexes

The pelvic girdle is made up of three bony
parts:

« the two iliac bones, paired and symmetrical

« the sacrum, unpaired but symmetrical, a solid
piece of bone resulting from the fusion of five
sacral vertebrae.

It has three joints with limited movements:

« the two sacroiliac joints between the sacrum
and each iliac bone

« the pubic symphysis linking the iliac bones
anteriorly.

Taken as a whole, the pelvic girdle resembles a
funnel with its broader base facing superiorly and
forming the pelvic inlet, which links the abdomi-
nal and pelvic cavities.

Sexual dimorphism, i.e. the structural differ-
ences in the two sexes, is obvious in the pelvic
girdle:

* When the male pelvis (Fig. 1) and the female
pelvis (Fig. 2) are compared, the latter is
found to be much wider and much more

flared. Thus the triangle enclosing the female
pelvis has a much wider base than that
enclosing the male pelvis.

* On the other hand, the female pelvis is much
shorter than the male pelvis so that the
trapezium enclosing it is lower.

« Finally, the pelvic inlet (unbroken black line)
is proportionately much longer and more
wide-mouthed in the female.

This structural difference in the pelvic girdle is
related to gestation, and especially labour, since
the fetus, particularly its relatively large head, lies
initially above the pelvic inlet, which it must
cross before entering the cavity and exiting via
the pelvic oullet.

The joints of the pelvic girdle therefore are not
only important in determining the static pro-
perties of the erect trunk at rest but also par-
ticipate actively in the mechanism of labour,
as we shall see in our discussion of the sacroiliac
joint and the pubic symphysis.
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The Physiolog

Mechanical model of the pelvic girdle

Mechanically speaking the pelvic girdle (Fig. 3)
consists of three bony parts:

* the sacrum
* the two iliac bones.

The symmetrical, wedge-shaped sacrum, which
lies in the midline, forms the base of the spine
and fits like a keystone between the iliac
bones, which are joined anteriorly at the pubic

symphysis.

Each iliac bone (Fig. 4), which articulates with
the sacrum, consists of two roughly flat parts,
(i.e. the ilium above and the fused pubis
and ischium enclosing the obturator foramen
below). These parts form an angle with each
other such that the whole bone has the appear-
ance of a propeller.

These two parts fuse in the acetabulum
(Fig. 5), which corresponds to the axis of the

propeller and forms the hip joint with the
femoral head.

These two roughly flat parts form a solid angle
opening inwards (Fig. 6) and provide sites of
attachment for the powerful muscles of the pelvic
girdle. Their two upper surfaces make an obtuse
angle open anteriorly (Fig. 3) and combine
with the spine posteriorly and centrally to form
the posterior wall of the lower abdomen, i.e. the
false pelvis. Their two lower surfaces make an
obtuse angle open posteriorly, and combine
with the sacrum posteriorly and centrally to form
the inferior compartment of the pelvic cavity,
i.e. the true pelvis. The pelvic girdle has two
functions:

« a mechanical function as part of the
skeleton of the trunk

« a protective function in supporting and
containing the abdominal viscera.
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_The Physiolog

Architecture of the pelvic girdle

The pelvic girdle transmits forces between the
spine and the lower limbs (Fig. 7). The weight (P),
supported by L5, is distributed equally along the
alae of the sacrum and through the ischial
tuberosities towards the acetabulum.

The resistance of the ground (R) to the body
weight is transferred to the acetabulum by the
neck and head of the femur. Part of this resistance
is transmitted across the horizontal ramus of
the pubic bone and counterbalanced at the
pubic symphysis by a similar force from the
opposite side.

These lines of force form a complete ring acting
along the pelvic inlet. There is a complex system
of bony trabeculae to direct these forces through
the bony pelvis (see Volume 2). As the wide
sacrum is broader above than below, it can be
considered a wedge (triangle) embedded verti-
cally between the iliac bones. It is suspended
from these bones by ligaments, and as a result
it is more tightly held the heavier the weight it is
carrying. It is thus a self-locking system.

The sacrum also fits between the iliac bones in
the transverse plane (Figs 8 and 9). Each iliac bone
can be viewed as the arm of a lever (Fig. 8) with
its fulcrum (O1 and O2) located at the sacroiliac
joint and its resistance force and its effort force
acting on their anterior and posterior extre-
mities, respectively. Posteriorly the resistance
force would reside in the powerful sacroiliac
ligaments (L1 and L2) and anteriorly the effort
force would act at the pubic symphysis subjected
to two approximately equal forces (81 and §2).

When the symphysis is dislocated (Fig. 9) the
separation (diastasis) of the two pubic bones (S)
causes the iliac bones to move apart at the sacro-
iliac joints and thus frees up the sacrum, which
can now move forwards (d1 and d2).

Whenever the lower limb presses on the ground
the dislocated pelvic ring undergoes a shearing
motion at the symphysis (Fig. 10). Thus any local
break in the ring affects it as a whole and decreases
its mechanical resistance.
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The articular surfaces of

the sacroiliac joint

When a sacroiliac joint (Fig. 11) is opened like
a book by swivelling its bony components
about a vertical axis (line of dots and dashes), the
auricular surfaces are clearly seen to match each
other.

¢ The auricular surface of the iliac bone (A)
lies on the posterosuperior part of the
internal aspect of the bone just posterior to
the iliopectineal line, which forms part of the
pelvic inlet. It is crescent-shaped, concave
posterosuperiorly and lined by cartilage. As a
whole the surface is quite irregular, but
Farabeuf claims that it has the shape of a
segment of rail. In fact, its long axis contains
a long crest lying between two furrows. This
curved crest corresponds roughly to an arc of
a circle whose centre lies approximately at
the sacral tuberosity (black cross). As we
shall see later, this tuberosity is the site of
attachment of the powerful sacroiliac
ligaments.

* The auricular surface of the sacrum (B)
corresponds in shape and surface contours to

that of the iliac bone. In its centre there is a
curved furrow bordered by two long crests
and corresponding to an arc of a circle whose
centre lies on the transverse tubercle of S1
(black cross), where the powerful sacroiliac
ligaments are attached. Farabeuf claims that
this auricular surface has the shape of a tram-
rail, corresponding exactly to the rail-like
surface of the iliac bone.

These two surfaces, however, are not as regular
as described above, and the three horizontal sec-
tions of the sacroiliac joint show that only in its
superior (Fig. 12) and middle (Fig. 13) portions
does the auricular facet of the sacrum contain a
central furrow, while its inferior (Fig. 14) portion
is more or less convex. As a result, it is very diffi-
cult to run a single X-ray beam along the sacroiliac
joint, and therefore the beam will need to be fired
obliquely lateromedially or mediolaterally, depend-
ing on the part under study.
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The auricular facet of the sacrum and the

various spinal types

The sacral auricular facet is subject to wide
structural variations from person to person, and
A. Delmas has demonstrated a correlation between
the spinal functional type and the shape of the
sacrum and of its auricular facet (Fig. 15).

* When the spinal curvatures are very
pronounced (A), i.e. the dynamic type, the
sacrum lies quite horizontally and its
auricular facet is at once bent on itself and
quite deep. The sacroiliac joint is highly
mobile like a typical synovial joint and
represents a state of overadaptation to
bipedalism.

* When the curvatures of the column are
poorly developed (C), i.e. the static type,
the sacrum is almost vertical, and its auricular
facet is very elongated vertically, minimally
buckled on itself and almost flat. This
auricular facet has a very different shape from
that described by Farabeuf and corresponds to
a joint of low mobility like a symphysis. It
is often seen in children and closely
resembles that found in primates.

* There is also an intermediate type (B) lying
between these two extremes.

A. Delmas has shown that during evolution
from primates to humans, the caudal segment
of the auricular facet becomes longer and wider
and assumes in humans greater significance than
the cranial segment. The angle between these two
segments can reach 90° in humans, while in pri-
mates this facet is only slightly bent on itself.

The surface contours of the sacral auricular facet
were studied in detail by Weisel using cartographic
data, and he has shown (Fig. 16) that it is usually
longer and narrower than its iliac counterpart.
The sacral facet regularly exhibits the following
features:

» a central depression at the junction of its two
segments (shown as —)

* two elevations near the extremities of both
segments (shown as +).

The iliac auricular facet is reciprocally shortened
but without complete symmetry. At the junction
of its two segments there is an elevation known
as Bonnaire's tubercle. Weisel has also developed
a personal theory regarding the arrangement of
the sacroiliac ligaments in terms of the forces
applied to them. He divides those ligaments into
two groups (Fig. 17):

» a cranial group (arrow Cr), running laterally
and posteriorly and counteracting the
component F1 of the body weight (P) applied
to the superior aspect of S1 (these ligaments
are thrown into action by forward
displacement of the sacral promontory,
which is part of the movement of nutation")

+ a caudal group (arrow Ca) running craniad
and opposing the component F2 acting
perpendicularly to the superior surface of S1.

" Nutation (Lat: nutare = to nod) describes a complex movement of the sacrum analogous to nodding of the head.
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_The Physiolog

The sacroiliac ligaments

A posterior view of the pelvis (Fig. 18) shows
the two bundles of the iliolumbar ligament:

+ the superior bundle (1)
* the inferior bundle (2).

On the right side of the figure can be seen the
intermediate plane of sacroiliac ligaments, which
are as follows craniocaudally:

+ the ligament running from the iliac crest
to the transverse tubercle of S1 (3)

 the posterior sacroiliac ligaments (4)
running from the posterior extremity of the
iliac crest to the sacral transverse tubercles as
follows, according to Farabeuf:

- the first runs from the posterior aspect of
the iliac tuberosity to the first sacral
tubercle

- the second (also called the ligament of
Zaglas) is attached to the second tubercle

- the third and fourth run from the posterior
superior iliac spine to the third and fourth
tubercles.

On the left side of the picture is the anterior
plane of the sacroiliac ligaments (5), which
consists of a fan-shaped fibrous sheet running
from the posterior border of the iliac bone to the
posteromedial sacral tubercles.

Between the lower part of the external border of
the sacrum and the greater sciatic notch there are
two important ligaments:

* the sacrospinous ligament (6), which runs
obliquely superiorly, medially and posteriorly
from the ischial spine to the lateral border of
the sacrum and the coccyx

 the sacrotuberous ligament (7), which
crosses obliquely the posterior surface
of the former. Superiorly it is attached along a
line stretching down from the posterior
border of the iliac bone to the first two
coccygeal vertebrae. Its oblique fibres run a
twisting course inferiorly, anteriorly and
laterally to be inserted into the ischial
tuberosity and the medial lip of the ascending
ramus of the ischium. The sciatic notch is
thus divided by these two ligaments into two
foramina:

- the greater sciatic foramen superiorly.
which allows the piriformis mauiscle to
leave the pelvis

- the lesser sciatic foramen inferiorly,
through which exits the obturator
internus.

An anterior view of the pelvis (Fig. 19) shows
again the iliolumbar (1 and 2), the sacro-
spinous (6) and the sacrotuberous (7) liga-

ments, as well as the anterior sacroiliac
ligament, consisting of two bundles (also

known as the superior and inferior brakes
of nutation):

- the anteroposterior bundle (8)
- the antero-inferior bundle (9).

Figure 20 shows the right sacroiliac joint,
opened by rotation of its constituent bones around
a vertical axis, and its ligaments. The medial
surface of the iliac bone (A) and the lateral surface
of the sacrum (B) are exposed, making it easy to
understand the following:

* how the ligaments are wrapped around
the joint and how they become lax or taut
during nutation and counternutation

« why the fibres of the anterior sacroiliac
ligament (8 and 9) run obliquely
inferiorly, anteriorly and medially from
the iliac bone and superiorly, anteriorly and
laterally from the sacrum (B).

Also visible in the figure are the following:

« the posterior sacroiliac ligaments (5)

* the sacrospinous (6) and the sacrotuberous
(7) ligaments

« the interosseous sacroiliac ligament
(shown as white patches on the two halves of
the figure in the concavities of the articular
surfaces), which forms the deep layer of the
sacroiliac ligaments and is attached laterally to
the iliac tuberosity and medially to the
anterior foramina of S1 and S2. It is also
known as the axial or vague ligament and is
classically considered to represent the axis of
movement of the sacrum; hence the term
‘axial’.
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Nutation and counternutation

Before studying the movements at the sacroiliac
joint, it is wise to recall that their range is small
and varies according to circumstances and the
subject. This explains the contradictions among
various authors regarding the function of this joint
and the relevance of its movements during labour.
These movements were first described by Zaglas
in 1851 and by Duncan in 1854.

The classic theory of nutation
and counternutation

During the movement of nutation (Fig. 22)
the sacrum (red arrow) rotates around an axis
(black cross) formed by the interosseous liga-
ment, so that its promontory moves inferiorly
and anteriorly (S2), while its apex and the tip
of the coccyx move posteriorly (d2).

During this tilting motion, which could be com-
pared to the anteroposterior diameter of the pelvic
inlet (PD) is reduced by a distance of S2, and the
anteroposterior diameter of the pelvic outlet (PO)
is increased by a distance d2. At the same time
(Fig. 21) the wings of the iliac bones move closer
together, while the ischial tuberosities move
apart. This movement of nutation is limited (see
Fig. 20, p. 59) by the tension developed in the
sacrotuberous (6) and sacrospinous (7) liga-
ments and in the nutation brakes, i.e. the antero-
posterior (8) and the anteroinferior (9) bundles
of the anterior sacroiliac ligament.

A coronal section of the pelvis (Fig. 23) shows
the widening of the pelvic inlet (P) and of

the pelvic outlet (PO) during nutation along
with the approximation of the iliac crests at the
level of the anterior superior iliac spines (asis).

Counternutation (Fig. 25) involves movements
in the opposite direction. The sacrum pivots
around the interosscous ligament (black cross)
and rights itself so that its promontory moves
superiorly and posteriorly (S§1) and its apex
and the tip of the coccyx move inferiorly and
anteriorly (d1).

As the sacrum rights itself into counter-
nutation, the anteroposterior diameter of the
pelvic inlet (PD) is increased by a distance of S1
and the anteroposterior diameter of the pelvic
outlet (PO) is reduced by a distance of d1. At the
same time (Fig. 24) the wings of the iliac bones
move apart and the ischial tuberosities dare
drawn closer together.

The movement of counternutation is limited (see
Fig. 20, p. 59) by the tension of the anterior (5)
and the deep (4) sacroiliac ligaments. As a guide-
line, the change in the anteroposterior diameter
of the pelvic outlet can amount to 3 mm accord-
ing to Bonnaire, Pinard and Pinzani and to 8-
13 mm according to Walcher. The range of the
changes in the anteroposterior diameter of the
pelvic outlet can amount to 15 mm according to
Borcel and Fernstréom and to 17.5 mm according
to Thoms. Weisel has recently confirmed the
transverse displacement of the wings of the iliac
bones and of the ischial tuberosities.
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The various theories of nutation

According to the classic theory of Farabeuf
(Fig. 26), which we have just described, the tilting
of the sacrum R occurs about an axis formed
by the interosseous ligament, its displacement is
angular and its promontory moves inferiorly and
anteriorly along an arc of a circle with centre (+)
located behind the auricular surface.

According to Bonnaire’s theory (Fig. 27), the
sacrum is tilted about an axis (+) that passes
through Bonnaire’s tubercle, located at the junc-
tion of the two segments of its auricular surface.
Thus the centre of this angular movement (R) is
intra-articular.

The studies of Weisel allow two other possible
theories:

* The theory of pure translation (Fig. 28, T)
states that the sacrum slides along the axis of

the caudal segment of the auricular facet. This
would mean a linear displacement resulting in
a corresponding displacement of the sacral
promontory and of the sacral apex.

» The other theory is based on rotational
movement (Fig. 29, R) around a
perpendicular axis lying inferior and anterior
to the sacrum. The location of this centre of
rotation would vary from person to person,
and with the type of movement involved.

The variety of theories available suggests how
difficult it is to analyse movements of small
range and raises the possibility that different types
of movement may occur in different individuals.

These ideas have more than abstract significance,
since these movements participate in the
physiology of labour.






The pubic symphysis and
the sacrococcygeal joint

The pubic symphysis is an amphiarthrosis, i.c.
a secondary cartilaginous joint of minimal, if any,
mobility. Nonetheless at the end of pregnancy and
during labour water imbibition by its soft tissues
allows the two pubic bones to slide on each other
and move apart. In rodents these movements
have a sizable range. A horizontal section (Fig.
30) shows the two medial ends of the pubic bones
lined axially by cartilage (10) and united by the
interosseous ligament (11), a fibrocartilaginous
disc with a thin median cleft (12). On the anterior
surface of the symphysis there is a thic k and
predominantly fibrous ligament (7-8-9), whose
structure will be presented later. On its posterior
surface lies the posterior pubic ligament (5).

On a medial view of the opened joint (Fig. 31,

right side) the articular surface of the pubic bone

appears oval, with its oblique long axis running

superiorly and anteriorly, and is topped by the

tendon of origin of the rectus abdominis (1). The

jointis locked anteriorly by the very thick anterior

pubic ligament (3). made up of transverse and

oblique fibres, as clearly seen in the anterior view

(Fig. 34). These fibres consist of the following:

« the aponeurotic insertions of the external
oblique (8)

» the tendinous origins of the rectus
abdominis (7) and of the pyramidalis (2)

+ the tendons of origin of the gracilis and of
the adductor longus (9).

All these fibres crisscross anterior to the symphy-

sis and form a dense fibrous feltwork, the pre-

pubic ligament.

The posterior aspect of the joint (Fig. 33) bears
the posterior pubic ligament (5), which is a
fibrous membrane continuous with the perios-
teum. Also visible is a triangular aponeurotic band,
whose base rests on the superior borders of the
symphysis and of the pubic bones deep to the
rectus, and whose oblique fibres are inserted at
various levels into the midline of the linea alba. It
is known as the admuniculum lineae albae (6),
i.e. the reinforcement of the linea alba.

A vertical section taken in a coronal plane

(Fig. 32) shows the components of the articular

surfaces:

+ the hyaline cartilage lining the pubic bones
(10)

» the fibrocartilaginous disc (11)

» the thin cleft (12) in the fibrocartilaginous
disc.

The superior border of the symphysis is strength-
ened by the superior pubic ligament (13).
which is a thick and dense fibrous band. The infe-
rior border is strengthened by the inferior or
arcuate pubic ligament, which is continuous
with the interosseous ligament and forms a sharp-
edged arch rounding off the apex of the pubic
arch. The thickness and strength of the rib vault
of the pubic arch (4) are clearly seen in the
sagittal section (Fig. 31). These powerful periar-
ticular ligaments make the symphysis a very strong
Joint that is difficult to dislocate. In clinical prac-
tice traumatic dislocation rarely occurs and is gen-
erally difficult to treat when it does occur; this is
surprising for a joint that is apparently fixed under
normal circumstances.

The sacrococcygeal joint, connecting the
sacrum and the coccyx, is an amphiarthrosis.
Its articular surfaces are elliptical, with their long
axes running transversely. A lateral view (Fig.
37) shows the convex sacral surface and the
concave coccygeal surface. The joint is united by
an interosseous ligament similar to an interver-
tebral disc and by periarticular ligaments,
which fall into three groups: anterior, posterior
and lateral. The anterior view (Fig. 35) shows
the coceyx (1), which is a vestigial tail and is
made up of four fused bony uvertebrae, the
sacrum (2) and the anterior ligament, and on
the anterior surface of the sacrum, the vestigial
anterior longitudinal vertebral ligament (3),
which becomes continuous with the anterior
sacrococcygeal ligament (16). Three lateral
sacrococcygeal ligaments (5, 6 and 15) can also
be seen. The posterior view (Fig. 36) shows
vestigial ligaments on the median crest of the
sacrum (13), which are continuous with the pos-
terior sacrococcygeal ligaments (14).

At the sacrococcygeal joint the only movements
are those of flexion-extension, which are only
passive and occur during defecation and labouir.
During nutation of the sacrum the posterior tilting
of the sacral apex can be amplified and extended
by extension of the coccyx inferiorly and post-
eriorly. This increases the anteroposterior
diameter of the pelvic outlet during delivery of
the fetal head.



65



o
=
=
>
o
)
£
=

of the Joints Volume 3 The Sp

_ The Physiology

The influence of position on the joints of

the pelvic girdle

In the symmetrical erect posture the joints of
the pelvic girdle are recruited by the weight of
the body. The mode of action of these forces can
be analysed on a lateral view (Fig. 38), where the
iliopsoas is considered transparent and allows the
femur to be seen.

The vertebral column, the sacrum, the hip bones
and the lower limbs form a coordinated articular
system with two joints: the hip joint and the
sacroiliac joint. The weight of the trunk (P) acts
on the sacrum and tends to lower its promontory.
The sacrum then undergoes a movement of
nutation (N2), which is rapidly limited by the
anterior sacroiliac ligaments (the brakes of nuta-
tion), and above all by the sacrospinous and the
sacrotuberous ligaments, thus preventing the
sacral apex from moving away from the ischial
tuberosity.

At the same time, the reaction of the ground
(R), transmitted by the femora at the hip joints,
forms (with the weight of the body acting on the
sacrum) a rotatory couple that causes the hip
bone to tilt posteriorly (N1). This retroversion of
the pelvis increases the movement of nutation
at the sacroiliac joints. This analysis deals with
movements, but it should rather deal with forces,
because the ligaments are extremely power-
ful and stop all movement immediately.

Figure 40 shows that, in the symmetrical erect
posture, the centre of gravity of the body (G)
lies on a line joining S3 to the pubis (P) nearly at
the level of the hip joints, where the pelvis
settles into the position of equilibrium.

In the one-legged position (Fig. 39) at every
step taken the reaction of the ground (R) is trans-
mitted by the supporting limb and elevates the
corresponding hip while the other hip is pulled
down by the weight of the freely hanging limb
(D). This leads to a shearing force in the pubic
symphysis, which tends to raise the pubic bone
on the supporting side (A) and lower the opposite
pubic bone (B). Normally the robustness of the
symphysis precludes any movement, but, when it

is dislocated, the upper borders of the pubic
bones become misaligned m during walking. In
the same way one can imagine the recruitment
of the sacroiliac joints in the opposite direction
during walking. Their resistance to movement
resides in their strong ligaments but, after dis-
location of one of the sacroiliac joints, painful
movements occur at every step. Therefore both
standing and walking depend on the mechani-
cal robusitness of the pelvic girdle.

In the supine position the sacroiliac joints are
recruited differently, depending on whether the
hip is flexed or extended.

« When the hips are extended (Fig. 41) the
pull of the flexor muscles (e.g. the psoas
visible in the figure) tilts the pelvis anteriorly,
while the sacral apex is pushed anteriorly.
This shortens the distance between the sacral
apex and the ischial tuberosity and rotates the
sacroiliac joint into counternutation. This
position corresponds to the early stage of
labour, and the counternutation, which
enlarges the pelvic inlet, favours the descent
of the fetal head into the true pelvis.

* When the hips are flexed (Fig. 42) the pull
on the hamstrings (shown in the diagram)
tends to tilt the pelvis posteriorly relative to
the sacrum, i.e. a movement of nutation,
which decreases the diameter of the pelvic
inlet and increases both diameters of the
pelvic outlet. This position, taken during the
expulsive phase of labour, thus favours
the delivery of the fetal head through the
pelvic outlet.

* During a change of position from hip
extension to hip flexion, the mean range of
displacement of the sacral promontory is
5.6 mm. Therefore these changes in the
position of the thighs markedly alter the
dimensions of the pelvic cavity in order to
facilitate the passage of the fetal head during
labour. When the thighs are flexed on the
pelvis the lumbar lordosis (Fig. 41) is flattened
and a hand can no longer be slipped under
the small of the back (green arrow).



Figure 39

Figure 38

Figure 40
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The pelvic wall

A medial view of the right hemipelvis (Fig. 43,
after removal of the left hip bone) shows only
the right hip bone and the sacrum with two
ligaments:

» the sacrospinous ligament (1), which runs
from the lateral border of the sacrum to the
ischial spine

« the sacrotuberous ligament (2), which runs
from the inferior part of the lateral border of
the sacrum and of the coccyx to the ischial
tuberosity and sends a falciform expansion (3)
on to the ischiopubic ramus.

These two ligaments join the hip bone and the
sacrum to form the two foramina (i.e. the greater
sciatic notch superiorly [s] and the lesser sciatic
notch inferiorly [i]). These foramina connect the
pelvic cavity to the lower limb.

A similar medial view of the right hemi-
pelvis (Fig. 44) also contains two external rotator
muscles of the lower limb (see Volume 2) after
leaving the pelvis via these two foramina:

¢ the piriformis (4), which arises from the
pelvic surface of the sacrum on both sides of
the second and third sacral foramina and is
inserted into the greater trochanter after
passing through the greater sciatic foramen
with the gluteal artery above (red arrow) and
the sciatic nerve below (vellow arrow)

+ the obturator internus (5) which arises
from the border of the obturator foramen
and the quadrilateral surface (q)* and bends
acutely at the posterior border of the lesser
sciatic notch, runs anteriorly and laterally
with the gemellus muscles (not seen in the
diagram) to be inserted into the greater
trochanter. The sciatic artery (red arrow) also
exits via the lesser sciatic foramen.

These two muscles are also lateral rotators of the
lower limb (see Volume 2).

Another medial view of the right hemipelvis
(Fig. 45) now also contains two flexor muscles of

the lower limb as they leave the pelvis under the
inguinal ligament (i) on top of the horizontal
pubic ramus. They are as follows:

+ the iliacus (6), which has a wide fleshy origin
from the entire pelvic surface of the iliac
bone

+ the psoas major (7), which arises from the
transverse processes of the lumbar vertebrae.

These two muscles join to form the iliopsoas
before being inserted by a common tendon into
the lesser trochanter.

The osteomuscular pelvic wall (Fig. 46, medial
view) gives attachment to a very large muscle, the
levator ani (8), which lies symmetrically on
either side of the midline of the pelvic dia-
phragm and arises along a line that borders the
pelvic wall, i.e. from the following structures
arranged anteroposteriorly:

« the pelvic surface of the pubis

» the obturator fascia arching over the
obturator foramen

¢ the tendinous arch of levator ani connecting
the external border of the sacrum to the
ischial spine

¢ the pelvic surface of the sacrotuberous
ligament

» the lower part of the lateral border of the
sacrum and the external border of the coccyx

¢ the anococcygeal ligament running from the
tip of the coccyx to the anus (a).

This wide muscular sheet consists of many bundles
well described by anatomists and forms the pelvic
diaphragm, which holds in place and sup-
ports all the abdominal and pelvic viscera.
This partition is interrupted of necessity along the
midline by important tubular structures: two
in men (the anus and the urethra) and yet a third
in women (the vagina). Here lies the problem of
the perineum!

*The quadrilateral surface (q) is the pelvic surface counterpart of the iliac bone contribution to the articular and non-articular surface of

the acetabulum,
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The pelvic diaphragm

A view of the pelvis taken from behind,
below and outside (Fig. 47) clearly shows the
wide muscular sheet formed by the various com-
ponents of the levator ani around the anus a.

This muscular diaphragm (Fig. 48) is a perfect
counterpart to the thoracic diapbragm. It has
similar functions (i.e. separating and retaining
the viscera) and also contains openings for the
passage of important organs.

Thus in women it contains a large cleft, the
urogenital cleft (Fig. 49,c). In both sexes,
however, the anus, located in its posterior part, is
surrounded by a special sling, i.e. the levator ani
(8), whose fibres blend more or less with those
of the anal sphincter and play an important role
in the mechanism of anal continence and
defecation.

A coronal section (Fig. 50) shows that this parti-
tion is not horizontal but is oblique and funnel-
shaped and open below at the urogenital cleft c.
Moreover, it is lined superficially by a second
diaphragm, i.e. the perineum (P), which is hori-
zontal and varies in structure with the sexes.

A posterior view (Fig. 51) shows these two
planes very well:

* the deep plane: the levator ani with its
posterior (8) and anterior (8" bundles

« the superficial plane: the perineum (P), which
is attached laterally to the ischiopubic rami
and converges centrally on the anal sphincter
(as) and anococcygeal ligament (ac).
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Pelvic Girdle and Head

The female perineum

A left view of the female pelvis (Fig. 52) taken
from behind, below and outside brings out
clearly the fwo planes of the female perineum.

* The superficial plane consists of the
superficial transversus perinei (1) running
transversely between the two ischiopubic
rami and of two sphincteric muscles, which
are circular and can thus control the calibre
of an anatomical orifice (like the orbicularis
oris in the face):

- anteriorly the sphincter urethrovaginalis
(4) surrounding the vaginal orifice (v)

- posteriorly the anal sphincter (5), which
forms a muscular ring around the anus (a).

« The deep plane is made up of the following:

- the deep transversus perinei (2), which
has the same attachments and course as the
anal sphincter

- the ischiocavernosus (seen as transparent,
7) surrounds the corpus cavernosum; it
arises from the ischiopubic ramus and
meets its counterpart to form the clitoris
under the pubic symphysis. Its function is
to compress the corpus cavernosum and
therefore it lies parallel to it.

« These two planes are separated by the
superior and inferior fascial layers of the

urogenital diaphragm (3), which extend
posteriorly (3") just beyond the transversus
muscles.

e In the centre of this structure all the muscle
fibres and their aponeuroses become tightly
interwoven to form the perineal body (6),
which is a vital element in the robustness
of the female perineum. It is prolonged
posteriorly by the anococcygeal ligament (8),
which connects the tip of the coccyx to the
anal sphincter.

All these structures are visible in the position
adopted during a gynaecological examina-
tion (Fig. 53) and can also be seen individually in
the diagram drawn in perspective (Fig. 54).

A view taken in perspective of the superficial
perineum and the levator ani (Fig. 55) brings
out their relationships.

Unlike the male perineum, the female perineum
is subject to severe traumas, especially during
labour, when the fetus must forcibly make its way
through the urogenital cleft, which is supported
by the anterior medial fibres of the levator ani (L).
These traumas can destabilize the static equi-
librium of the pelvis and lead to prolapse of
the urogenital organs.
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The volumes of the abdominal and

pelvic cavities

An anteroposterior view taken in perspec-
tive (Fig. 56) brings out the virtual volume of the
combined abdominopelvic cavity. This global
volume is divided into two by the pelvic inlet
(red), as seen in a view of these three open-
ings taken in perspective (Fig. 57).

The pelvic inlet coincides with the pelvic ring. It
is a continuous circular line running from
the sacral promontory (i.e. the projecting ante-
rior border of the upper surface of S1) to the
upper border of the pubic symphysis. On
both sides it crosses the arcuate line of the
ilium.

The dimensions of these openings are well known
and of considerable importance during pregnancy.
They can be measured radiographically with rela-
tive ease.

Another look at Figure 56 shows that the volume
of the abdomen (clear and transparent), strictly
speaking lying above the pelvic inlet, is clearly
greater than that of the true pelvis, which lies
below (in blue).

Figure 57 (taken in perspective) brings out two
other openings of great importance for the passage
of the fetal head during labour:

+ the intermediate opening (green line)
demarcated by four landmarks:
- the lower border of the pubic symphysis
- the ischial spines
- the pelvic surface of the sacrum

« the pelvic outlet (blue line), also demarcated
by four landmarks:

- the lower border of the pubic symphysis

- the tip of the coccyx

- the pelvic surfaces of the ischial
tuberosities.

As the term fetus shifts from its abdominal to its
pelvic location, on its way out, it enters the so-
called birth canal (Fig. 58), which can be con-
ceptualized by an anteriorly concave large tube
passing through all three openings.
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Labour

This is not an obstetrics textbook and there is no
intention of describing in detail the mechanisms
of normal labour, and even less of abnormal
labour.

This physiological process, however, is of interest
here insofar as it depends on the locomotor
apparatus in its broad sense, i.e. the skeleton,
the joints and muscles of the abdomen and
pelvis.

At term, pregnancy is followed by labour, i.e. the
expulsion of the fetus per vias naturales. It must
be stressed that the delivery of the fetus is a
natural physiological process, which has
occurred over the acons to ensure the survival of
the human race. Thus obstetrics is the science of
the mechanisms of normal and abnormal labour,
culminating in what is called a ‘happy event’.

At the start of labour the entire body of the mother
is called to ‘action stations’, and the passage of
the fetus through the birth canal is the result of a
well-coordinated succession of processes.

First (Fig. 59) the abdominal muscles contract to
push the fetal bead through the pelvic inlet, so
that it becomes engaged in the true pelvis. The
supine position with lower limbs lying flat (see
Fig. 41, p. 67) favours the opening of the pelvic
outlet via the mechanism of counternutation.

The powerful uterine muscle (Fig. 60), made up
of circular, oblique and longitudinal fibres,
starts to contract rhythmically and the cervical
os begins to dilate. The contractions signal the
onset of labour.

The increase in the pelvic diameters is facilitated
by the widening of the pubic symphysis (Fig. 62).

The hormonal status at the end of pregnancy leads
to softening of the pubic symphysis and allows
the pubic bones to move apart by 1cm, thus
increasing pelvic diameters, starting with that of
the pelvic inlet. When the cervical os is fully
dilated, expulsion begins, and there is a need to
increase further the diameter of the pelvic outlet.
This is achieved by the mechanism of nutation,
which, as we have already seen, is enhanced by
flexion of the thighs on the pelvis (see Fig. 42,
p. 67).

The ancestral position for labour, still used by a
large portion of humanity, is that of hanging by
the arms (Fig. 63): hip flexion promotes nuta-
tion and thus opening of the pelvic outlet; the
vertical position enhances the abdominal thrust,
which results from the weight of the viscera, the
downward displacement of the diaphragm
and contraction of the abdominal muscles
(Fig. 61). The most effective muscles in this
process are not the straight muscles but rather the
large flat muscles, such as the external and inter-
nal oblique muscles and especially the trans-
versus abdominis, which bring back towards
the spine and the axis of the birth canal the
now grossly enlarged uterus as it tilts forwards
over the pubic symphysis.

The anatomical and functional characteristics of
the female perineum set the stage for functional
disorders caused by ageing and by multiple
pregnancies in some women. The urogenital
cleft then provides a possible path for the
descent of the pelvic viscera, e.g. the bladder, the
urethra and the uterus, resulting in urogenital
prolapse.
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Micturition and defecation in the female

The perineal muscles control essential processes
like micturition, defecation and erection.

Let us look at the role of the female perineum in
micturition and defecation, which occur in both
sexes. First we shall consider the mechanisms of
urinary continence and micturition.

The control of urination

The bladder is a reservoir that reconciles the
continuous formation of urine by the Ridneys
and the sporadic passage of urine at will. Bladder
filling triggers the desire to void. Urinary conti-
nence and voluntary control of urination are
vital for the autonomy of the individual.

Urinary continence in women (Fig. 64) allows
the progressive filling of the bladder (b), which is
the most anterior organ in the pelvis. As long as
the internal urethral sphincter (1), which con-
sists of smooth muscle, remains contracted, there
is no leakage of urine. The external urethral
sphincter (2), which consists of voluntary stri-
ated muscle, lies in the superficial plane of the
perineum downstream from the internal sphinc-
ter. It is the voluntary contraction of the external
sphincter that prevents micturition in the pres-
ence of a very strong urge to urinate.

Micturition (Fig. 65) (i.e. urination or satis-
fying the need to urinate) depends on four
mechanisms:

« the relaxation of the involuntary internal
urethral sphincter

« contraction of the detrusor, a smooth muscle
in the bladder wall

+ relaxation of the external urethral sphincter

« contraction of the muscles underlying the
abdominal effort during micturition, i.e. the
diaphragm (d) and the broad abdominal
muscles, especially the internal oblique (5)
and the transversus (6).

The control of defecation

Faeces accumulate in the rectum, which is the
large-calibre terminal portion of the sigmoid
colon. When the rectum (r) is full, the desire to
defecate is felt.

Faecal continence (Fig. 66) is controlled by the
action of two muscles:

« the levator ani (3), whose deepest fibres
crisscross the anal canal posteriorly and
contract to bend the anal canal at an acute
angle by pulling it forwards

« the external anal sphincter (4), which
consists of voluntary striated muscle and lies
in the superficial plane of the perineum
downstream from the internal anal sphincter;
its contraction controls faecal retention and
its relaxation controls defecation.

Defecation (Fig. 67) or the release of faecal
material depends on four mechanisms:

« relaxation of the levator ani (3), which allows
the canal to become once more straight and
vertical

« contraction of the smooth muscles of the
rectal wall (r), especially the longitudinal and
circular bundles, in a peristaltic fashion, i.e.
waves of repeated contractions moving
downstream

+ relaxation of the external anal sphincter (4)

» contraction of the abdominal muscles,
contributing to the abdominal effort during
defecation, i.e. the diaphragm (d) and the
broad muscles of the abdomen, especially the
external oblique (5) and above all the
transversus (6).
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The male perineum

Unlike the female perineum the male perineum is
straightforward, i.e. no delivery, no prolapse and
no urinary incontinence, except postoperatively.
On the other hand, men are prone to urinary
retention because of prostatic disease.

Anatomically the male perineum (Fig. 68) has
the same structural components as the female
perineum, but there is a crucial difference, i.e.
there is no urogenital cleft.

The male perineum consists of two planes:

* the deep transversus perinei (1)
« the superficial transversus perinei (2).

These planes are separated by the following:

+ the intermediate perineal ligament (3),
which fills the entire anterior triangle of the
perineum

+ the anal sphincter (4) attached to the
coceyx by the anococcygeal ligament (5)

+ the external urethral sphincter (6).

All these structures meet in the midline in the
perineal body (7).

The urogenital cleft is replaced by the erector
apparatus made up of three erectile bodies,
which act as sponges and can swell with blood
supplied by the pudendal arteries. Along the
ischiopubic rami are also found the two corpora
cavernosa (8), which are surrounded by the
ischiocavernous muscles (9) and meet in the
midline below the pubic symphysis to form
the dorsal part of the penis.

As the urethra (u) traverses the perineum it is
embedded in the corpus spongiosum (10),
which is surrounded by the bulbospongiosus
(11) and is slung by the perineal ligament as it
courses along the midline towards the confluence
of the cavernosa to contribute to the formation of
the penis (p). These three erectile bodies are
surrounded by the inextensible deep fascia of
the penis, which acts as a sheath contributing to
the erection of the penis. The male urethra ends
at the external urinary meatus at the tip of the
glans.

Urinary control (Fig. 69) depends on the same
structures as in women, but with an additional

structure, the prostate (P). This gland lies at the
base of the bladder and surrounds the urethra; its
function is to secrete seminal fluid.

Normally when the bladder fills up two sphinc-
ters ensure continence:

«+ the involuntary internal urethral
sphincter (2), which surrounds the first part
of the prostatic urethra

¢ the voluntary external urethral sphincter
(3), which lies at the prostatic apex and
ensures voluntary urinary control.

When there is nodular prostatic hyperplasia the
enlarged prostate projects into the first part of the
prostatic urethra and hinders the emptying of
the bladder, which then dilates from urinary reten-
tion and extends as a dome (d, dotted line) above
the pubis.

Micturition (Fig. 70) results from contraction
of the detrusor, while the internal (2) and
the external (3) urethral sphincters relax. No
abdominal effort is usually necessary except when
there is urinary retention.

Erection, which renders the penis rigid, is easy
to understand with the use of a novelty party
hooter. This is a tubular paper ribbon, closed at
one end and fitted with a spring that allows it to
roll up on itself (Fig. 71). When one blows into it
(Fig. 72) through its open end it swells up, gets
longer and becomes rigid. During erection the
corpora cavernosa and corpus spongiosum swell
up like the ribbon and become rigid because of
the inflow of blood from the pudendal arteries.

An experimental demonstration of this process
can be carried out with a rubber fingerstall
attached to a base with an inflow tap and an
outflow tap (Fig. 73). When the inflow tap is
closed, corresponding to the closure of the puden-
dal veins, blowing into the inflow tap causes the
fingerstall to swell. If, in addition, the fingerstall
is tightened at its base (Fig. 75), simulating the
contraction of the ischiocavernosus and of the
bulbospongiosus, its volume and rigidity are
increased. This muscular spasm occurs at the
time of ejaculation and leads to orgasm. Contin-
ued involuntary penile erection is priapism,
which is a very painful condition.
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External landmarks of the pelvis:
the lozenge of Michaelis and the plane

of Lewinneck

Besides more or less sophisticated radiological
examinations, a simple clinical examination using
posterior and anterior landmarks can help under-
stand the structure of the pelvis.

The human back (Fig. 76) has the easily
detected midline spinal furrow, which lies
between the paravertebral muscles and corre-
sponds to the interspinous line. It stops at the
bottom at the level of the sacrum, where the
lozenge of Michaelis stands out with its four
apices:

« on either side of the midline, the two sacral
fossae

« above, the lower extremity of the spinal
furrow

* below, the summit of the natal cleft.

Thus the lozenge has a vertical long axis in the
midline continuous with the spinal groove and
a short transverse axis, perpendicular to the
former and running between the sacral fossae.
The length of the short axis is constant, whereas
that of the long axis varies so that the lozenge
appears more or less flattened depending on the
individual.

Since the classical period of Greek history, scuip-
tors and painters have always included this
lozenge in their works, as can be observed on all
their paintings and sculptures. Some modern
artists know the name, but among doctors only
obstetricians are familiar with this name. This is
not by chance, since Gustav Adolph Michaelis
(1798-1848) was a German gynaecologist who
lived in Kiehl before radiography was available.
He discovered the lozenge as a means of recogniz-
ing possible pelvic deformities that could lead to
dystocia. Radiography has made it possible to
know what structures correspond to the lozenge.
Anterior views (Fig. 77), using lead markers to
identify the four apices, show the following
correlations:

« the apices corresponding to the two sacral
fossae always overlie the upper part of the
sacroiliac joints

» the position of the superior apex varies
between L4 and L4-L5

 the inferior apex can also oscillate slightly
about its projection on S3.

This lozenge lies in a region of great aesthetic
value, hence its name of ‘divine lozenge'. It cor-
responds to the sacrum and to the lumbosacral
junction and is of considerable interest to sur-
geons and rheumatologists.

In fact, three landmarks help to demarcate this
lumbosacral region (Fig. 78):

+ the space between the spines of L4 and
L5, where the intercristal line (between the
iliac bones) crosses the midline

* the two sacral fossae, where injections can
be made into the sacroiliac joints

+ the first superior posterior sacral
foramen, through which it is easy to
administer low peridural injections, e.g.
into the ischial bones. It lies (dark blue) two
Jinger breadths below L4-L5 and two finger
breadths away from the midline. Once the
superficial tissues bave been patiently
andesthetized it becomes easy to look for this
sacral foramen with a fairly long needle, and
it is reached when the needle has lost contact
with the sacral bone. The needle is then
pushed in for 1 cm and the injection can
begin.

On the anterior surface of the pelvis (Fig. 79)
the two anterior superior iliac spines and the
pubic crest demarcate the triangle of Lewin-
neck, which supports the pelvis in the prone
position (Fig. 80). This triangle is a stereotactic
landmark for computer-guided operations on the
pelvis.
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THREE

The Lumbar Spine

The lumbar spine rests on the pelvis and articulates with the
sacrum. In turn it supports the thoracic spine, which is linked to
the thorax and the scapular girdle.

Next to the cervical spine the lumbar spine is the most mobile
segment and also bears the brunt of the weight of the trunk.
As a result, it is the main seat of disease, including the most
common of all skeletal disorders, lumbago, secondary to
herniation of the intervertebral disc.
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Global view of the lumbar spine

An anteroposterior radiograph (Fig. 1) shows
that the lumbar spine is straight and symmetri-
cal relative to the interspinous line (m). The
width of the vertebral bodies and that of their
transverse processes decreases regularly craniad.
The horizontal line (h), passing through the
highest points of the two iliac crests, runs between
L4 and L5. The vertical lines (a and a”), drawn
along the lateral borders of the sacral alae,
run roughly through the floor of each
acetabulum.

An oblique view (Fig. 2) illustrates the compo-
nents of the lumbar lordosis and the static
features of the lumbar spine, as worked out by
de Seze:

« the sacral angle (a), formed between the
horizontal and the line passing through the
upper border of S1, averages 30°

« the lumbosacral angle (b), formed between
the axis of L5 and the sacral axis, averages
140°

+ the angle of inclination of the pelvis (i),
formed between the horizontal and the line

joining the sacral promontory to the superior
border of the pubic symphysis, averages 60°

the arc of the lumbar lordosis can be
completed by a line joining the
posterosuperior border of L1 to the
posteroinferior border of L5, and
corresponding (p) to the chord of the arc (¢,
orange-dashed line). The perpendicular (p) to
the chord is usually longest at the level of L3.
It increases as the lordosis is more marked
and almost disappears when the lumbar spine
is straight. It can rarely become inverted

the posterior bend (indicated by arrow pb)
represents the distance between the
posteroinferior border of L5 and the vertical
line passing through the posterosuperior
border of L1, and can be:

- zero if the vertical line coincides with the
chord of the lumbar lordosis

- positive if the lumbar spine is bent
backward

- negative if the lumbar spine is bent
forward.
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Structure of the lumbar vertebrae

A ‘disassembled’ view (Fig. 3) brings out the
components of the lumbar vertebra:

« The kidney-shaped vertebral body (1)
is wider laterally than it is deep
anteroposteriorly, and is broader than it is
high. Its periphery is deeply hollowed out in
the shape of a diabolo, except posteriorly,
where it is nearly flat.

» The two laminae (2) are quite tall and run
posteriorly and medially, but they lie in a
plane that is oblique inferiorly and laterally.

» The bulky and rectangular spinous process
(3), formed in the midline by fusion of the
two laminae, runs backwards into a bulbous
tip.

« The transverse processes (4), better called
the costoid processes, are in fact vestigial ribs
attached at the level of the articular processes
and running an oblique course posteriorly and
laterally. On the posterior aspect of their site
of attachment lies the accessory process,
which, according to some authors, is the
homologue of the transverse process of a
thoracic vertebra.

* The pedicle (5) is a short bony segment
joining the vertebral arch to the vertebral
body and is attached to the former at its
superolateral angle. It defines the superior and
inferior limits of the intervertebral foramen
and posteriorly provides attachment for the
articular processes.

+ The superior articular process (6) lies on
the upper border of the lamina as it joins the
pedicle. It lies in a plane running obliquely

posteriorly and laterally, and its cartilage-
coated articular surface faces posteriorly
and medially.

+ The inferior articular process (7) arises
from the inferior border of the vertebral arch
near the junction of the lamina with the
spinous process. It faces inferiorly and
medially, and its cartilage-coated articular
surface faces laterally and anteriorly.

* The vertebral foramen lies between the
posterior surface of the vertebra and the
vertebral arch in the shape of an almost
equilateral triangle.

The typical lumbar vertebra is ‘reassembled’ in
Figure 4.

Some lumbar vertebrae have certain specific fea-
tures. The transverse process of L1 is less well
developed than those of the other lumbar verte-
brae. The vertebral body of L5 is higher anteri-
orly than posteriorly, so that its profile is
wedge-shaped or even trapezoidal, with its
longer side lying anteriorly. Its inferior articular
surfaces are more widely separated from each
other than those of the other lumbar vertebrae.

When two lumbar vertebrde dare separdated verti-
cally (Fig. 5) it becomes obvious how the inferior
articular processes of the upper vertebra fit
snugly medially and posteriorly into the superior
articular process of the lower vertebra (Fig. 0).
Thus each lumbar vertebra stabilizes the overly-
ing vertebra laterally as a result of the buttress-
like structure of the articular processes.
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The ligamentous complex of

the lumbar spine

This ligamentous complex can be studied, on the
one hand, on a sagittal section (Fig. 7, after
removal of the laminae on the left) and, on the
other, on a coronal section (Fig. 8, passing
through the pedicles and containing the vertebral
bodies seen from the back).

The posterior half of the section (Fig. 9), after
a rotation of 180°, contains the vertebral arches
seen from the front and a detached vertebra lying
on top. Note that in Figures 8 and 9 the corre-
sponding stumps of the pedicles are seen on both
sides.

The sagittal section (Fig. 7) reveals very clearly
two sets of ligaments:

+ the anterior (1) and posterior (5)
longitudinal ligaments running along the
entire spine

+ the segmental ligaments running between
the vertebral arches.

The anterior longitudinal ligament (1) stretches
as a long, thick, pearly band from the basilar
process of the occipital bone to the sacrum on
the anterior surfaces of the vertebrae. It consists
of long fibres running from one end of the liga-
ment to the other and short arcuate fibres bridg-
ing the individual vertebrae. It is inserted into the
anterior aspect of the intervertebral disc (3)
and into the anterior surface of the vertebral
body (2). Thus, at the anterosuperior and antero-
inferior angles of each vertebra there are two
potential spaces (4), where osteophytes are
formed in vertebral osteoarthritis.

The posterior longitudinal ligament (5)
extends from the basilar process of the occipital
bone to the sacral canal. Its two edges are fes-
tooned because its arcuate fibres (6) are inserted
a long way laterally into each intervertebral disc.
On the other hand, the ligament is not attached
to the posterior surface of the vertebra, leaving
a space (7) traversed by paravertebral venous
plexuses. The concavity of each festoon corre-
sponds to a pedicle (10).

The sagittal section (Fig. 7) shows the interverte-
bral disc with its annulus fibrosus (8) and its
nucleus pulposus (9).

Segmental ligaments bind the vertebral arches.
Each lamina is joined to the next by a thick power-
ful yellow ligament, the ligamentum flavum
(11), seen transected in Figure 7. It is inserted
inferiorly into the superior border of the underly-
ing lamina and superiorly into the medial aspect
of the overlying lamina. Its medial edge fuses with
that of the contralateral ligament in the midline
(Fig. 9) and completely closes the vertebral
canal posteriorly (13). Anteriorly and laterally it
overlies the capsular and anteromedial liga-
ments (14) of the facet joints. Thus its antero-
medial border is flush with the posterior margin
of the intervertebral foramen.

The spinous processes (12) are linked by the pow-
erful interspinous ligaments (15), continuous
posteriorly with the supraspinous ligaments
(16), which are attached to the tips of the spinous
processes. In the lumbar region the ligaments are
indistinct as they merge with the crisscrossing
fibrous attachments of the lumbodorsal muscles.

The intertransverse ligaments (17), well devel-
oped in the lumbar region, run on both sides
between the accessory processes of the adjacent
transverse processes.

On an anterior view of the vertebral arch (Fig.
9), cutting through the ligamentum flavum (13)
has allowed the upper vertebra to be detached;
between C2 and C3 the ligament has been com-
pletely resected to reveal the capsule, the antero-
medial ligament of the facet joint (14) and the
spinous process between the two vertebral
arches.

Taken together, these two sets of ligaments form
an extremely strong link between the two ver-
tebral bodies and also for the spine as a whole.
Only a severe trauma can break this link.
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Flexion-extension and lateral flexion of

the lumbar spine

During flexion (Fig. 10) the body of the upper
vertebra tilts and glides slightly forward in the
direction of the arrow F, reducing the thickness
of the intervertebral disc anteriorly and increasing
it posteriorly. Thus the disc becomes wedge-
shaped, with its base facing posteriorly, and the
nucleus pulposus is driven posteriorly, stretching
the posterior fibres of the annulus fibrosus.

At the same time the inferior articular processes
of the upper vertebra glide upwards and tend to
free themselves from the superior articular pro-
cesses of the lower vertebra (black arrow). As a
result the capsule and the ligaments of this facet
joint are maximally stretched along with the other
ligaments of the vertebral arch - the ligamentum
flavum, the interspinous ligament (2), the supra-
spinous ligament and the posterior longitudinal
ligament. The tension of these ligaments finally
limits extension.

During extension (Fig. 11) the body of the
upper vertebra tilts and moves posteriorly in the
direction of the arrow E. Meanwhile, the disc
becomes flatter posteriorly and thicker anteriorly
and is transformed into a wedge with its base
lying anteriorly. The nucleus is pushed anteriorly,

stretching the anterior fibres of the annulus and
the anterior longitudinal ligament (4). On the
other hand, the posterior longitudinal ligament is
relaxed, the articular processes of the upper and
lower vertebrae become more tightly interlocked
(3) and the spinous processes touch each other.
Hence extension is limited by the impact of the
bony structures of the arch and by the stretching
of the anterior longitudinal ligament.

During lateral flexion (Fig. 12) the body of the
upper vertebra tilts on the side of flexion (arrow
1), while the disc becomes wedge-shaped and
thicker on the other side, with displacement of
the nucleus. The contralateral intertransverse
ligament (6) is stretched, while the ipsilateral
ligament (7) slackens (see Fig. 13).

A posterior view (Fig. 13) shows how the
articular processes glide relative to each other:
the articular process of the upper vertebra is
raised on the convex side (8), while it is lowered
on the concave side (9). This leads at the same
time to relaxation of the ipsilateral ligamenta flava
and of the capsular ligament of the facet joint
and to the stretching of the same structures
contralaterally.
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Rotation in the lumbar spine

A superior view (Figs 14 and 15) shows the
superior articular facets of the lumbar vertebrae
facing posteriorly and medially. They are not
flat but concave transversely and straight verti-
cally. Geometrically speaking, they correspond to
segments of a cylinder with centre O located pos-
teriorly near the base of the spinous process

(Fig. 16).

In the case of the upper lumbar vertebrae (Fig.
14) the centre of this cylinder lies just behind the
line joining the posterior borders of the articular
processes, whereas for the lower lumbar verte-
brae (Fig. 15) the diameter of this cylinder is
much greater, so that its centre lies far more
posteriorly.

It must be stressed that the centre of this cylinder
does not coincide with the centres of the verte-
bral discal surfaces, so that, when the upper
vertebra rotates on the lower vertebra (Figs 18
and 19), the rotational movement occurring

around this latter centre has to be associated with
a gliding movement of the upper vertebra
relative to the lower vertebra (Fig. 16). Thus the
disc D is not only rotated axially (Fig. 17) - which
would allow a relatively much greater range of
movement - but is also subject to gliding and
shearing movements (Fig. 16). As a result, axial
rotation of the lumbar spine is quite limited both
segmentally and globally.

According to Gregersen and Lucas, axial rotation
of the lumbar spine between L1 and S1 would
have a total range bilaterally of 10° and so a seg-
mental range of 2° (assuming equal segmental dis-
tribution) and a segmental range of 1° for unilateral
rotation.

It becomes obvious that the lumbar spine is not
at all designed for axial rotation, which is
sharply limited by the orientation of the vertebral
articular facets.
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The lumbosacral hinge and

spondylolisthesis

The lumbosacral hinge is a weak point in the
spine.

A lateral view (Fig. 20) shows that, as a result of
the inclination of the upper surface of S1, the
body of L5 tends to glide inferiorly and anteriorly.
The weight (P) can be resolved into two elemen-
tary forces:

« a force (N) acting perpendicular to the upper
surface of S1

« a force (G) acting parallel to the upper
surface of S1 and pulling L5 anteriorly.

This gliding movement is prevented by the
powerful anchoring of the vertebral arch of L5.

A superior view (Fig. 22) shows the inferior
articular processes of L5 fitting tightly into the
superior articular processes of S1. The gliding
force (G") presses the articular processes of L5
hard against the superior articular processes of
the sacrum, which react with a force R on both
sides.

These forces are by mnecessity transmitted
through a single point in the vertebral
isthmus or pars interarticularis (Fig. 21), which
is the part of the vertebral arch lying between the
superior and inferior articular processes. When
this isthmus is fractured or destroyed, as shown
here, the condition is known as spondylolysis.
As the arch is no longer retained posteriorly on
the superior articular processes of the sacrum, the
body of L5 glides inferiorly and anteriorly giving
rise to spondylolisthesis. The only structures

that still retain L5 on the sacrum and prevent
further slippage are:

+ the lumbosacral intervertebral disc, whose
oblique fibres are stretched

+ the paravertebral muscles, which go into
permanent spasm and cause the pain
associated with spondylolisthesis.

The degree of slippage can be measured anteriorly
by the degree of overhanging of L5 relative to the
anterior border of the upper surface of S1.

Radiographs taken from an oblique view

(Fig. 23) reveal the classic picture of the ‘Scottie

dog’:

« its muzzle corresponds to the transverse
process

» its eye to the pedicle seen head-on
= its ear to the superior articular process
« its front paw to the inferior articular process

« its tail to the lamina and the contralateral
superior articular process

« its hind paw to the contralateral inferior
articular process

+ its body to the lamina on the same side as the
picture is taken.

The important point is that the neck corresponds
exactly to the vertebral isthmus. When the
isthmus is broken, the neck of the dog is
transected, clinching the diagnosis of spondy-
lolisthesis. Anterior slippage of L5 must then be
looked for in oblique views.






The iliolumbar ligaments and movements
at the lumbosacral hinge

An anterior view of the lumbosacral hinge < During lateral flexion (Fig. 25) the

(Fig. 24) shows the last two lumbar vertebrae iliolumbar ligaments become taut
united directly to the hip bones by the ilio- contralaterally and allow only an 8° movement
lumbar ligaments, made up of the following: of L4 relative to the sacrum. The ipsilateral
+ the superior band (1), attached to the tip of ligaments are slackened.
the transverse process of L4 and running * During flexion-extension (Fig. 26, lateral
inferiorly, laterally and posteriorly to be view with the iliac bone transparent) starting
g inserted into the iliac crest from the neutral position N:
L « the inferior band (2), attached to the tip - the direction of the ligaments is responsible
= and lower border of the transverse process of during flexion (F) for the selective
o L5 and running inferiorly and laterally to be tightening of the superior band of the
I% inserted into the iliac crest anteromedially to iliolumbar ligament (red), which runs an
G the superior band. oblique course inferiorly, laterally and
5 Sometimes two more or less distinct bands can be postedary R g R cly: T band s relaxed
e - : during extension (E)
= made out: - on the other hand, the inferior band of the
= * a strictly iliac band (2) iliolumbar ligament (blue) is slackened
= « a sacral band (3), which runs more vertically during flexion (F) as it runs slightly
: and slightly anteriorly and is inserted distally anteriorly and is stretched during
@ into the anterior surface of the sacroiliac joint extension (E).

and into the most lateral part of the sacral ala. On the whole, mobility at the lumbosacral joint is

These two iliolumbar ligaments are tightened or  sharply limited by the strength of the iliolumbar
slackened depending on the movements at the  ligaments. All things considered, they limit
lumbosacral hinge and thus help limit these move-  lateral flexion much more than flexion-
ments as follows: extension.
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The trunk muscles seen in

horizontal section

Figure 27 shows the inferior aspect of a horizontal
cross-section passing through L3. Three muscle
groups can be identified.

The posterior paravertebral muscles can be
subdivided into three planes.

1. The deep plane, comprises the following:

- the transversospinalis (1), which fills up
the solid angle between the sagittal plane
of the spinous processes and the coronal
plane of the transverse processes and is
closely moulded onto the vertebral laminae

- the longissimus (2), which overlies the
former and overextends it laterally

- the erector spinae (3), a bulky fleshy
muscle lying lateral to the former

- finally the interspinalis (4) attached to the
spinous processes and lying posterior to the
transversospinalis and the longissimus.

These muscles form a large fleshy mass that lies
on both sides of the spinous processes in the
paravertebral gutters; hence their name of para-
vertebral muscles. They are separated externally
by the lumbar furrow, which corresponds to the
interspinous line.

2. The intermediate plane, consisting of the
serratus posterior superior and serratus
posterior inferior (5).

3. The superficial plane, consisting in
the lumbar region of only one muscle, the
latissimus dorsi (6), which arises from
the very thick lumbar fascia (7) partly
attached to the interspinous line. The body
of the muscle (6) forms a thick fleshy
carpet over the whole of the posterolateral
wall of the lumbar region.

The deep lateral paravertebral muscles are
two in number:

+ the quadratus lumborum (8), which is a
muscular sheet attached to the last rib, the
transverse processes of the lumbar vertebrae
and the iliac crest

+ the psoas major (9), lying within the solid
angle formed by the lateral borders of the

vertebral bodies and the transverse
processes.

The muscles of the abdominal wall fall into
two groups:

« the rectus abdominis muscles (13) lying on
both sides of the midline

» the large abdominal muscles, which form
the anterolateral wall of the abdomen and
are, from deep to superficial, the transversus
abdominis (10), the internal oblique (11)
and the external oblique (12).

Anteriorly these muscles form aponeurotic inser-
tions that give rise to the rectus sheath and the
linea alba as follows.

= The aponeurosis of the internal oblique splils
at the lateral border of the rectus to form
two fascial sheets, one deep (14) and the
other superficial (15), which enclose the
rectus. The sheets crisscross in the midline to
form a very solid raphe - the linea alba (10).

= The anterior and posterior sheets of the
rectus sheath are reinforced posteriorly by the
aponeurosis of the transversus and anteriorly
by the aponeurosis of the external oblique.
This only applies to the upper part of the
abdomen; we shall see later exactly what
happens in the lower part.

+ The deep lateral paravertebral muscles and
the large abdominal muscles bound the
abdominal cavity, into which project the
lumbar spine and the large paravertebral
vessels, i.e. the aorta and the inferior vena
cava (not shown here).

* The true abdominal cavity (18) is lined by
the parietal peritoneum (21) (red), which
also lines the posterior aspect of the rectus
muscles, the deep aspects of the large
abdominal muscles and the posterior
abdominal wall, to which are attached the
retroperitoneal organs, e.g. the kidneys,
embedded in the retroperitoneal space
(19), which is made up of loose areolar fat.
Between the parietal peritoneum and the
abdominal wall lies a thin fibrous layer, i.e.
the fascia transversalis (17).
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The posterior muscles of the trunk

These posterior muscles are arranged in three
planes from deep to superficial.

The deep plane

The deep plane consists of the spinal muscles
directly attached to the vertebrae (Figs 28 and
29); hence their name of paravertebral muscles.
The deeper they lie, the shorter the course of
their fibres.

» The transversospinalis (1) is made up of
lamellae arranged like tiles on a roof. In the
diagram (after Trolard), where only one
lamella is included, the oblique fibres run
inferiorly and laterally from the lamina of one
vertebra to the transverse processes of the
four underlying vertebrae. According to
Winckler, the fibres run from the laminae and
the spinous processes of a set of four upper
vertebrae to the transverse process of the
lower vertebra (see Fig. 92, p. 257).

+ The interspinalis muscles (2) connect the
adjoining spinous processes on both sides of
the midline. The diagram shows only one set
of these muscles.

* The fusiform spinalis (3), lies on cither side
of the interspinalis muscles and posterior to
the transversospinalis. It arises inferiorly from
the upper two lumbar vertebrae and from the
last two thoracic vertebrae and is inserted
above into the spinous processes of the first
10 thoracic vertebrae. The deepest fibres run
the shortest course.

» The longissimus thoracis (5) is a long
muscle lying lateral to the spinalis. It runs in
the posterior wall of the thorax to be inserted
into the lower 10 ribs (its lateral or costal
fibres) and into the transverse processes of
the lumbar and thoracic vertebrae (its medial
or transverse fibres).

+ The thoracic part of the iliocostalis (6) is a
thick muscle mass in the shape of a prism. It
lies posterior and lateral to the above-
mentioned muscles. It runs in the posterior
wall of the thorax, giving off branches to be
inserted into the posterior surfaces of the
lower 10 ribs near their posterior angles.
These fibres are then relayed by the fibres of
the longissimus cervicis, which run upwards

to the transverse processes of the last five
cervical vertebrae (see 11, Fig. 95, p. 259).

In the lower part of the trunk all these muscles
intermingle to form a common body of lumbar
muscles (6), seen on the right of Figure 29. These
are inserted into the deep aspect of a thick tendi-
nous sheath, which is continuous superficially
with the aponeurosis of the latissimus dorsi
.

The intermediate plane

This plane (Fig. 29) comprises a single muscle, i.c.
the serratus posterior inferior (4), lying imme-
diately behind the paravertebral muscles and in
front of the latissimus dorsi. It arises from the
spines of the first three lumbar and last two tho-
racic vertebrae and runs obliquely superiorly and
laterally to be inserted into the lower borders and
external aspects of the last three or four ribs.

The superficial plane

This plane consists of the latissimus dorsi (7).
which arises from the very thick lumbar aponeu-
rosis. Its oblique tendinous fibres run superiorly
and laterally on top of all the paravertebral muscles
and give rise to muscular fibres along an oblique
line running inferiorly and laterally.

The lumbar aponeurosis as a whole forms a
lozenge with a vertically oriented long axis. The
muscle fibres give rise to a broad sheet covering
the posterolateral part of the lower thorax on
their way to their insertion into the humerus (see
Volume 1, p. 73, Fig. 115).

The action of the posterior muscles is essentially
an extension of the lumbar spine (Fig. 30).
From their sacral anchor they can powerfully pull
backwards the lumbar and thoracic segments of
the spine at the lumbosacral hinge and at the
thoracolumbar hinge, respectively.

Furthermore they accentuate the lumbar lor-
dosis (Fig. 31), since their chords span the full
extent or part of the arc of the lumbar curvature.
It is incorrect to say that they straighten the
lumbar spine; they only pull it posteriorly by
bending it. We shall see later that these muscles
play an active role in expiration.
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The role of the third lumbar and twelfth

thoracic vertebrae

A. Delmas has brought to light the functional sig-
nificance of certain vertebrae (Figs 32 and 33) in
maintaining the erect position.

The wedge shape of L5, which acts as a bridge
between the more or less horizontal sacrum and
the vertical spine, is well known. Conversely, the
role of L3 is just starting to be appreciated (Fig.
32). This vertebra has a better developed post-
erior arch, since it acts as a relay station between
the following muscles:

« on the one hand the lumbar fibres of the
longissimus thoracis muscles, which run
from the hip bone to the transverse processes
of L3

« on the other hand the fibres of the
interspinalis thoracis muscles, which arise
further up the thoracic spine and are inserted
as low as the spinous process of L3.

Thus (Fig. 33), L3 is pulled posteriorly by muscles
attached to the sacrum and the ilium to provide

a locus for the action of the thoracic muscles.
Therefore it plays the essential role of pivot
vertebra and relay station for the spine at rest,
the more so as it coincides with the apex of the
lumbar curvature and its horizontal superior and
inferior surfaces are parallel to each other. It is
the first truly mobile lumbar vertebra, since L4
and L5, strongly bound to the ilium and the sacrum
as they are, form a bridge more static than dynamic
between spine and pelvis.

Conversely, the twelfth thoracic vertebra (T12)
is the point of inflexion between the thoracic
and lumbar curvatures. It acts as a hinge ver-
tebra: its body is relatively bulkier than its arch,
which lies in front of the paravertebral muscles as
they course along without inserting. Delmas con-
siders T12 as ‘the true swivel of the vertebral
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The lateral muscles of the trunk

They are two in number: the quadratus lumborum
and the psoas major.

The quadratus lumborum (Fig. 34, anterior
view), as its name implies, forms a quadrilateral
muscular sheet. It spans the last rib, iliac crest and
spine, and has a free lateral border. It is made up
of three sets of fibres (right side of figure):

« fibres running directly between the last rib
and the iliac crest (orange arrows)

» fibres running between the last rib and the
transverse processes of the five lumbar
vertebrae (red arrows)

 fibres running between the transverse
processes of the first four lumbar vertebrae
and the iliac crest (green arrows). These
fibres are continuous with those of the
transversospinalis (violet arrows), which lie in
the spaces between the transverse processes.

These three sets of fibres of the quadratus are also
arranged in three planes - the posterior plane
consisting of the straight iliocostal fibres, the
intermediate plane of the iliovertebral fibres and
the anterior plane of the costovertebral fibres
(1). When the quadratus contracts unilaterally
it bends the trunk on the same side (Fig. 35) with
considerable help from the internal and external
oblique muscles.

The psoas major (Fig. 36, 2) lies anterior to the
quadratus, and its fusiform muscle belly originates
from two separate muscular sheets:

+ a posterior sheet attached to the transverse
processes of the lumbar vertebrae

» an anterior sheet attached to the bodies of
T12 and L1-L5.

These latter fibres are attached to the lower and
upper borders of two adjacent vertebrae and to
the lateral border of the intervertebral disc. Ten-
dinous arches bridge over these muscle attach-
ments. The fusiform body of the muscle, flattened
anteroposteriorly, runs an oblique course inferi-
orly and laterally, follows the pelvic brim, is
reflected on the anterior edge of the bip bone
and is inserted along with the iliacus into the tip
of the lesser trochanter.

If its femoral insertion is fixed and the hip is sta-
bilized by contraction of the other periarticular
muscles, the psoas exerts a very powerful
action on the lumbar spine (Fig. 37), leading to
lateral flexion ipsilaterally and rotation contra-
laterally. Furthermore (Fig. 38), as it is attached
to the summit of the lumbar curvature, it also
flexes the lumbar spine on the pelvis while
increasing the lumbar curvature, as is clearly
seen in a subject lying supine with the lower
limbs resting on the underlying surface.

On the whole, the two lateral muscles cause
lateral flexion of the trunk on the side of their
contraction, but, whereas the quadratus has
no effect on the lumbar lordosis, the psoas
major increases it while rotating the spine
contralaterally.
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The Lumbar Spine

The muscles of the abdominal wall:
the rectus abdominis and
transversus abdominis

The rectus abdominis

The two rectus muscles (Fig. 39, anterior view
and Fig. 40, side view) form two muscular straps
in the anterior abdominal wall on either side of
the midline.

They are inserted into the anterior arches and
costal cartilage of the fifth, sixth and seventh
ribs and into the xiphoid process. Below its inser-
tion the muscle narrows gradually and is inter-
rupted by tendinous insertions: two above the
umbilicus, one at the level of the umbilicus and
one below the umbilicus. Thus the rectus is poly-
gastric. Its infra-umbilical part is clearly narrower
as it tapers down into its strong tendon of origin,
which is attached to the upper border of the
pubic bone and to the pubic symphysis, and sends
slips to the contralateral muscle and the thigh
adductors.

The rectus muscles are separated by a wider gap
across the midline above than below the umbili-
cus - the linea alba. They lic inside the rectus
sheath, which is formed by the aponeurotic
insertions of the large muscles of the abdominal
wall.

The transversus abdominis

The two transverse muscles (Fig. 41, anterior
view, with only the left transversus included; Fig.

42, side view) form the deepest layer of the large
muscles of the abdominal wall. They arise post
eriorly from the #ips of the transverse processes
of the lumbar vertebrae.

The horizontal fibres run laterally and anteriorly
around the abdominal viscera and give rise to
aponeurotic fibres along a line parallel to the
lateral border of the rectus muscles. This aponeu-
rotic insertion joins the contralateral aponeur-
osis on the midline. It lies mostly deep to the
rectus abdominis and contributes to the formation
of the posterior layer of the rectus sheath, but
below the umbilicus it runs superficial to the
rectus, which perforates it so as to gain access to
its deep surface. Below this level, which is indi-
cated on the deep surface of the rectus by the
arcuate line of the rectus sheath, the aponeur-
osis now contributes to the anterior layer of the
rectus sheath.

In the diagram it is clear that only the middle
fibres of the aponeurosis are horizontal; the upper
fibres run a slightly oblique course superiorly and
medially, while the lower fibres run a slightly
oblique course inferiorly and medially. The lower-
most fibres terminate on the superior border of
the pubic symphysis and of the pubis and join
those of the internal oblique to form the
conjoint tendon.



Figure 40

Figure 39
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The Physiolog

The muscles of the abdominal wall: the
internal and external oblique muscles

The internal oblique muscle of
the abdomen

This muscle (Figs 43 and 44) makes up the inter-
mediate layer of the abdominal muscles and runs
generally speaking an oblique course supero-
inferiorly and lateromedially to the iliac crest.
Its fleshy fibres provide a muscular sheet on
the lateral wall of the abdomen:

= some are inserted directly into the eleventh
and twelfth ribs

 others indirectly by an aponeurosis into a line
that runs first horizontally from the apex of
the eleventh rib and then vertically along the
lateral edge of the rectus.

These aponeurotic fibres are inserted into the
tenth costal cartilage and the xiphoid process.
They contribute to the anterior layer of the reclus
sheath and, as a result, they blend with similar
fibres from the contralateral muscle in the midline
to form the linea alba.

The lowest fibres of the internal oblique are
attached directly to the lateral part of the inguinal
ligament. They are first horizontal and then
oblique inferiorly and medially. They join the
transversus abdominis to form the conjoint
tendon before gaining attachment to the sup-
erior border of the pubic symphysis and
the pubic crest. The conjoint tendon thus forms
the border of the deep inguinal ring along
with the medial part of the inguinal ligament.

The external oblique muscle of
the abdomen

This muscle (Figs 45 and 46) forms the superficial
layer of the large muscles of the abdomen. Its
fibres generally run an oblique course supero-
inferiorly and lateromedially. Its fleshy digi-

tations, arising from the last seven ribs, overlap
one another inferosuperiorly and blend with the
digitations of the serratus anterior.

Its muscle bundles form part of the abdominal
wall and give rise to an aponeurosis along a line
of transition, which is at first vertical and parallel
to the lateral border of the rectus and then oblique
inferiorly and posteriorly. This aponeurosis con-
tributes to the anterior layer of the rectus sheath
and blends with its contralateral counterpart along
the midline to form the linea alba.

The fibres arising from the ninth rib are attached
to the pubic bone and send aponeurotic expan-
sions towards the ipsilateral and contralateral
adduictors of the thigh. The fibres arising from the
tenth rib terminate on the inguinal ligament.
These two tendinous structures demarcate fhe
superficial inguinal ring, which is a triangular
opening with its apex facing superolaterally and
its inferomedial base constituted by the pubis and
the pubic crest, where the inguinal ligament
is inserted. This account of the abdominal wall
muscles forming the anterior group of motor
muscles of the spine makes two important
points:

* The rectus muscles, lying anteriorly in the
abdominal wall, form two muscle bands,
which act at a considerable distance from
the spine between the base of the thorax
anteriorly and the pelvic girdle anteriorly.

¢ The large muscles are arranged in three layers
with their fibres crisscrossing as in an
organized tissue: in the deep layer they run
transversely as the transversus; in the
intermediate layer they are oblique superiorly
and medially as the internal oblique; and in
the superficial layer they are obligue
inferiorly and medially as the external
oblique.



Figure 44

Figure 43
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The muscles of the abdominal wall:

the curve of the waist

The fibres of the large muscles and their aponeu-
roses are woven together into an unbroken
girdle around the abdomen (Fig. 47). In fact
the fibres of the external oblique on one side are
directly continuous with the fibres of the internal
oblique on the other side and vice versa, so much
so that, taken globally, the oblique muscles form
a weft, which is not rectangular but diamond-
shaped, i.e. cut on the bias in the language of
seamstresses. This arrangement allows the weft to
adapt to the curve of the waist: one can even say
that this ‘bias’ literally causes the hollow of
the waist.

This can easily be demonstrated on a model:

« If strings or elastic bands are drawn between
two circles (Fig. 48) parallel to the axis
uniting the centres of the circles, a cylindrical
surface is obtained.

« If the upper circle is rotated relative to the
lower circle (Fig. 49), the strings remain taut
but run obliquely so that the envelope of the
surface generated is a solid hyperboloid
bounded on each side by a hyperbolic curve.

This mechanism explains readily why the waist is
hollow, the more so as the oblique fibres are
under stronger tension and the subcutaneous fat
is thinner. Therefore, the curve of the waist can
be restored by rebuilding the tonus of the
oblique abdominal muscles.

Moreover, the curve of the lower part of the
abdomen also depends on the large muscles,
which form a complete abdominal strap
(Fig. 50) or a ‘belly band’. The efficiency of this
strap depends not so much on the tonus of the
rectus muscles as of the large muscles:

+ the external oblique (transparent green)

+ above all the internal oblique (blue)

» even more the lower part of the transversus
(vellow).

These muscles are very important during the
pushing phase of labour.
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The muscles of the abdominal wall:

rotation of the trunk

Rotation of the spine is produced by the para-
vertebral muscles and the large muscles of the
abdomen.

The superior view of two lumbar vertebrae (Fig.
51) shows that unilateral contraction of the para-
vertebral muscles produces only a weak rotation,
but the deepest muscle layer - the transverso-
spinalis (TS) - is more effective. With a foothold
on the transverse processes of the lower vertebra,
it pulls the spinous process of the upper vertebra
laterally and produces rotation on the side oppo-
site its contraction around a centre of rotation
lving at the base of the spinous process (black
Cross).

During rotation of the trunk (Fig. 52) the
oblique muscles of the abdomen play an essential

role. Their mechanical efficiency is enhanced by
their spiral course around the waist and by their
attachments to the thoracic cage at a distance
Jfrom the spine, so that both the lumbar and lower
thoracic spines are recruited.

To rotate the trunk to the left (Fig. 52) both the
right external oblique (EO) and the left internal
oblique (10) must contract. It is noteworthy that
these two muscles are wrapped around the waist
in the same direction (Fig. 53) and that their mus-
cular fibres and their aponeuroses are continu-
ous in the same direction. They are therefore
synergistic for this movement of rotation.
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The muscles of the abdominal wall:

flexion of the trunk

The muscles of the abdominal wall are powerful
flexors of the trunk (Fig. 54). Lying anterior to
the axis of the spine they pull the entire spine
forward at the lumbosacral and thoracolumbar
hinges. Their great strength relies on the use of
the two long lever arms:

« the lower lever arm corresponds to the
distance between the sacral promontory and
the pubic symphysis

* the upper lever arm corresponds to the
distance between the thoracic spine and
the xiphoid process. It is represented in the
diagram by the triangular bracket, which rests
on the thoracic spine and corresponds to the
thickness of the lower thorax.

The rectus abdominis (RA), which links the
xiphoid process directly to the pubic symphysis,

is a powerful flexor of the spine and is helped by
the internal oblique (I0) and the external oblique
(EO), which link the lower border of the thoracic
cage to the pelvic girdle. Whereas the rectus acts
as a straight brace, the internal oblique acts as
an oblique brace oriented inferiorly and post-
eriorly, and the external oblique as an oblique
brace oriented inferiorly and anteriorly. These
oblique muscles also act as stays depending on
their degree of obliquity.

These three muscles have a double action:

» on the one hand, they flex the trunk forward
®

» on the other, they strongly straighten the
lumbar lordosis (R).
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The muscles of the abdominal wall:
straightening of the lumbar lordosis

The extent of the lumbar lordosis depends not
only on the tone of the abdominal and para-
vertebral muscles but also on some lower limb
muscles attached to the bony pelvis.

In the ‘asthenic’ posture (Fig. 55) the relaxation
of the abdominal muscles (blue arrows) dccentit-
ates all three spinal curvatures:

* the lumbar lordosis (L)
« the thoracic kyphosis (T)
» the cervical lordosis (C).

As a result, the head moves forward (b), the pelvis
tilts anteriorly (white arrow) and the line joining
the anterior superior and the posterior superior
iliac spines becomes oblique inferiorly and
anteriorly.

The psoas major (P), which flexes the spine on
the pelvis and accentuates the lumbar lordo-
sis, becomes hypertonic and aggravates this
deformity. This asthenic stance is often seen in
people without energy or willpower.

Similar changes in the spine also obtain in women
in late pregnancy, when the mechanics of the
pelvis and of the spine is considerably disturbed
by the stretching of the abdominal wall muscles
and by the forward displacement of the body’s
centre of gravity by the developing fetus.

Straightening of the spinal curvatures, i.e. corre-
sponding to the ‘sthenic’ posture (Fig. 56), starts
at the level of the pelvis.

The anterior tilt of the pelvis is corrected by
the extensor muscles of the hip:

» As the hamstrings (H) and the gluteus
maximus (G) contract, they tilt the pelvis
posteriorly and restore the interspinous line
to the horizontal plane. The sacrum also
becomes vertical, and this reduces the lumbar
curvature.

* The most crucial muscles in reversing the
lumbar hyperlordosis are the abdominal

muscles, in particular the rectus muscles
(RA), which act via two long lever arms.

Therefore the bilateral contraction of the gluteus
maximus and of the rectus is needed to straighten
the lumbar curvature.

From this point onwards the lumbar paraverte-
bral muscles (S), as they contract to extend the
spine, can pull back the first lumbar vertebra:

« contraction of the dorsal thoracic muscles
flattens the thoracic curvature

« likewise, the cervical paravertebral muscles,
as will be discussed later, flatten the
cervical curvature.

On the whole, the curvatures are flattened and the
spine grows longer (h) by 1-3 mm (correspond
ing to a slight increase in the Delmas index).

This is the classic theory, but ‘inclinometric’
studies (Klausen 1965) indicate that the spine
behaves globally like the shaft of a crane witha
forward cantilever. Simultaneous electromyo-
graphic recordings of the posterior trunk muscles
and of the abdominal muscles (Asmussen &
Klausen 1962) reveal that in 80% of subjects the
standing posture, maintained subconsciously by
postural reflexes, depends only on the tonic activ-
ity of the posterior trunk muscles. When the
subject loads the upper part of the spine by
placing a weight on the head or carrying weights
with hands hanging free along the trunk, the can
tilever is bent forward slightly, while the lumbar
curvature is flattened and the thoracic curvature
increases. At the same time the paravertebral
muscles increase their tone to counteract the
cantilever effect.

Therefore the abdominal muscles do not control
the subconscious static behaviour of the spine but
are recruited when the lambar curvature is
consciously straightened, e.g. when standing
to attention or cantilevering heavy loads.
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The Lumbar Spine

The trunk as an inflatable structure:
the Valsalva manoeuver

When the trunk is flexed forward (Fig. 57)
the stresses on the lumbosacral discs are con-
siderable.

In fact, the weight of the upper trunk and the
head acts through the partial centre of gravity
(P) located just anterior to T12. This weight (P1)
is applied at the extremity of the long arm of a
lever with its fulcrum at the level of the nucleus
pulposus L5-S1. To counterbalance this force, the
spinal muscles S1, acting on the short arm of the
lever seven to eight times shorter than the long
arm, must develop a force of seven to eight times
greater than P1. This force acting on the lumbo-
sacral disc is equal to P1 + S1 and increases with
the degree of flexion or with the amount of
weight carried in the bhands.

To lift a 10-kg weight, with knees flexed and
trunk vertical, the force S1 exerted by the spinal
muscles is 141 kg. Lifting the same weight, with
extended knees and trunk bent forward,
requires a force of 256 kg. If this same weight is
carried with the arms outstretched forward,
the force S1 equals 363 kg. At this moment the
force acting on the nucleus pulposus would be
282-726 kg and even up to 1200 kg, this latter
value clearly exceeding the force needed to
crush the intervertebral discs, ie. 800 kg
before age 40 and 450 kg in the aged.

This apparent contradiction can be explained in
two ways:

« Firstly, the full impact of the force acting on
the disc is not borne only by the nucleus
pulposus. By measuring intranuclear
pressures, Nachemson has shown that, when
a force is applied to the disc, the nucleus
supports 75% of the load and the annulus
25%.

+ Secondly, the trunk intervenes globally
(Fig. 58) to relieve the pressure applied to the
lumbosacral and lower lumbar intervertebral
discs with the help of the Valsalva
manoeuvre, which consists of closing the
glottis (G) and all the abdominal openings
(F) from the anus to the bladder sphincter.
This turns the abdominothoracic cavity into a

closed cavity (A + T), in which the sustained
contraction of the expiratory muscles and
particularly of the abdominal muscles,
including the rectus abdominis (RA), raises
the pressure and transforms it into a rigid
beam lying anterior to the spine and
transmitting the forces on to the pelvic girdle
and the perineum.

This technique, used by weightlifters, reduces the
pressure on the discs by 50% on the T12-L1 disc
and 30% on the lumbosacral disc. For the same
reason, the force exerted by the spinal muscles 52
is reduced by 55%.

Although very useful to relieve the pressures
applied to the spine, it can only be used for
a short time because it requires complete
apnoea, which leads to significant circulatory
disturbances:

+ cerebral venous hypertension

+ decrease in cardiac venous return

+ decreased alveolar capillary blood flow

+ increased pulmonary vascular resistance.

It also presupposes that the muscles of the abdom-
inal girdle are intact and that the glottis and the
abdominal openings can be closed.

Venous return to the heart is shunted into the
vertebral venous plexuses, thereby increasing
the pressure in the cerebrospinal fluid. Therefore,
the lifting of heavy loads can only be short and
intense.

To reduce the pressure on the intervertebral discs
it is preferable to lift weights with the trunk
vertical rather than flexed forward with a large
cantilever effect. This is the advice that must
be given to people at risk for disc prolapse.

A variant of the Valsalva manoeuvre (Fig. 59),
used by divers, consists of closing the mouth
and nostrils (N) by pinching them and not
closing the glottis, which would increase the
intracavitary pressure. Swallowing at the same
time opens the Eustachian tube (E), increasing the
pressure in the middle ear to balance the
external pressure exerted on the eardrum.
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The Physioclog

The statics of the lumbar spine in

the standing position

When the body is symmetrically supported on
both lower limbs the side view of the lumbar
spine (Fig. 60) shows a curvature with posterior
concavity, called the lumbar lordosis (L). In this
position the lumbar spine is straight as seen from
the back (Fig. 61), but in one-legged standing
with asymmetrical support (Fig. 62) the spine
becomes concave on the side of the supporting
limb because the pelvis (P) is tilted so that the
supporting hip is higher than the resting hip.

To offset this lateral flexion of the lumbar spine,
the thoracic spine is flexed in the opposite direc-
tion, i.e. towards the resting limb and the line
passing through the shoulders (Sh) slopes towards
the side of support.

Finally, the cervical spine shows a curvature
concave on the side of support, i.e. similar to that
of the lumbar curvature.

In the symmetrical standing position (Fig. 61) the
intershoulder line (Sh) is horizontal and parallel
to the pelvic line (P) passing through the always
clearly visible sacral fossae.

Briigger’s  electromyographic  studies have
revealed that during flexion of the trunk (Fig.
63), the thoracic (Th) spinal muscles are the
first to contract strongly, followed by the glutei
(G) and finally the hamstrings (H) and the
triceps surae (T). At the end of flexion the spine
is passively stabilized only by the vertebral
ligaments (L), fixed as they are to the pelvis,

whose anterior tilting is checked by the ham-
strings (H).

During straightening of the trunk (Fig. 64)
the muscles are recruited in inverse order, i.e. first
the hamstrings (H), then the glutei (G) and
finally the lumbar (L) and thoracic (Th) spinal
muscles.

In the erect position (Fig. 60) the slight ten-
dency to sway forward is offset by the tonic con-
traction of the posterior muscles of the body, i.e.
the triceps surae (1), the hamstrings (H), the
glutei (G), the thoracic (Th) and the cervical
(C) spinal muscles. Conversely, the abdominal
muscles relax (Asmussen).

Occasionally one can see on beaches young girls
in the asthenic stance (Fig. 65) similar to that
previously described in men (see Fig. 55, p. 119).
The relaxed abdominal muscles allow the belly to
protrude (1), the chest is flattened (2) and the
head is bent forward (3). All the spinal curvatures
are exaggerated: the small of the back is hollow
because there is lumbar hyperlordosis (4), the
back is humped because the thoracic kyphosis (5)
is accentuated and the nape of the neck (6) is
hollow because of cervical hyperlordosis. Here
again there is a simple remedy: increase muscle
tone! Contract the hamstrings, tighten the
buttocks, retract the shoulders by pulling on the
back muscles and look straight at the hori-
zon . . . No flaccidity!
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The sitting and asymmetrical standing
positions: the musician’s spine

In Greek sculpture there is a remarkable evolution
from rigid young men (Fig. 66) standing up sym-
metrically (inherited from the Egyptians) to the
Apollo of Praxiteles (Fig. 67), whose fluidity
gives more life to marble or bronze. This sculptor
of genius invented the praxitelian position,
the asymmetrical position of one-legged standing,
which has since inspired the entire art of sculp-
ture. Long before our military the Greek sculptors
had already invented the positions of standing at
attention and standing at ease!

This praxitelian position is adopted in numerous
activities of daily life, particularly among artisans
and musicians. For violinists (Fig. 68) the pelvis
is symmetrical most of the time, but the shoulder
girdle must take up a very asymmetrical position,
driving the cervical spine into a very abnormal
stance. Thus these artists often have problems
that may have a serious impact on their careers
and may require the help of highly specialized
experts in rehabilitation.

All stringed instruments necessitate an asymmetri-
cal posture. In guitarists (Fig. 69) there is asym-
metry not only of the shoulder girdle but also of
the pelvis, as the left foot is raised on a wedge.

Pianists need to rest their pelves properly, and

for a pianist the adjustment of the seat is of great

importance:

« if the seat is at the right distance and at
the right height (Fig. 70) the spinal

curvatures are normal and the shoulder girdle
is so positioned that the upper limbs can
reach the keyboard without effort or
contortion

« if the seat is too far back (Fig. 71) the spine
assumes an abnormal position and both the
thoracic and lumbar curvatures are
exaggerated to allow the hands to reach the
keyboard. Moreover, the shoulder girdle tires
easily because of the excessive distance
between hands and seat.

Even when the seat is properly adjusted, pianists
must know how to control their lumbar spines
(Fig. 72), since lumbago can result from constant
lumbar hyperlordosis.

To summarize, it is easy to see that it is of funda-
mental importance for musicians, especially
those who play string instruments, to exer-
cise proper control over their spines at rest
In fact, the quality of their work and artistry can
suffer from longstanding poor posture, which
is often difficult to correct even by prolonged
rehabilitation under the care of specialized
physiotherapists. The spine plays a crucial role
in supporting the shoulder girdle, which often
functions in asymmetrical positions, so that
longstanding bad posture can bhave disastrous
consequences. Musicians must therefore fake
great care of their spines.
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The spine in the sitting and

recumbent positions

Sitting positions

In the sitting position with ischial support
(Fig. 73), as when a typist is typing without resting
her back on a chair, the full weight of the trunk
is borne only by the ischia, while the pelvis is in
a state of unstable equilibrium and tends to tilt
forward, thereby increasing all three vertebral
curvatures. The muscles of the shoulder girdle -
especially the trapezius which slings the shoulder
girdle and the upper limbs - are recruited to
stabilize the spine. In the long run this position
causes the painful condition of the typist’s
syndrome or the trapezius syndrome.

In the sitting position with ischiofemoral
support (Fig. 74), as that of the coachman, the
flexed trunk, even when it is occasionally propped
up on the knees by the arms, is supported by the
ischial tuberosities and the posterior surfaces of
the thighs. The pelvis is tilted forward, the tho-
racic curvature is increased and the lumbar curv-
ature is straightened. The arms stabilize the trunk
with minimal muscular support and one can even
fall asleep (as the coachman does). This position
rests the paravertebral muscles, and is often
adopted instinctively by patients with spondy-
lolisthesis, since it reduces the shearing forces
on the lumbosacral disc and relaxes the post-
erior muscles.

In the sitting position with ischiosacral
support (Fig. 75) the whole trunk is pulled back
so as to rest on the back of a chair and is sup-
ported by the ischial tuberosities and the post-
erior surfaces of the sacrum and coccyx. The
pelvis is now tilted backwards, the lumbar
curvature is flattened, the thoracic curvature is
increased and the head can bend forward on the
thorax, while the cervical curvature is inverted.
This is also a position of rest, where sleep is
possible but breathing is hampered by the neck
flexion and the weight of the head resting on the
sternum. This position reduces the anterior slip-
page of L5 and relaxes the posterior lumbar
muscles with relief of the pain caused by
spondylolisthesis.

The recumbent positions

The supine position with lower limbs
extended (Fig. 76) is the one most often adopted
for resting. The psoas major muscles are stretched
and the lumbar hyperlordosis hollows the loins.

In the supine position with lower limbs
flexed (Fig. 77) the psoas muscles are relaxed.
the pelvis is tilted backwards and the lumbar
curvature is flattened. As a result, the loins rest
directly on the supporting surface with even better
relaxation of the spinal and abdominal muscles.

In the so-called position of relaxation (Fig.
78), secured with the help of cushions or spe-
cially designed chairs, the supporting thoracic
region is concave, resulting in the flattening of the
lumbar and cervical curvatures. If the knees are
supported, the hips are flexed and the psoas
major and hamstrings muscles are relaxed.

During side-lying (Fig. 79) the spine becomes
sinuous and the lumbar curvature convex. The
line joining the sacral fossae and the line joining
the shoulders converge at a point above the
subject. The thoracic spine becomes convex
superiorly. This position cannot relax the muscles
in general and causes some respiratory difficul-
ties during andesthesia.

The prone position is bedevilled by the adverse
effects of an exaggerated lumbar curvature and
respiratory difficulties. These difficulties are due
to pressure on the thoracic cage, displacement of
the abdominal viscera against the diaphragm,
reduction of its excursion and possible obstruc-
tion of the carina by external pressure, secretions
and foreign bodies. Nevertheless, many people
adopt this position to fall asleep but change posi-
tion during sleep. In general, a single position is
never kept for long during sleep, and this is to
allow all muscle groups to relax in succes-
sion, and above all to rotate the pressure areas.
It is well known that when pressure areas are
maintained for over 3 hours, ischaemic pres-
sure sores will develop.
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Range of flexion-extension of

the lumbar spine

The range of these movements varies with the
subject and with age. All the values given will
therefore be particular cases or averages
(Fig. 80):

» extension associated with lumbar
hyperlordosis has a range of 30°.

+ flexion associated with straightening of the
lumbar curvature has a range of 40°.

The work of David Allbrook (Fig. 81) allows us to
know the individual ranges of flexion-extension at
every spinal level (right column) and the total
cumulative range (left column), which is 83° (i.e.
close to the 70° value given previously).

On the other hand, the range of flexion-
extension is maximal between L4 and L5

(i.e. 24%, and it decreases progressively with
values of 18° between L3 and L4 and L5 and S1,
12° between L2 and L3 and 11° between L1 and
L2. Therefore, the lower lumbar spine is con-
sidered to be more mobile in flexion-extension
than the upper lumbar spine.

As expected, the ranges of flexion vary with age
(Fig. 82, after Tanz). The mobility of the lumbar
spine decreases with age and is maximal befween
the ages of 2 and 13. Movement is greatest in the
lower part of the lumbar spine, especially at level
L4-L5.
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Range of lateral flexion of

the lumbar spine

As with flexion-extension, the range of lateral
flexion (Fig. 83) or inclination of the lumbar
spine varies with the individual and with age. On
average it can be said that lateral flexion on either
side ranges from 20° to 30°.

Tanz (Fig. 84) has studied the ranges of lateral
flexion at each level of the spine, and the
global range decreases significantly with age:

+ it is maximal between 2 and 13 years of
age, when it reaches 62° on cither side of the
midline

¢ between 35 and 49 years of age the range
drops to 31°

« between 50 and 64 years it drops further to
29°

« between 65 and 77 years it reaches 22°.

Therefore, having remained maximal up to the
age of 13, the global range of lateral flexion
remains relatively stable at about 30° from 35
to 64 years and then drops to 20°. In middle age
the full range of lateral flexion is 60°, apparently
equal to that of flexion-extension of the lumbar
spine.

It is worth noting that the segmental range of
lateral flexion at L5-S1 is very small as it rapidly
drops from 7° in youth to 2° to 1° or even zero in
old age. It is maximal at L4-L5, and especially
at L3-L4, where it peaks at 16° in youth, stays
relatively stable at 8° between 35 and 64 years and
drops to 6° in old age.
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Range of rotation of the thoracolumbar

spine

The ranges of segmental and global rotation
of the lumbar spine and of the thoracic spine
have remained unknown for a long time. In fact,
it is very difficult to fix the pelvis and measure the
rotation of the thoracic spine, because the mobil-
ity of the scapular girdle on the thorax leaves a
very wide margin of error. The recent work of
Gregersen and Lucas has provided reliable mea-
surements. These investigators did not hesitate 7o
implant under local anaesthesia metal pins into
the spinous processes of the thoracic and lumbar
vertebrae in order to measure their angular dis-
placements using very sensitive recording devices.
They were thus able to measure the rotation
of the thoracolumbar spine during walking
(Fig. 85), sitting and standing (Fig. 80).

During walking (Fig. 85) the disc between T7
and T8 stays put (left curve L), while rotation is
maximal at the discs immediately above and below
(right part of diagram). It is therefore in the region
of this pivotal joint that rotation has the greatest
range, and then decreases progressively craniad
and caudad to reach a minimum in the lumbar
(0.3%) and in the upper thoracic (0.6°) segments,
as shown by the curve R. Thus rotation of the
lumbar spine is only half of that present in
the less mobile regions of the thoracic spine;
we have already seen the anatomical reasons for
this limitation of movement.

In a study of the total and the maximal range
of bilateral rotation (Fig. 87) Gregersen and
Lucas show slight differences between the sitting
(S) and the upright (U) positions. In the sitting
position the values are smaller as the pelvis is
more easily immobilized when the hips are flexed
in order to define the reference coronal plane
©).

For the lumbar spine alone the total range of
bilateral rotation is only 10° ie. 5° on ecither
side and 1° on average at each vertebral level.

For the thoracic spine rotation is appreciably
greater, amounting to 85° minus 10° or 75 bilater-
ally, 37° unilaterally and 34° on average uni-
laterally at each vertebral level. Thus, despile
the presence of the thoracic cage, global rotation
is four times greater in the thoracic spine
than in the lumbar spine.

A comparison of the two curves (Fig. 86) reveals
that both in the sitting and in the upright posi-
tions the total range of bilateral rotation is the
same. There are only segmental differences
between these two curves; for instance, the curve
for the upright position (U) has four points of
inflexion, with special emphasis on the point of
inflexion in the lowermost part of the lumbar
spine, where rotation is maximal during
standing. The same applies to the transitional
zone of the thoracolumbar hinge.

In practice, since it is impossible to implant
metal pins into the spinous processes of subjects
to study the rotation of the thoracolumbar spine,
old-fashioned clinical methods can be used
in the sitting position (Fig. 87) with the inter
shoulder line kept fixed relative to the thorax.
The subject is then asked to rotate the trunk on
one side and then the other, and the range of rota-
tion is measured as the angle between the inter-
shoulder line and the coronal plane (C). Here it is
given as 15-20° but falls short of the 45° maximum
given for unilateral rotation by Gregersen and
Lucas. A practical way of stabilizing the scapular
girdle relative to the thorax is to rest the upper
arms horizontally on the bhandle of a broom
placed across the back at the level of the scapu-
lae. The broom handle then represents the inter-
shoulder line.



Figure 85

133

)

Figure 86

Figure 87



o
=
Q.
7p
e
©
0o
£
=
d
o
=
-

olumn, Pelvic Girdle and Head

of the Joints Volume 3 The Spinal C

' The Physiolog

The intervertebral foramen and

the radicular collar

It is impossible to close this chapter on the func-
tional anatomy of the lumbar curve without some
details of the physiopathology of the nerve roots,
particularly prominent in this segment of the
spine.

Some knowledge of anatomy is a prerequisite for
understanding of nerve root lesions. Each
nerve root (NR) exits the vertebral canal by an
intervertebral foramen (2), which is bounded
(Fig. 88) as follows:

« anteriorly, by the posterior edge of the
intervertebral disc (1) and the adjacent
parts of the vertebral bodies

« inferiorly, by the pedicle of the underlying
vertebra (10)

+ superiorly, by the pedicle of the overlying
vertebra (11)

+ posteriorly, by the facet joints (9) covered in
front by their capsule (8) and the lateral
border of the ligamentum flavuam (6),
which comes to lie on top of the capsule and
encroach slightly on the intervertebral
foramen, as shown in Figure 90.

Within the foramen (2) the nerve root must pierce
the dura (Fig. 89); this lateral view in perspective
shows how the nerve root (3) lies initially within
the dural sac (14), approaches the internal aspect
of the dural sac (4) and pierces it at the radicu-
lar collar (5). The nerve must pass through this
fixed point, where it is supported by the dural
sac.

In the spinal canal this dural sac corresponds to
the dura mater, which is the outermost and
strongest envelope of the nervous system.

Figure 90 (superior view) shows again all these
relations between the neuraxis and the vertebral
canal. The spinal cord (shown in cross-section)
consists of grey matter centrally and of white
matter peripherally; it is surrounded by the dural
sac (4) and lies within the vertebral canal, which
is covered as follows:

« anteriorly, by the posterior longitudinal
ligament (12)

+ posteriorly by the ligamentum flavum (7).

Anterior to the vertebral body the longitudinal
anterior ligament (13) is seen in cross-section.
The anterior aspect of the facet joints (9) is
covered by a capsule and is reinforced by a
capsular ligament (8) and by an extension of
the ligamentum flavuam (6). The nerve root
(NR), resting on the pedicle of the underlying
vertebra (10), passes through a narrow tunnel
between:

 anteriorly, the intervertebral disc and the
posterior longitudinal ligament

* posteriorly, the facet joint covered by an
extension of the ligamentum flavum.

It is within the confines of this intervertebral
foramen, bounded by solid and thus inextensible
components, that the nerve root can be threat
ened and compressed by a prolapsed disc.
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The various types of disc prolapse

When compressed axially, the substance of the
nucleus pulposus can stream out in various
directions.

If the fibres of the annulus fibrosus are still strong
enough, the increased pressure within the nucleus
can cause the vertebral discal surfaces to
give way. This corresponds to intravertebral
prolapse (Fig. 91).

Recent studies have shown that the annulus fibres
start to degenerate after 25 years of age, leading
to tears within its various bundles. Therefore,
under axial stresses, the nuclear material can
stream out through the torn fibres of the
annulus (Fig. 92) in a concentric or more often
radial fashion. The prolapse of nuclear material
anteriorly is among the rarest, whereas posterior
prolapse and particularly posterolateral pro-
lapse are almost the rule.

Therefore, when the disc is crushed (Fig. 93),
part of the nuclear substance escapes anteriorly,
but more likely posteriorly and can thus reach the
posterior edge of the disc to emerge under the
posterior longitudinal ligament (Fig. 94).

After the annulus is split (A), a streamer from the
nucleus, still attached to it, can remain trapped
under the posterior longitudinal ligament (B),

whence it can be brought back by vertebral trac-
tion, but more often it snaps the posterior lon-
gitudinal ligament (C) and may even come to
lie free within the vertebral canal, i.c. the free
or migrating type of disc prolapse (D). In
other cases, the nuclear streamer stays trapped
under the posterior longitudinal ligament (E)
and gets nipped off by the fibres of the annulus,
which snap back into position and preclude any
return to normal.

Finally, in other cases the streamer reaches the
deep surface of the posterior longitudinal liga-
ment and glides inferiorly or superiorly (F). This
corresponds to the migrating subligamentous
prolapse.

It is only when the prolapsed disc presses against
the deep surface of the posterior longitudinal liga-
ment that nerve endings within the ligament are
stretched causing lumbago or a sprained back.

Finally, compression of the nerve root by the pro-
lapsed disc causes nerve root pain, which has
different names according to its location. For
example, it is called sciatica when the sciatic
nerve is involved. The term lumbago-sciatica is
often used since at the start the sciatica is associ-
ated with low back pain.
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Disc prolapse and the mechanism of
nerve root compression

It is now generally accepted that disc prolapse
occurs in three stages (see Fig. 93, p. 137), but
it only occurs if the disc has previously deferio-
rated as a result of repeated microtraumas and
if the annulus fibres have started fo degenerate.

Disc prolapse usually follows the lifting of a
weight with the trunk flexed forward.

+ During the first stage (Fig. 95) trunk flexion
flattens the disc anteriorly and widens the
intervertebral space posteriorly. The nuclear
material is driven posteriorly through the
pre-existing tears in the annulus.

+ During the second stage (Fig. 96), as soon
as the weight is lifted, the increased axial
compression crushes the whole disc and
violently drives the nuclear material
posteriorly until it reaches the deep surface
of the posterior longitudinal ligament.

+ During the third stage (Fig. 97), when the
trunk is nearly straight, the zigzagging path
taken by the pedicle of the herniating mass is
closed by the pressure of the vertebral discal
surfaces, and the herniated mass stays trapped
under the posterior longitudinal ligament.
This causes the violent acute pain in the
loin or lumbago, which is the initial phase
of the lumbago-sciatica complex.

This initial acute lumbago can regress sponltdre-
ously or with treatment, but as a result of similar
repeated traumas, the hernia grows in size and
protrudes more and more into the vertebral canal.
At this point it comes into contact with one of
the nerve roots, often that of the sciatic nerve

(Fig. 98).

The hernia usually starts at the posterolateral
part of the disc, where the posterior longitudi-
nal ligament is at its thinnest, and progressively
pushes the sciatic nerve root along until its
excursion is stopped by the posterior wall of the
intervertebral foramen, i.c. the facet joint rein-
Jforced by its capsule, its anterior capsular liga-
ment and the lateral border of the ligamentum

flavum. From now on, the compression-
damaged nerve root will give rise to pain felt
in its corresponding body segment and
eventually to impaired reflexes (e.g. the loss of
Achilles’ tendon reflex when S1 is compressed)
and to motor disturbances as in sciatica-
associated paralysis.

The clinical picture (Fig. 99) depends on the
spinal level of disc prolapse and nerve root
compression.

« When the prolapse occurs at L4-L5 (1), the
root of L5 is compressed and pain is felt in
the posterolateral aspect of the thigh and
of the knee, the lateral border of the calf,
the dorsolateral border of the instep and
the dorsal surface of the foot down to the
big toe.

* When the prolapse occurs at L5-81 (2), S1 is
compressed and the pain is referred to the
posterior surface of the thigh, knee and
calf, the heel and the lateral border of
the foot down to the little toe.

This generalization needs to be qualified, since a
hernia at L4-L5 may lie closer to the midline and
compress both L5 and S1 or even occasionally
S1 only. Surgical exploration of the L5-5S1 inter-
space, performed on the basis of the S1 root pain,
may fail to recognize the lesion that lies one
level above.

The sagittal section (Fig. 99) shows that in fact
the spinal cord stops at L2 to become the
conus medullaris (CM). Below the conus the
dural sac contains only the nerve roots gathered
in the cauda equina, and they emerge two by
two at each level through the intervertebral foram-
ina. The dural sac ends in a cul-de-sac (D) at the
level of S3. The lumbar plexus (LP), made up of
L3-L5, gives rise to the femoral nerve (F). The
sacral plexus (SP), consisting of the lumbosacral
trunk (LS), i.e. branch of L4 + L5 + S1-83, gives
rise to the two branches of the sciatic nerve (5),
i.e. the common peroneal and the tibial nerves.
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Lasegue’s sign

Laségue’s sign is the pain induced by stretch-
ing the sciatic nerve or one of its roots. It is
clicited by gradual and slow elevation of the
extended lower limb with the patient supine.
The pain induced is similar to that felt spontane-
ously by the patient, i.e. in the same topograpbic
distribution as the affected nerve root. Charnley
has shown that the nerve roots glide freely
through the intervertebral foramina and that,
during elevation of the lower limb with the knee
extended, the nerve roots are pulled out of
the intervertebral foramina for a distance of
12 mm at the level of L5 (Fig. 100).

Lasegue’s sign can therefore be interpreted as
follows:

« When the subject is supine with the lower
limbs resting on a supporting surface
(Fig. 101) the sciatic nerve and its roots are
under no tension at all.

= When the lower limb is elevated with the
knee flexed (Fig. 102) the sciatic nerve and
its roots are still under no lension.

« But if the knee is then extended or if the
lower limb is progressively elevated with
the knee extended (Fig. 103), the sciatic
nerve, which must now run a longer course,
is subjected fo increasing tension.

In the normal subject the nerve roots glide freely
through the intervertebral foramina and this
procedure elicits no pain at all; only when the
limb is almost vertical (Fig. 104) is pain felt on
the posterior aspect of the thigh as a result of
stretching of the hamstrings in people with
reduced flexibility. This is a false-positive Laséguie
SIign.

Obviously when one of the roots is trapped in the
intervertebral foramen or when it must run a

slightly longer course over the bulge of a pro-
lapsed disc, any stretching of the nerve will
become painful even with moderate elevation
of the lower limb. This is a true-positive
Laségue sign, which is generally evident before
60° of flexion is attained. In fact, after 60°, the
Laseégue sign is not applicable, since the sciatic
nerve is already maximally stretched at 60°.
Thus pain may be elicited at 10°, 15° or 20° eleva-
tion of the lower limb and the test can be quanti-
fied as positive at 10°, 15°, 20° or 30°.

One point needs to be stressed. During forced
elevation of the limb with the knee extended the
force of traction on the nerve roots is 3 kg,
whereas the resistance of these roots to traction
is 3.2 kg. Therefore, if a root is trapped or rela-
tively shortened by a herniated disc, any rough
manipulation can rupture some axons within
the nerve root, resulting in some form of para-
lysis, which is usually short-lived but occasionally
may take a long time to subside. Therefore, two
precautions must be taken:

+ The test must be carried out gently and
cautiously and must be stopped as soon ds
the patient feels any pain.

« It must never be performed under
general anaesthesia, since the protective
effect of pain is lost. This can occur when the
patient is being placed in the prone
position on the operating table for a
herniated disc repair and the hips are flexed
while the knees remain extended. The
surgeon must always personally place the
patient on the table and make sure that hip
flexion is always associated with knee
flexion, which slackens the sciatic nerve and
protects the trapped nerve root.
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FOUR

The Thoracic Spine
and the Thorax

The thoracic spine is the segment of the spine lying between the
lumbar and cervical segments and forming the axis of the upper
part of the trunk. It supports the thorax, which is a cavity of
variable capacity bounded by 12 pairs of ribs articulating with
the vertebrae. The thorax is committed to respiration and houses
the heart and the respiratory system. The thoracic wall allows
the thoracic spine to support the shoulder girdle, which articu-
lates with the upper limbs.

Contrary to appearances, the thoracic spine is more mobile in
terms of rotation than the lumbar spine. It is far less affected
by mechanical stresses, and its lesions result essentially from
acquired deformities.







144

The typical thoracic vertebra and
the twelfth thoracic vertebra

The typical thoracic vertebra

This is made up of the same parts as the lumbar
vertebra, with important structural and func-
tional differences.

A ‘disassembled’ view (Fig. 1) shows the verte-
bral body (1) with roughly equal transverse and
anteroposterior diameters. It is also proportion-
ately bigher than the lumbar vertebra, and its
anterior and lateral surfaces are quite hollow.

The posterolateral corner of its superior surface
bears an oval articular facet (13), obliquely set
and lined by cartilage; this is the superior costal
articular facet, which will be discussed later in
relation to the costovertebral joints (see p. 150).

Posterolaterally the vertebral body bears two
pedicles (2 and 3) and the superior costal facet
often encroaches on the root of the pedicle.

Behind the pedicles arise the laminae (4 and 5),
which form the bulk of the dorsal vertebral arches,
are higher than they are wide and are arranged
like tiles on a roof. Near the pedicles their sup-
erior borders give attachment to the superior
articular processes (6 and 7), each fitted with
an articular facet. These cartilage-coated facets are
oval, flat or slightly convex transversely and face
posteriorly and slightly superiorly and laterally.

Near the pedicles their inferior borders give
attachment to the inferior articular processes
(only the right process is shown here as 8),
which bear oval, flat or slightly transversely
concave articular facets (7) facing anteriorly and
slightly inferiorly and medially. Each inferior facet
articulates with the superior facet of the upper
vertebra at the facet joint.

The junction of the laminae and the pedicles at
the level of the articular processes gives attach-
ment to the transverse processes (9 and 11),
facing laterally and slightly posteriorly. Their free
extremities are bulbous and bear on their anterior
surfaces small articular facets called the trans-
verse costal facets (10), corresponding to the
costal tubercles. These two laminae unite in the
midline to form the long and bulky spinous pro-
cesses (12), which are sharply inclined infer-
iorly and posteriorly and terminate as single
tubercles.

All these components combine to form the typical
thoracic vertebra (Fig. 2). In the diagram, the
two red arrows indicate the posterior, lateral and
slightly superior orientation of the articular facets
of the superior articular processes.

The twelfth thoracic vertebra (T12)

The last thoracic vertebra (T12) acts as a bridge
between the thoracic and lumbar regions (Fig. 3)
and has some characteristics of its own:

= Its body has only two costal facets, located
at the posterolateral angles of its superior
surface and destined for the heads of the
twelfth ribs.

» Whereas its superior articular processes are
oriented (red arrows) like those of the other
thoracic vertebrae (i.e. posteriorly, slightly
superiorly and laterally), its inferior articular
processes must conform to those of L1.
Therefore, like all of the lumbar vertebrae
(blue arrow), they face laterally and
anteriorly and are slightly convex transversely
as they describe in space similar cylindrical
surfaces with centres of curvature lying
roughly at the base of each spinous process.
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Flexion-extension and lateral flexion of

the thoracic spine

During extension between two thoracic ver-
tebrae (Fig. 4) the upper vertebra tilts posteriorly
relative to the lower vertebra, and the interverte-
bral disc is flattened posteriorly and widened
anteriorly while the nucleus pulposus is driven
anteriorly, as is the case with the lumbar verte-
brae. Extension is limited by the impact of the
articular processes (1) and of the spinous
processes (2), which are sharply bent inferiorly
and posteriorly and are already almost in contact
with one another. Furthermore, the anterior
longitudinal ligament (3) is stretched, while
the posterior longitudinal ligament, the liga-
menta flava and the interspinous ligaments
are slackened.

Conversely, during flexion between two thor-
acic vertebrae (Fig. 5), the intervertebral space
gapes posteriorly, and the nucleus is displaced
posteriorly. The articular surfaces of the articular
processes glide upwards, and the inferior artic-
ular processes of the overlying vertebra tend to
overshoot from above the superior processes
of the underlying vertebra. Flexion is limited by
the tension developed in the interspinous liga-
ments (4), the ligamenta flava, the capsular
ligaments of the facet joints (5) and the post-
erior longitudinal ligaments (6). On the other
hand, the anterior longitudinal ligament is
slackened.

During lateral flexion between two thoracic
vertebrae (Fig. 6, posterior view), the articular
facets of the facet joints glide relative to one
another as follows:

« on the contralateral side, the facets glide as
they do during flexion, i.e. upwards (red
arrow)

« on the ipsilateral side, the facets glide as they
do during extension, i.e. downwards (blue
Arrow).

The line joining the two transverse processes of
the upper vertebra (mm’) and the corresponding

line for the lower vertebra (nn”) form an angle
equal to that of lateral flexion (If).

Lateral flexion is limited:

« ipsilaterally by the impact of the articular
processes

« contralaterally by the stretching of the
ligamenta flava and of the intertransverse
ligaments.

It would be incorrect to consider the movements
of the thoracic spine only in terms of the individ-
ual vertebrae. In fact, the thoracic spine articu-
lates with the thoracic cage or thorax (Fig. 7).
and all the bony, cartilaginous and articular com-
ponents of this bony cage play a role in orienting
and limiting the isolated movements of the spine.
Thus, in the cadaver, the isolated thoracic spine
can be observed to be more mobile than the
thoracic spine attached to the thoracic cage
Therefore, it is necessary to study the changes
in the thorax induced by movements in the
thoracic spine:

+ During lateral flexion of the thoracic
spine (Fig. 8) on the contralateral side the
thorax is elevated (1), the intercostal spaces
are widened (3), the thoracic cage is
enlarged (5) and the costochondral angle
of the tenth rib tends to gape (7). On the
ipsilateral side, the opposite changes occur,
i.e. the thorax moves downwards (2) and
inwards (6), the intercostal spaces are
narrowed (4) and the costochondral
angles close down (8).

« During flexion of the thoracic spine
(Fig. 9) all the angles widen between the
various segments of the thorax and between
the thorax and the thoracic spine, i.e. the
costovertebral angle (1), the superior (2)
and inferior (3) sternocostal angles and
the costochondral angle (4). Conversely,
during extension all these angles close
down.
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Axial rotation of the thoracic spine

The mechanism of axial rotation of one thoracic
vertebra over another differs from that of a lumbar
vertebra. When viewed from above (Fig. 10)
the facet joints have a totally different orientation.
The profile of each joint space also describes a
cylindrical surface (dotted circle), but the axis of
this cylinder runs more or less through the
centre of the vertebral body (O).

When one vertebra rotates on another the articu-
lar facets of the articular processes glide one on
the other and the vertebral bodies rotate relative
to each other around their common axis. This is
followed by rotation-torsion of the interverte-
bral disc and not by shearing movements of the
disc, as in the lumbar region. The range of this
rotation-torsion of the disc can be greater than
that of its shearing movements. Simple rotation of
a thoracic vertebra on another is at least three
times greater than that of a lumbar vertebra.

This rotation, however, would be even greater #f
the thoracic spine were not so tightly connected
to the bony thorax that any movement at every
level of the spine induces a similar movement
in the corresponding pair of ribs (Fig. 11);
however, this gliding movement of one pair of
ribs on an underlying pair is limited by the pres-
ence of the sternum, which articulates with the
ribs via the flexible costal cartilages.

Therefore, rotation of a vertebra will distort the
corresponding rib pair because of the elasticity

of the ribs and especially of their cartilages.
These distortions include the following:

» accentuation of the concavity of the rib
on the side of rotation (1)

« flattening of the concavity of the rib on
the opposite side (2)

» accentuation of the costochondral
concavity on the side opposite to the
rotation (3)

« flattening of the costochondral concavity
on the side of rotation (4).

During this movement, the sternum is subject
to shearing forces, and it tends to assume a
superoinferior obliquity in order to follow the
rotation of the vertebral bodies. This induced
obliquity of the sternum must be guite small and
virtually absent as it cannot be detected clini-
cally; it is also difficult to detect radiologi-
cally because of the superimposition of multiple
planes.

The mechanical resistance of the thorax there-
fore plays a role in appreciably limiting the
range of motion of the thoracic spine. When the
thorax is still flexible, as in the young, movements
of the thoracic spine have a sizable range, but in
the elderly the costal cartilages ossify with a drop
in costochondral elasticity, and the thorax forms
an almost rigid structure with decreased
mobility.
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The costovertebral joints

At every level of the thoracic spine a pair of ribs
articulates with the vertebra by means of two
costovertebral joints:

« the joint of costal head (articulatio capitis
costae) between the bead of the rib and the
bodies of two adjacent vertebrae and the
intervertebral disc

« the costotransverse joint (articulatio
costotransversaria) between the costal
tubercle and the transverse process of the
underlying vertebra.

Figure 12 (side view) shows one rib removed and
some ligaments resected so as to reveal the verte-
bral articular facets; the underlying rib is left in
place with its ligaments.

Figure 13 (superior view) shows the right rib in
position but the joints have been opened; the
left rib has been removed after resection of the
ligaments.

Figure 14 (verticofrontal view) passes through
the joint between the costal head and the verte-
bral bodies; on the other side, the rib has been
removed after resection of the ligaments.

The joint of costal head is a double synovial

joint made up on the vertebral side of two costal

facets, one on the superior border of the lower
vertebra (5) and the other on the inferior border
of the upper vertebra (6). These facets form a
solid angle (shown as red dashed lines in Fig. 14),
whose base consists of the annulus fibrosus (2) of
the intervertebral disc. The slightly convex cor-
responding facets (11 and 12) on the head of the
rib (10) also form a solid angle, which fits snugly
into the angle between the vertebral facets.

An interosseous ligament (8), running from the
apex of the costal head between the two articular
facets to the intervertebral disc, divides this joint,
surrounded by a single capsule (9), into fwo
distinct joint cavities, superior and inferior (13).

This joint is reinforced by a radiate ligament
consisting of three bands:

+ a superior band (14) and an inferior band
(15), both inserted into the adjacent vertebrae

« an intermediate band (16) inserted into the
annulus fibrosus (2) of the intervertebral
disc.

The costotransverse joint is also a synovial joint
consisting of two oval articular facets, one on
the apex of the transverse process (18) and
the other on the costal tubercle (19). It is
surrounded by a single capsule (20), but it is
reinforced above all by three costotransverse
ligaments:

» the very short and very strong
interosseous costotransverse ligament
(23), running from the transverse process to
the posterior aspect of the neck of the rib

+ the posterior costotransverse ligament
(21), rectangular in shape and 1.5 cm long
and 1 ¢cm wide; it runs from the apex of the
transverse process (22) to the external border
of the costal tubercle

+ the superior costotransverse ligament
(24), very thick and very strong, flat and
quadrilateral, 8 mm wide and 10 mm long; it
runs from the inferior border of the transverse
process to the superior border of the neck of
the underlying rib.

Some authors also describe an inferior costo-
transverse ligament lying on the inferior surface
of the joint (not shown here).

These diagrams also show the intervertebral disc
with its nucleus pulposus (1) and its annulus
fibrosus (2), the vertebral canal (C), the inter-
vertebral foramen (F), the vertebral pedicle
(P), the facet joints with their articular facets
(3) and their capsules (4) and the spinous
processes (7).

In summary, the rib articulates with the spine via

two synovial joints:

+ a single joint, the costotransverse joint

« a double, more solidly interlocked joint,
the joint of costal head.

These two joints are supplied by powerful liga
ments and cannot function one without the other
(i.e. they are mechanically linked).
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Rib movements at the joints of costal

heads

The joint of costal head and the costotransverse
joint form a couple of mechanically linked
synovial joints (Fig. 15) which share only one
movement, i.e. rotation about a common axis
passing through the centre of each joint.

This axis xx’, joining the centre 0" of the costo-
transverse joint to the centre o of the joint of
costal head, acts as a swivel for the rib, which is
thus literally ‘suspended’ from the spine at two
points 0 and o’

The orientation of this axis relative to the sagittal
plane determines the direction of movement of
the rib. For the lower ribs (left side, lower) the
axis xx’ moves closer to the sagittal plane so that
elevation of the rib increases the transverse
diameter of the thorax by a length t. Thus, when
the rib rotates about this axis o’ (Fig. 10), its
lateral border describes an arc of a circle with
centre 0”: it becomes less oblique and more trans-
verse, and as a result its most lateral border moves

outwards over a length t, which represents the
increase in the transverse hemidiameter of
the base of the thorax.

On the other hand, the axis yy” for the upper
ribs (Fig. 15, right side, upper) lies almost in
the coronal plane. Therefore, elevation of these
ribs markedly increases the anteroposterior
diameter of the thorax by a distance a. In effect,
when the anterior extremity of the rib rises
by a distance h, it describes an arc of a circle
and is displaced anteriorly by a length a
(Fig. 17).

It follows therefore that rib elevation increases
simultaneously the transverse diameter of the
lower thorax and the anteroposterior dia-
meter of the upper thorax. In the midthoracic
region, the joints of costal heads have an axis
running obliquely at roughly 45° to the sagit-
tal plane so that both the transverse and the
anteroposterior diameters are increased.
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Movements of the costal cartilages and

of the sternum

So far only the movements of the ribs at the
costovertebral joints have been considered, but
their movements relative to the sternum and
costal cartilages also deserve attention. From a
comparison of a superior view (Fig. 18) and of
an inferior view (Fig. 19) of these rib move-
ments, it is clear that, whereas the most lateral
part of the rib rises by a height of h’ and moves
away from the axis of symmetry of the body by a
length t’, the anterior end of the rib rises by a
height of h and moves away from the axis of
symmetry of the body by a length t. (Note that h’
is slightly greater than h, since the most lateral
part of the rib is farther removed from the centre
of rotation than its anterior end.) At the same
time, the sternum rises and the costal cartilage
becomes more horizontal, forming an angle
(a) with its initial position.

This angular movement of the costal cartilage rela-
tive to the sternum occurs at the costosternal
joint; at the same time, there is another move-
ment of angular rotation around the axis of the
cartilage taking place at the costochondral joint.
This will be discussed later (see p. 178).

During rib elevation (Fig. 18, right side) the
point m, corresponding to the point of maximum
increase in the thoracic diameter, is also the point
most distant from the axis yy’. This geometrical
observation explains how the degree of displace-
ment of this point varies from rib to rib with the
obliquity of their axes (xx").
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The deformations of the thorax in the
sagittal plane during inspiration

Supposing that the spine remains fixed during
inspiration without any deformation, one need
only consider the changes in shape of the flexi-
ble pentagon formed, on the one hand, by the
spine (Fig. 20) and, on the other, by the first rib,
the sternum, the tenth rib and its costal carti-
lage. The changes during inspiration are as
follows:

« The first rib, being freely mobile at its joint
of costal head (O), is elevated (blue arrow),
so that its anterior extremity describes an arc
of a circle AA’.

< As the first rib is elevated, so is the
sternum, which moves from AB to AB’.

» During this movement, the sternum does not
stay parallel to itself. As we have already
seen, the anteroposterior diameter of the
upper thorax is increased more than that of
the lower thorax; it follows that the angle (a)
between the sternum and the vertical plane
becomes slightly narrower as does angle
OA’B’ between the first rib and the sternum.

This closure of the sternocostal angle is by
necessity associated with torsion of the
costal cartilage (see p. 178).

The tenth rib is also raised with Q as its
centre of rotation, while its anterior
extremity describes an arc of a circle CC".

Finally, as both the tenth rib and the sternum
are elevated, the tenth costal cartilage
moves from CB to C'B’ while staying
roughly parallel to itself. It follows that during
this movement the angle at C becomes
greater at C’ by a value of ¢, which is itself
equal to the angle of elevation of the tenth rib
(green triangles). At the same time, the angle
between the tenth costal cartilage and the
sternum (the angle C'B’A”) is slightly widened
as a result once more of torsion of the
cartilage on its long axis. A similar degree
of torsion occurs at every costal cartilage.
We shall see later its relevance as regards the
elasticity of the thorax (see p. 178).
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Mode of action of the intercostal
and sternocostal muscles

The intercostal muscles

A posterior view of the thorax, featuring
only the spine and three ribs on the right
side (Fig. 21), reveals the presence of three
muscles:

The small levator costae muscles (LC)
stretch from the tip of the transverse process
to the upper border of the rib below. Their
contraction elevates the ribs; hence their
name.

The external intercostal muscles (E) run
obliquely superiorly and medially parallel to
those of the levator costae. Therefore these
muscles and the levator costae elevate the rib
and act as inspiratory muscles.

The internal intercostal muscles (I) run
obliquely, superiorly and laterally. They
depress the ribs and so are expiratory
muscles.

The mode of action of these intercostal
muscles is well explained by Hamberger’s
diagram (Figs 22 and 23):

The action of the external intercostals

(Fig. 22) is easily understood by the fact that
the direction of their fibres is the same as that
of the long diagonal of the parallelogram
0OO0’B,A,, formed by the ribs articulating with
the spine and the sternum. When the muscle
E contracts, the shortening of this diagonal by
a length r distorts the parallelogram and
causes A, to rotate to A, and B, to B,

assuming that OO’ stays put. Therefore, since
its contraction elevates the rib, the external
intercostal is an inspiratory muscle.

« The action of the internal intercostals
(Fig. 23) can be understood in the same way,
but this time the direction of their fibres is
parallel to the short diagonal of the
parallelogram. When the muscle (I) contracts,
the shortening of this diagonal O’A, by a
length r’ causes A, to rotate to A; and By to
B,, still assuming that the side OO’ stays put.
Thus, since its contraction depresses the rib,
it is an expiratory muscle.

Hamberger’'s demonstration was at one time con-
tradicted by Duchenne de Boulogne’s electrical
stimulation experiments, but it is now validated
by electromyographic studies.

The sternocostalis

The sternocostalis has received little study and
tends to be ignored because of its retrosternal
location (Fig. 24). It lies entirely on the deep
surface of the sternum and its fibres, inserted into
the cartilages of the second to sixth ribs, run an
oblique course inferiorly and medially. Contrac-
tion of its five bundles depresses the correspond-
ing costal cartilages relative to the sternum. We
have already seen (Fig. 19, p. 155) that the costal
cartilage is raised during inspiration and depressed
during expiration. Therefore we can deduce that
the sternocostalis is an expiratory muscle.
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The diaphragm and its mode of action

The diaphragm is a musculotendinous dome
closing the lower thoracic outlet and separating
the thorax from the abdomen.

As seen from the side (Fig. 25) this dome
reaches farther down posteriorly than anteriorly
and its apex is the central tendon (1). From this
central tendon bundles of muscle fibres (2)
radiate out towards the rim of the thoracic outlet
and are attached to the deep surfaces of the costal
cartilages, the tips of the eleventh and twelfth
ribs, the costal arches and finally the vertebral
bodies by two crura as follows: the left crus (3)
and the right crus (4) are attached respectively
to the medial arcuate ligament (7) arching
over the psoas major and the lateral arcuate
ligament (8) arching over the quadratus
lumborum.

This is more obvious in the anterior view (Fig.
26), where it is easy to recognize at the same time
the convex portion of the diaphragm (the upper
part of the diagram) and the concave portion of
the diaphragm at the level of the crura. The
openings in the diaphragm can also be seen as
they allow the passage of the oesophagus (6)
above and the aorta (5) below. For the sake of
simplicity the opening for the inferior vena cava
is not shown.

When the diaphragm contracts the central tendon
is pulled down, thereby increasing the vertical
diameter of the thorax. Therefore, the diaphragm
can be compared to a piston sliding inside a
pump.

This lowering of the central tendon is, however,
rapidly checked by the stretching of the medi-
astinal contents and also by the mass of the
abdominal viscera. From this moment (Fig. 27),
the central tendon becomes the fixed point
(large white arrow) and the muscle fibres, now

acting from the margin of the central tendon
(double white arrow), elevate the lower ribs. If
the point P is taken as fixed and the rib as
rotating about the centre O, the extremity of
the rib describes the arc of a circle AB, while
the corresponding muscle fibres shorten by a
length A’B. Thus, by elevating the lower ribs, the
diaphragm increases the transverse diameter of
the lower thorax and at the same time, with the
help of the sternum, it also elevates the upper
ribs, thereby increasing the thoracic antero-
posterior diameter.

Therefore, it can be stated that the diaphragm
is an essential respiratory muscle, since it
increases by itself the three diameters of the
thoracic cavity:

- it increases the vertical diameter by
lowering the central tendon

= it increases the transverse diameter by
elevating the lower limbs

« it increases the anteroposterior diameter
by elevating the upper ribs with the help of
the sternum.

Its significance in the physiology of respira-
tion is evident.

Hiccups are due to spasmodic, rbythmical and

repeated contractions of the diaphragm. Their

actiology is poorly known, with two possible

causes:

= a central cause related to irritation of the
phrenic nerve

* a peripheral cause related to irritation of the
dome of the diaphragm.

Hiccups are usually a transient problem and
subside after a variable length of time. When they
persist they are difficult to treat.
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The respiratory muscles

As we have already scen, the respiratory muscles
fall into two categories:

+ the inspiratory muscles, which elevate the
ribs and the sternum

+ the expiratory muscles, which depress the
ribs and the sternum.

These two categories comprise two groups cach.,
i.e. the primary group and the accessory group
of muscles. The latter group is recruited only
during abnormally deep or strong respira-
tory movements.

Therefore, the respiratory muscles can be sub-
divided into four groups.

First group

This includes the main inspiratory muscles, i.e.
the external intercostals, the levatores costa-
rum and above all the diaphragm.

Second group

This comprises the following accessory inspira-
tory muscles (Figs 28-30):

+ the sternocleidomastoids (1) and the anterior
(2), middle (3) and posterior (4) scalenes;
these muscles are active in inspiration only
when they act from the cervical spine, which
must be kept rigid by other muscles (Fig. 28)

« the pectoralis major (16) and the pectoralis
minor (3), when they act from the shoulder
girdle and the abducted upper limbs
(Fig. 30, inspired by Rodin’s Bronze Age)

» the lower fibres of the serratus anterior (5)
and the latissimus dorsi (10), when the latter
acts from (Fig. 29) the already abducted
upper limb

« the serratus posterior superior (11)

» the iliocostalis cervicis (12), inserted cranially
into the last five cervical transverse processes
and arising caudally from the angles of the
upper six ribs. The direction of its fibres is
almost the same as that of the levatores
costarum longi.

Third group

This includes the primary expiratory muscles,
i.e. the internal intercostals. In fact, normal
expiration is a purely passive process due to the
recoil of the thorax on itself as a result of the
elasticity of its osteochondral components and
of the pulmonary parenchyma. Thus the energy
necessary for expiration is, in reality, derived from
the payback of the energy generated by the
inspiratory muscles and stored in the elastic com-
ponents of the thorax and lungs. We shall see
later the vital role played by the costal cartilages
(see p. 178). Note also that in the erect position
the ribs are pulled down by their own weight, and
the contribution of gravity is not negligible.

Fourth group

This includes the accessory expiratory muscles.
Though accessory, they are not less important and
are extremely powerful. They underlie forced
expiration and the Valsalva manoeuvre.

The abdominal muscles (Fig. 30), i.e. the rectus
abdominis (7), the external oblique (8) and the
internal oblique (9) strongly depress the thoracic
outlet.

The thoracolumbar region (Fig. 29) contains the
other accessory expiratory muscles, i.e. the
iliocostalis thoracis (13), the longissimus (14), the
serratus posterior inferior (15) and the quadratus
lumborum (not shown here).
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Antagonism-synergism between the
diaphragm and the abdominal muscles

The diaphragm is the main inspiratory muscle.
The abdominal muscles are extremely strong
accessory expiratory muscles, which are essential
to produce forced expiration and the Valsalva
manoeuvre. Yet these muscles, which appear to
be antagonistic, are synergistic at the same time.
This may seem paradoxical and even illogical, but
in practice they cannot function independently.
This is an example of antagonism-synergism.

What then is the functional relationship between
the diaphragm and the abdominal muscles during
the two phases of breathing?

During inspiration

During inspiration (Fig. 31, side view and
Fig. 32, anterior view) contraction of the dia-
phragm lowers the central tendon (red arrows),
thus increasing the vertical diameter of the
thorax. These changes are soon opposed by the
stretching of the mediastinal contents (M) and
above all by the resistance of the abdominal
viscera (R), which are held in place by the
abdominal girdle formed by the powerful
abdominal muscles, i.e. the rectus muscle (RA),
the transversus muscle (T), and the internal (10)
and external (EO) obliques anteriorly. Without
them the abdominal contents would be displaced
inferiorly and anteriorly, and the central tendon
woutld not be able to provide a solid anchor for
the diaphragm to elevate the ribs. Thus this
antagonistic-synergistic action of the abdomi-
nal muscles is essential for the efficiency of the
diaphragm. This notion is borne out in disease,
e.g. in poliomyelitis, where paralysis of the
abdomninal muscles reduces the ventilatory effi-
ciency of the diaphragm. In Figure 31 (side view)
the directions of the fibres of the large flat muscles

of the abdomen represent a six-sided star, which
is an oversimplified version of the ‘woven texture’
of the abdominal wall.

During expiration

During expiration (Fig. 33, side view and
Fig. 34, anterior view) the diaphragm relaxes, and
the contraction of the abdominal muscles lowers
the lower ribs around the thoracic outlet, thereby
decreasing concurrently the Iransverse and
anteroposterior diameters of the thorax. Further-
more, by increasing the intra-abdominal pressure,
they push the viscera upwards and raise the
central tendon. This decreases the vertical
diameter of the thorax and closes the costo-
diaphragmatic recesses. The abdominal muscles
therefore are the perfect antagonists of the
diaphragm because they reduce simultaneously
the three thoracic diameters.

The respective roles of the diaphragm and of the
abdominal muscles can be visualized graphically
(Fig. 35) as follows. Both sets of muscles are in a
state of permanent contraction, but their tonic
activity varies reciprocally.

During inspiration the tonus of the diaphragm
increases, while that of the abdominal muscles
decreases. Conversely, during expiration the
tonus of the abdominal muscles increases while
that of the diapbragm decredses.

Hence there exists between these two muscle
groups a dynamic balance, which is constantly
shifting one way or the other and provides
an example of the concept of antagonism-
synergism.
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Airflow in the respiratory passages

Funck’s classic experiment (Figs 36 and 37)
demonstrates the flow of air in the respiratory
passages. Replace the bottom of a flask by a water-
tight elastic membrane and put inside the flask a
rubber balloon, which is connected to the outside
by a tube going through a cork. The balloon can
be inflated or deflated simply by moving the
elastic membrane. If this membrane is pulled
down (Fig. 37), the internal volume of the flask is
increased by a volume V, while the internal pres-
sure falls below the atmospheric pressure. As a
result, a volume of air exactly equal to V enters
the tube and inflates the rubber balloon. This is
the mechanism of inspiration.

Conversely, if the elastic membrane is released
(Fig. 36), it recoils and the volume of the flask
decreases by the same volume V, while the inter-
nal pressure rises and the air inside the balloon is
driven out through the tube. This is the mecha-
nism of expiration.

Thus respiration depends on the increase or
decrease in the volume of the thoracic cavity
(Fig. 38). If initially the thorax is taken to be a
truncated ovoid with base ACBD, transverse
diameter CD, anteroposterior diameter AB and
vertical diameter SP, then the action of the respi-
ratory muscles, especially the diaphragm, increases
all its diameters into those of a greater truncated
ovoid A’C’'B'D’, with an anteroposterior diameter
A’B’, a transverse diameter C'D’ and a vertical
diameter SP’. The only difference here from
Funck’s experiment lies in the fact that all the
dimensions of the container bave incredsed
simultaneously.

There are, however, striking similarities
between the experimental setup and the
anatomical reality, namely the following:

« the vertical tube for the passage of air is the
trachea

s the inflated balloon is the lungs

» the elastic membrane at the bottom of the
flask is the diapbragm, which also increases
all the other diameters concerned.

Two points need to be emphasized:

« On the one hand the lungs fill the whole
thoracic cavity and are connected to the
thoracic wall by the potential pleural space,
i.e. the pleura. In fact its two normally
apposed layers glide freely one on the other
and ensure a tight mechanical link between
the lungs and the thoracic cavity without
limiting the respiratory movements, as the
lungs dilate and mowve relative to the thordacic
wall.

» On the other hand, during inspiration, the
intrathoracic pressure falls and becomes
negative, not only with respect to the outside
but also with respect to the abdominal
cavity. As a result, air enters the trachea and
‘the pulmonary alveoli, and venous return to
the right atrium (RA) is speeded up. Thus
inspiration improves cardiac filling and,
with the help of the lesser circulation, it
brings venous blood into close contact
with fresh, newly inspired air in the alveoli.
Thus inspiration at once ensures air
entry and pulmonary vascular perfusion.

In terms of respiratory airflow let us consider
snoring, which is often very unpleasant for one’s
bedmate. Almost all human beings snore - and
even some animals - but there are certain struc-
tural types and positions that predispose to this
infirmity. Snoring is produced by vibrations of
the soft palate taking place in the supine position
and during deep sleep. There are now some more
or less efficacious medical treatments; occasion-
ally, only surgical palatoplasty can be curative.



Expiration Inspiration

.

167




168

Respiratory volumes

Respiratory or pulmonary volumes are the volumes
of air displaced during the various phases and
types of breathing.

Comparison of the various
respiratory volumes

We find it helpful to represent these various
volumes using the pleats of an accordion, as it
simplifies comparison among them.

+ During quiet breathing at rest (Fig. 40) the
various respiratory volumes can be defined as
follows: the air displaced between normal
inspiration and normal expiration is the tidal
volume (TV, i.e. 500 ml). In the diagram this
volume is shown as the blue-tinted band (2)
containing the oscillations of the spirogram.

« If normal inspiration is prolonged by a forced
inspiration, the extra volume inhaled
represents the inspiratory reserve volume
(IRV, i.e. 1.5 D).

« The sum of the inspiratory reserve volume
and of the tidal volume is the inspiratory
capacity (IC, i.e. 2D.

« If a normal expiration is prolonged to the
maximum by a forced expiration, the volume
exhaled is the expiratory reserve volume
(ERV, i.e. 1.5D).

« The sum of the inspiratory reserve volume,
the tidal volume and the expiratory reserve
volume is the vital capacity (VC, i.e. 3.5 D.

« Even after a complete expiration some air
cannot be expelled and is still present in the
lungs and in the bronchi, i.e. the residual
volume (RV, i.e. 0.5 1).

» The sum of the residual volume and the
expiratory volume is the functional reserve
capacity (FRC, i.e. 2 D).

« Finally, the sum of the vital capacity and the
residual volume is the total lung capacity
Gi.e. 4 D.

During exercise

During exercise (Fig. 41) the various volumes
are broken down differently within the total lung
capacity, as follows:

« Only the residual volume is unchanged, as it
can never be expelled, whatever the force of
expiration.

» On the other hand, as the respiratory rate
increases, the tidal volume (TV) rises to a
maximum, but then as the respiratory rate
increases the tidal volume tends to fall
slightly. Thus the tidal volume does attain a
IMAxInum.

« The expiratory reserve volume increases
markedly, indicating that the depth of rapid
breathing during exercise comes closer to
the level of maximal distension of the thorax
than during breathing at rest.

« As a result of the increase in tidal volume
and of the expiratory reserve volume, the
inspiratory reserve volume drops (IRV).
In Figure 41 the spirogram at rest has been
added for comparison.

All these details are quite logical, easy to remem-
ber and of great importance in daily efforts and
sports activities.
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The physiopathology of breathing

Many factors can interfere with respiratory
efficiency.

The problem of the flail chest can be illustrated
by a modified Funck’s experiment (Fig. 42). If
part of the wall of the flask is replaced by another
elastic membrane, it follows that, when the
bottom membrane is pulled down, the membrane
in the wall of the flask is sucked in and dis-
places a volume v, which must be subtracted
from the total volume V. Therefore, the inflated
balloon has a smaller volume V minus v.

In humans the flail chest is the result of a violent
blow to the thorax; as a result, a fairly large part
of the thoracic wall stops following its move-
ments and is sucked in during inspiration,
leading to paradoxical respiration. Respiratory
efficiency is reduced, leading to respiratory
distress with a catastrophic drop in the oxygen
uptake in the alveolar capillaries.

There are also many other conditions associated
with reduced respiratory efficiency and even cul-
minating in respiratory distress. They are mostly
due to ventilatory problems and are summarized
in Figure 43.

* Pneumothorax (1) is the entry of air into
the pleural cavity, followed by recoil of the
lung by its own elasticity (2). It can be caused
by a pleuropulmonary tear, where at every
inspiration (black arrow) air enters the pleural
cavity. This corresponds to traumatopnoea,
which leads to severe respiratory distress. The
entry of air into the pleural space can also
result from the rupture of a bronchus or of
an emphysematous bulla. When the pleura
no longer pulls on the lung, the latter
becomes useless (2). This can also result from
a haemothorax (blood in the pleural cavity),
a hydrothorax (fluid in the pleural cavity) or
pleurisy (3), when the fluid gathers at the
base of the thorax.

+ Flail chest (4) also causes a more or less
severe loss of respiratory efficiency.

+ In bronchial obstruction with atelectasis
(5) the territory supplied by the bronchus
receives no air and the lung tissue retracts. In
the diagram the left upper lobe is atelectatic
owing to obstruction of the upper lobe
bronchus.

« In inflammatory pleural thickening (6)
following a pleurisy, a pyothorax or a
haemothorax, the shell-like sclerotic pleura
hugs the lung tightly and prevents it from
expanding during inspiration.

« Acute gastric dilatation (7) hinders the
descent of the diaphragm.

« Severe intestinal distension due to
obstruction (8) displaces the diaphragm
upwards; it is an abdominal cause of
respiratory distress.

« Phrenic nerve palsy (Fig. 44) can interfere
with breathing. In the diagram, interruption
of the left phrenic nerve leads to paralysis
of the left hemidiaphragm, which exhibits
paradoxical respiratory movements, €.g. up
instead of down during inspiration.

Ventilatory mechanics can also be altered consid-
erably by the position of the body.

« In the supine position (Fig. 45) the weight
of the abdominal viscera pushes the
diaphragm upwards, making inspiration
more difficult. The tidal volume is reduced
and displaced upwards in the diagram (Fig.
43), at the expense of the inspiratory reserve
volume. This occurs under general
anaesthesia and can be made worse by
anaesthetic drugs and muscle relaxants, which
reduce the efficiency of the respiratory
muscles. It also occurs in the comatose
patient,

« When the subject lies on one side (Fig.
46), the diaphragm is pushed upwards far
more on the lower side. The lower lung is
less efficient than the upper lung and, to
make matters worse, circulatory stasis
supervenes. Anaesthetists particularly dread
this position.
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Respiratory types: athletes, musicians

and others...

Ventilatory mechanics varies with age and sex
(Fig. 47):

+ in women, breathing is mostly upper
thoracic, with maximum range of movement
occurring in the upper thorax, which shows
an increase in its anteroposterior diameter

+ in men, it is mixed, i.e. upper and lower
thoracic

« in the child, it is abdominal
» in the aged it is greatly altered by the
development of a thoracic kyphosis.

To understand the respiratory pathophysiology
of the aged, reference to a Chinese lantern
(Fig. 48) can be helpful as follows:

 In this thought experiment the thorax is
represented by the Chinese lantern hanging
on one side from a rigid and straight rod,
which corresponds to the thoracic spine.

+ Inspiration is produced by pulling on the
uppermost circle of the lantern,
corresponding to the contraction of the
scalene and sternocleidomastoid muscles. At
the same time the bottom of the lantern is
pulled down, corresponding to contraction
of the diaphragm (D).

 As a result of these two actions the volume
of the lantern increases and air rushes
inside it.

 If the pull on the uppermost circle and on the
bottom of the lantern is released (Fig. 49), the
lantern collapses under the force of gravity
(g) along the rigid rod corresponding to the
spine, and its volume decreases. This is
equivalent to expiration.

« Let us now assume that the supporting rod is
not straight but curved (Fig. 50), as in a
kyphotic spine. The lantern stays forever in a
collapsed and deflated state, and it is much

more difficult to pull the uppermost circle
upwards. Therefore the volume R does not
contribute to ventilation.

This experiment illustrates the respiratory dif-
ficulties caused by an accentuated thoracic
curvature, i.e. thoracic kyphosis.

The same problems arise in the aged (Fig. 51).
The increased upper thoracic curvature brings
the ribs closer together and reduces the range of
their movements. Thus the upper lobes of the
lungs are poorly aerated, and breathing becomes
lower thoracic or even abdominal. This state of
affairs is made worse by the hypotonicity of the
muscles.

When dealing with the physiology of breathing,
the sigh deserves mention; it is the result of a
deep inspiration followed by a prolonged expira-
tion. Physiologically it helps to renew the air in
the dead space and in the reserve compartments.
Psychologically this quasi-unconscious act relieves
emotional tension, particularly anxiety, which
is generally speaking dissipated by the sigh of
relief.

Breathing plays a major role in some professions,
e.g. athletics, and in particular swimming. It is
also vital for musicians playing wind instru-
ments and singers, who need maximal respira-
tory capacity and control of the breath, so
dependent on the control of the expiratory
muscles. Moreover, among musicians at large,
breathing plays an important role outside its ven-
tilatory function, since its rhythm shapes the very
performance of the musician. In certain adagios
the breathing pattern is so distinct that it can be
said to act as an internal metronome for the
mausician.
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The dead space

The dead space is the volume of air that does
not contribute to respiratory exchange. In Figure
52 the respiratory volumes are represented by the
accordion. If the exhaust pipe is extended by a
sizable container (DS) the dead space is artifi-
cially increased. In fact, if only the tidal volume
of 500 ml is being displaced, and if the combined
volume of tube and container is also 500 ml, then
breathing will only displace air within the dead
space and no fresh air will move inside the
daccordion.

The case of the diver (Fig. 53) is even easier to
grasp. Let us assume that he is connected to the
surface only by a tube through which he inhales
and exhales. If the tube volume equals his vital
capacity he will never be able to inhale fresh air,
despite his most energetic efforts. Whenever be
takes a breath, he will only inhale the air pol-
luted by his own previous expiration. Thus he
will soon die of asphyxia, as occasionally hap-
pened in the early days of diving. This problem is
solved by conveying fresh air through a tube and
by allowing the expired air to be expelled by a
valve placed in the helmet, as evidenced by the
bubbles.

The anatomical dead space (Fig. 54) is the
volume of the respiratory tree, i.e. the upper
airways, including mouth and nose, the trachea,
the bronchi and the bronchioles. This volume
equals 150 ml, so that during normal breathing,

when only the tidal volume is displaced, no more
than 350 ml of fresh air participates in alveolar
gas exchange and oxygenation of venous blood.
Efficiency is improved by:

+ increasing the volume of air displaced by
recruiting the inspiratory or expiratory
reserve volume, or

¢ decreasing the volume of the dead space as
with a tracheotomy (T), which connects the
trachea directly to the outside and cuts down
the dead space by nearly a half.

Tracheotomy, however, is not without risks,
as it deprives the respiratory tree of its natural
defences, i.e. filtration and warming of inspired air
by the nasal fossae and above all closure of the
glottis against foreign bodies, and exposes it to
severe bronchopulmonary infections. It must
therefore be used only in high-risk cases.

In Figure 55 the respiratory volumes are rep-
resented by the accordion and the tracheotomy
by the opening at the base of the tube (see also
Figs 40 and 41, page 169).

There is another type of dead space (Fig. 50),
i.e. the physiological dead space (PDS), which
results from the loss of vascular perfusion of
a pulmonary segment from a pulmonary
embolus (PE). Ventilation of this unperfused
segment is wasted, thereby increasing the
anatomical dead space.
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Thoracic compliance

Compliance is related directly to the elasticity of
the anatomical component of the thorax and the
lungs.

In normal expiration (Fig. 57) the thorax and
the lungs regain their position of equilibrium,
which can be compared to that of a spring at rest.
Thus the intra-alveolar pressure and the atmos-
pheric pressure are in equilibrium.

During forced expiration (Fig. 58) the active
muscles compress the elastic components of the
thorax. To use a concrete example, if the spring
representing the thorax is compressed to gener-
ate a positive intrathoracic pressure of +20 ¢m
of water, the intrapulmonary pressure will exceed
the atmospheric pressure and air will escape
through the trachea. Meanwhile the thorax will
tend to regain ils orviginal position even as
the spring will tend to go back to its original
position 0.

Conversely, during forced inspiration (Fig.
59), which could be compared to stretching of
the spring, a negative pressure of —20 cm of
water develops in the thorax relative to the atmos-
pheric pressure. As a result, air enters the trachea,
but the elasticity of the thorax will again tend
to bring it back to its original position. These
changes can be represented graphically by
using compliance curves (Fig. 60), which
relate the change in intrathoracic pressure
(abscissa) to the changes in intrathoracic
volume (ordinate).

Three such curves can be drawn:

» The curve for total thoracic relaxation
(T), where zero pressure corresponds to the
volume at total relaxation (VR), and is the
resultant of the volume/pressure curve for the
lungs alone (L) and of the volume/pressure
curve of the thoracic wall alone (W).

It is remarkable that the residual volume
corresponds to the point where the pressure
exerted by the elasticity of the thoracic wall
(PW) and that exerted by the elasticity of the
lungs (PL) are equal and opposite.

* At volume V3, i.e. at 70% of total lung
capacity, the pressure generated purely by
the thoracic wall is zero, and the pressure
generated at total relaxation of the thorax is
entirely due to the elasticity of the lungs (the
two curves L and T intersect at this point).

* At an intermediate volume (VR) the
pressure generated purely by relaxation of the
thoracic wall is exactly equal to one half of
the pressure generated by relaxation of the
lungs. Thus the pressure generated by total
relaxation of the thoracic wall is equal to one
half of the pressure generated by relaxation of
the lungs.

A final point deserves emphasis. At maximal
expiration the lungs bave not yet lost all their
elasticity because the curve L is still to the right
of zero pressure. This explains why when air is
allowed to enter the pleural spaces the lungs can
still retract to a minimum volume Vp, at which
point they cannot retract any more and therefore
exert no pressure on the air they still contain. The
total elasticity of the thorax (Fig. 61) can be com-
pared to a combination of two springs (A): a
large spring W representing the thoracic wall and
a small spring L representing the lungs. The func-
tional dependence of the lungs on the thoracic
wall via the pleura can be represented by the
coupling of the two springs (B), which requires
compressing the large spring W and stretching
the small spring L. The coupling of these two
springs is equivalent to a single spring (C), which
represents the total elasticity of the thorax (T);
however, if the functional link between lung and
thoracic wall is destroyed, each spring regains its
own position of equilibrium (A).

To summarize, compliance is the relationship
between the volume of air and the wall pressure
needed to displace it. In the graph (Fig. 60) com-
pliance corresponds to the slope of the middle of
each curve so that the compliance of the lungs is
greater than that of the thoracic wall, and the total
thoracic compliance is the algebraic sum of these
two compliances.
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The elasticity of the costal cartilages

As already demonstrated (see Figs 19 and 20,
pp. 155 and 157), during inspiration the costal
cartilages undergo angular displacement and
torsion around their long axes. This torsion is
important in the mechanism of expiration.
During inspiration (I) the posterior ends of the
ribs stay attached to the spine at the joints of
costal heads (Fig. 62) and, as the sternum rises,
the costal cartilages rotate on their long axes
as indicated by the arrows t and t’.

At the same time, the angles at the costochon-
dral and sternocostal joints are altered. (To
make this easier to understand, the diagram shows
the sternum as fixed and the spine as movable,
which is mechanically a similar arrangement.)

Diagrammatically, the costochondral and sterno-
costal joints (Fig. 63) are interlocking joints at
each end of the cartilage:

« The medial end of the cartilage (3) and the
sternal border (1) are tightly interlocked,
forming a solid angle (2), completely filled
by the tip of the cartilage (4). This allows
some movement vertically but no torsion at

all.

» The lateral end of the cartilage (5) is
shaped like a cone flattened anteroposteriorly
and fits snugly into the anterior end of the
rib (6), which is correspondingly shaped to

receive it. Here again some lateral and vertical
displacements are possible, but there is no
torsion at all.

The opposite movements take place during
expiration (E).

During inspiration (Fig. 64), when the rib is
lowered relative to the sternum, which rises, the
costal cartilage twists on its own axis through an
angle t, and thus behaves like a torsion rod,
which resembles a spring that works not by
shortening and lengthening but by lorsion, as
the name indicates. This device, well known to
engineers, is used as a shock-absorber in cars.
Thus, if a rod is twisted on its long axis, its elastic-
ity stores the torsion energy and releases it when
the twisting stops. Likewise, the energy generated
by the inspiratory muscles is stored in the
torsion bars of the costal cartilages during
inspiration; when these muscles start to relax, the
elasticity of these cartilages suffices to bring the
thoracic skeleton back to its initial position.
The flexibility and elasticity of these cartilages
decrease with age and eventually they tend to
ossify, leading to a loss of thoracic flexibility
and respiratory efficiency in the aged.

This mechanical analysis brings out the important
role played by the elastic costal cartilages in con-
necting the rigid ribs to the mobile sternum.
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The mechanism of coughing and
the Heimlich manoeuvre

Mechanism of coughing

As air enters the respiratory passages, it is fil-
tered, humidified and warmed up by the nasal
fossae and becomes theoretically free of sus-
pended particles when it enters the trachea and
the bronchi. However, if by accident, foreign
particles gain access to the bronchial tree, there
is a very efficient mechanism designed to remove
them - coughing. Similarly, coughing is designed
to expel packets of bronchial mucous secre-
tions, which trap these fine particles and are then
wafted towards the glottis by the constant ciliary
activity of the bronchial epithelium - an
activity severely compromised by smoking.

The mechanism of coughing has three phases:

« Phase 1 (Fig. 65) is the inspiratory phase
or the so-called preparatory phase, when the
bulk of the respiratory reserve volume is
drawn into the bronchial tree and alveoli. The
disadvantage of this deep inspiration it that it
can carry down towards the bronchioles any
foreign bodies lying below the glottis.

« Phase II (Fig. 606) is the pressure phase,
which involves closure of the glottis and
violent contraction of the intercostal
muscles and of all the accessory expiratory
muscles, particularly the abdominal
muscles. During this phase there is a sharp
rise in intrathoracic pressure.

« Phase III (Fig. 67) is the expulsion phase.
While the accessory expiratory muscles are
still contracted, the glottis opens suddenly
and violently releases a current of air from
the bronchial tree. This carries along the
foreign particles and the packets of mucus
past the open glottis towards the pharynx,
whence they are coughed up from the
oropharynx.

Therefore, it appears that the efficiency of cough-
ing depends on:

« recruitment of the efficient abdominal
muscles (thus coughing is inefficient or
impossible in patients with poliomyelitis
and abdominal wall paralysis and even after
abdominal operations, when any

contraction of these muscles is painful and
feared)

« closure of the glottis requiring the
integrity of the laryngeal muscles and of
its neural control

Coughing is a reflex act set off by sensory recep-
tors located at the tracheal bifurcation (the
carina) and in the pleura. The afferent fibres of
this reflex are carried centrally in the vagus nerves
to the bulbar centres; its efferent fibres are carried
not only by the laryngeal nerves, which are
branches of the vagus nerves, but also by the
intercostal and abdominal nerves. Its deli-
cately balanced mechanism can easily be upset.

The Heimlich manoeuvre

There are situations when coughing is inap-
propriate, for example when a large foreign
body has been inhaled. This happens when an
adult, trying to swallow a badly chewed piece of
meat, forces it down the wrong way. The mouth-
ful unexpectedly gets past the protective mecha-
nisms of the respiratory tract and ends up in the
trachea. Children can inhale sweets in the same
way. It is a dramatic event, since the subject
tries to take a deep breath in order to cough and
only manages to drive the foreign object farther
down his trachea, which makes his respiratory
distress worse. Without immediate help from
outside he can die of acute asphyxia. People
should know the life-saving procedures in such
unfortunate situations:

* Hold a child who is not too big upside down
by its feet and shake it so as to dislodge the
sweet.

s Deliver a series of strong thumps to the
back of an adult; however, if there is no
improvement after five thumps, proceed to
more effective life-saving procedures.

» The Heimlich manoeuvre (Fig. 68), well
known to first-aid workers, consists of
violently compressing the epigastrium of the
subject in distress while standing behind him.

The manoeuvre can be performed on oneself,
if alone, by compressing the epigastrium on
the back of a chair.
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The laryngeal muscles and the protection
of the airways during swallowing

The highly sophisticated laryngeal apparatus
has three essential functions:

+ closure of the glottis during the Valsalva
manoeuvre and coughing

+ protection of the airways during
swallowing

» phonation.

Understanding these functions requires a review
of the anatomy of the larynx. A posterior oblique
view (Fig. 69) shows the following cartilages
joined to one another:

+ The signet-ring-shaped cricoid cartilage (6)
has a signet plate (see Fig. 75, p. 185) or
posterior lamina (7) with two articular
facets, one on each side: the thyroid or
inferior facet (22), articulating with the
inferior horn of the thyroid cartilage (5), and
the arytenoid or superior facet (21),
articulating with the arytenoid cartilage (8).

« The thyroid cartilage: its medial surface
(2) is visible, but its lateral surface is obscured
by the oblique line (3), which bears on the
superior part of its posterior border the
superior horns (4), attached to the hyoid
bone (not shown here) by the thyrohyoid
ligaments. It consists of two laminae
forming a solid angle open anteriorly. The
inferior part of its posterior surface (see
Fig. 76, p. 185) reccives the anterior
attachments (206) of the vocal cords (15).

The roughly pyramidal arytenoid cartilages
(8), lying on either side of the signet plate of the
cricoid cartilage, have three processes:

* a superior process or corniculate cartilage
(23) (see Figs 75 and 76, p. 185)

» a medial or vocal process (25) giving
attachment to the vocal cord

+ a lateral or muscular process giving
insertion to the posterior crico-arytenoid
muscle (13 and 14).

Between the corniculate cartilage and the upper
border of the signet plate of the cricoid cartilage
runs a Y-shaped ligament, i.e. the cricocorn-
iculate ligament (12), which carries a small

cartilaginous nodule, i.c. the interarytenoid
cartilage (11) at the junction of its lower stem
and its two upper branches (10).

The stalk of the epiglottic cartilage (1) is
attached to the posterior aspect of the solid angle
formed by the thyroid laminae. Shaped like a leaf,
it is concave posteriorly and its long axis is oblique
superoinferiorly. Its two lateral edges are attached
to the corniculate cartilage by the two ary-
epiglottic ligaments (9).

Also seen (Fig. 69, p. 183 and Fig. 73, p. 185) are
the right lateral cricoarytenoid muscle (16),
which unites the muscular process of the ary-
tenoid and the anterior part of the arch of the
cricoid, and the right cricothyroid muscle (17)
running between the inferior border of the
thyroid cartilage and the anterior border of the
cricoid arch.

In Figure 70 the laryngeal inlet is marked by an

arrow and is bounded as follows:

« superiorly by the epiglottic cartilage (1)

« laterally by the aryepiglottic ligaments (9),
reinforced by the aryepiglottic muscles (19)

« inferiorly by the corniculate cartilages (23),
united by the cricorniculate ligaments (10).
which are reinforced posteriorly by the
transverse fibres of the transverse
interarytenoid muscles (18).

The lateral walls of this inlet are completed by
the superficial fibres of the inferior thyro-
arytenoid muscles (20). The inlet is shown
open as in normal breathing.

During swallowing the glottis is closed, and the
epiglottis tilts inferiorly and posteriorly (Fig. 71)
towards the corniculate cartilages by the pull of
the aryepiglottic muscles (19) and the inferior
thyro-arytenoid muscles (20). Solid and liquid
foods slide down on the anterosuperior surface
of the epiglottis towards the oropharynx and
the entrance to the oesophagus (not shown)
lying posterior to the cricoid.
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The glottis and the vocal cords: phonation

The glottis is the passage that controls the flow
of air in the larynx. Two diagrams (Figs 72 and
73, superior view) explain how the glottis
functions.

The rima glottidis seen from the pharynx, i.e.
from above, is a triangular fissure with an
anterior apex (Fig. 72), and its two borders
consist of the following:

« the vocal cords (15) joining the posterior
surface of the thyroid cartilage (3) and the
vocal process (25) of the arytenoid

« the arytenoid cartilages (24), which
articulate from above with the cricoid
cartilage (7) by two joints with two vertical
axes o and o’.

Contraction of the posterior crico-arytenoid
muscles (13) rotates the arytenoid cartilages on
their axes o and 0" and abducts the vocal pro-
cesses (25) with opening of the glottis.

Conversely (Fig. 73), when the lateral crico-
arytenoid muscles contract (16), the arytenoid
cartilages rotate in the opposite direction. The
vocal processes (25) approach ecach other
towards the midline, and the vocal cords (15)
come to touch each other, ensuring closure of
the rima glottidis.

The partial diagram of the vocal cords (Fig.
74) shows that, when the glottis moves from the
open (g) to the closed (g") position, the vocal
cords move from the open (15) to the closed (1 59
position and are stretched for a length d by the
displacements (red arrow) of the vocal processes
caused by rotation of the arytenoid cartilages (24).
The increased tension in the cords produces a
higher note during speech.

The last two diagrams illustrate how the glottis
is closed (Fig. 75) and how the vocal cords are
tensed (Fig. 76) during speech.

A left anterior view (Fig. 75) of the cricoid (6)
and arytenoid (8) cartilages shows the

arytenoid resting on top of the signet plate of
the cricoid (7), with which it articulates at the
arytenoid facet (21). The axis of this crico-
arytenoid joint of synovial type runs obliquely
inferosuperiorly, mediolaterally and posterolater-
ally (not shown).

When the interarytenoid (18) and the post-
erior crico-arytenoid (14) muscles contract
(see Fig. 71, p. 183), the arytenoid swings later-
ally to a new position (deep blue, Fig. 75), and its
vocal process (25) moves away from the
midline. The two vocal cords (15) form a trian-
gular orifice with an anteriorly located apex
(Fig. 72). Conversely, when the lateral crico-
arytenoid muscles contract (16), the arytenoid
cartilage swings medially, and its vocal process
approaches the midline as does the vocal cord
(15") (Fig. 73).

During speech the vocal cords are subjected to
varying tensions, as is well illustrated by the
diagram (Fig. 74). On closure of the glottis the
vocal cord is lengthened. Moreover (Fig. 706).
assuming that the cricoid cartilage (6) stays put,
contraction of the cricothyroid (17) rotates
the thyroid cartilage around the axis of the joint
between the inferior horn of the thyroid cartilage
and the cricoid (5), so that its anterior part is
lowered. The anterior insertion of the vocal cord
moves from position 26 to position 26’, and
the cord is lengthened as it is actively stretched
by the contracting cricothyroid (17°). This
muscle, innervated by the recurrent laryngeal
nerve, is therefore the most important muscle
in speech, since it controls the tension in the
vocal cords and bence the pitch of the sound.

There are thus two mechanisms that regulate the
tension of the vocal cords:

« closure of the rima glottidis by contraction of
the lateral crico-arytenoid muscle

« forward tilting of the thyroid cartilage by
contraction of the cricothyroid muscle.
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The Cervical Spine

The cervical spine is the uppermost segment of the spinal column
continuous with the thoracic spine. It supports the head and forms
the skeleton of the neck.

It is the most mobile part of the spine and has the task of ori-
enting the head in an almost 180° sector of space both vertically
i and transversely. It must be stressed that the mobility of the
| cervical spine and that of the eyeballs are additive. Since the
head contains the main sensory organs - the eyes, the ears and
the nose - it must be able to localize potential threats to individu-
als and points of interest for their survival.

The sagittal plane of the head demarcates two hemispaces,
i.e. right and left. Stimuli coming from these two hemispaces need
to be separated to achieve three-dimensional vision and
hearing and provide essential data for the localization of threats
or points of interest. The neck is thus the equivalent of radar
supports that rotate through space continuously. The only differ-
ence is that neck rotation cannot exceed 170-180° which is
already appreciable when compared to animals without necks, as
for example fish, which, despite the great mobility of their eyes,
must rotate their bodies in order to orient their sensors. As the
most mobile segment of the spinal column, the cervical spine is
also the most fragile, not only because of its mobility but also
because of the lightness of its structural components, which only
need to support the relatively low weight of the head, except
when it has to support heavy loads, as is the case in some
populations.

The neck, whose slenderness is of great aesthetic value in women,
is the most exposed part of the human body and highly sus-
ceptible to deadly attacks by twisting or severing. The cervical
spine must be handled with great care after an accident, and also
during all forms of treatment directed to it.
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The cervical spine taken as a whole

Taken as a whole (Fig. 1) the cervical spine is
made up of two anatomically and functionally
distinct segments:

+ the upper or suboccipital segment (1)
comprising the first cervical vertebra or the
atlas and the second cervical vertebra or the
axis; these vertebrae are connected to each
other and to the occipital bone by an
articular complex with three axes and
three degrees of freedom

+ the lower segment (2) stretching from the
inferior surface of the axis to the superior
surface of the first thoracic vertebra (T1).

The cervical vertebrae are all alike, except for
the atlas and the axis, which differ from each
other and from the other cervical vertebrae.
The joints of the lower segment have only two
types of movement, i.e. flexion-extension and
combined lateral flexion-rotation, but zhere
are no pure movements of lateral flexion or
rotation.

Functionally these two segments are comple-
mentary in order to allow pure movements
of rotation, lateral flexion and flexion-
extension of the head.
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Diagrammatic representation of the first
three cervical vertebrae

These bighly simplified diagrams illustrate the fol-
lowing vertebrae one on top of the other and in
the same vertical plane:

» the atlas (Fig. 2)
* the axis (Fig. 3)
« the third cervical vertebra (Fig. 4).

The atlas

The atlas (Fig. 2) is ring-shaped, with its trans-
verse diameter greater than its anteroposterior
diameter. It has two lateral masses (1 and 1),
oval in shape with their long axes running
obliquely anteriorly and medially, and each of
these in turn bears:

« a biconcave superior articular facet (2 and
29, facing superiorly and medially and
articulating with the occipital condyles

« an anteroposteriorly convex inferior
articular facet, facing inferiorly and medially
and articulating with the superior facet of the
axis (12 and 12°).

Its anterior arch (3) has on its posterior aspect
a small oval-shaped cartilaginous articular
facet (4) articulating with the dens axis (11). Its
posterior arch (5) is at first flattened supero-
inferiorly but becomes wider posteriorly to form
not a spinous process but a vertical crest, i.e.
the posterior tubercle (6) in the midline. Its
transverse processes (7 and 7') are pierced by
the vertebral arteries (8). which run in deep
grooves (8") bebind the lateral masses.

The axis

The superior surface (10) of the body (9) of the
axis (Fig. 3) bears centrally the dens (11), which
acts as a pivot for the atlanto-axial joint, and
laterally two articular facets (12 and 12", which
overhang the body like fwo shoulder pads, face
superiorly and laterally and are convex antero-
posteriorly and flat transversely.

The posterior arch (16) is made up of two
narrow laminae (15 and 15") running obliquely
posteriorly and medially. The spinous process
(18) has two tubercles like every other cervical
vertebra. Below the pedicle (16) are attached the
inferior articular processes (17 and 17", with
two cartilage-coated articular facets, which

are directed inferiorly and anteriorly and articu-
late with the superior facets of C3 (24 and 24).
The transverse processes (13 and 13") have
cach a vertical foramen (14) for the vertebral
artery, i.e. the foramen transversarium.

The third cervical vertebra (C3)

C3 (Fig. 4) is similar to the last four cervical verte-
brae and as such is a typical cervical vertebra. It
has a vertebral body (9) shaped like a parallel-
epiped, which is wider than it is high. Its superior
discal surface (20) is bordered on both sides by
the uncinate processes (22 and 22", which bear
two facets facing superiorly and medially and
articulate with two flat facets located on either
side of the inferior surface of the axis.

The anterior border of its superior surface also has
a flat facet (21), which faces superiorly and ante-
riorly and articulates with the posterior aspect of
a beak-like projection from the anterior border
of the axis.

Its inferior discal surface is bordered on both
sides by the articular facets of the uncoverte-
bral joints, facing inferiorly and laterally; it
carries a prominent beak-like projection facing
anteriorly and inferiorly.

The posterior arch of this typical cervical verte-
bra has two articular processes (23 and 23'),
each with:

+ a superior facet (24 and 24" facing
superiorly and posteriorly and articulating
with the inferior facet of the overlying
vertebra, i.e. the inferior facet of the axis
amn

« an inferior facet (not visible in the diagram),
directed inferiorly and anteriorly and
articulating with the superior facet of C4.

Each articular process is connected to the verte-
bral body by the pedicle (25), which receives the
base of the transverse process (26 and 26),
also attached to the lateral surface of the body.
The latter has the shape of a superiorly concave
groove, which is pierced near the vertebral body
by a round foramen (29) for the vertebral
artery. The transverse process terminates in an
anterior and a posterior tubercle. The verte-
bral laminae (27 and 27") run obliquely inferiorly
and laterally and meet in the midline to form the
spinous process (28) with its fwo tubercles.
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The atlanto-axial joints

The mechanical linkage between atlas and axis
is achieved by three mechanically linked
joints:

 an axial joint, i.e. the median atlanto-axial
joint, with the dens axis serving as a pivot
(see p. 190)

s two symmetrical lateral joints, i.e. the
lateral atlanto-axial joints between the
inferior surfaces of the lateral masses of
the atlas and the superior articular
surfaces of the axis.

Figure 5 (axis seen in perspective) and Figure
6 (lateral view) illustrate the shape and orienta-
tion of its oval superior articular facet (5); its
great axis runs anteroposteriorly and it is convex
anteroposteriorly along a curve represented by
xx’ but straight transversely. Thus its surface can
be viewed as a section from the surface of a
cylinder C with axis Z directed laterally and
slightly inferiorly so that the articular facet faces
superiorly and slightly laterally. The cylinder
(shown here as transparent) from which these
facets are cut comprises the lateral part of the axis
and just overhangs the distal tip of the trans-
VErse process.

These two diagrams also reveal the rather unusual
shape of the dens, which is roughly cylindrical
but bent posteriorly. It bears:

« anteriorly a shield-like articular facet (1),
which is slightly biconvex and articulates
with the articular facet of the anterior arch
of the atlas

 posteriorly a cartilage-lined groove (7), which
is concave transversely and articulates with
the functionally critical transverse ligament
(see pp. 194 and 190).

A parasagittal section through the lateral
masses of the atlas (Fig. 7) reveals the orienta-
tions and curvatures of the various articular
surfaces:

» The curved outline of the median atlanto-
axial joint with the dens facet (1) and the
articular facet of the anterior arch of the
atlas (2) is shown transected in the mid-
sagittal plane; it lies on a circle with centre
of curvature Q located behind the dens.

+ The superior facet of the lateral mass of
the atlas (3) is convex anteroposteriorly and
facing directly posteriorly; it articulates with
the occipital condyle.

» The inferior facet of the lateral mass of
the atlas (4) is convex anteroposteriorly and
lies on a circle with centre of curvature O
and a radius shorter than that of circle Q.

* The superior facet of the axis (5) is convex
anteroposteriorly and lies on a circle with
centre of curvature P and a radius roughly
equal to that of the circle with centre O. Thus
the two articular surfaces (4 and 5) rest on
each other like two wheels. The star
indicates the centre of the movement of
flexion-extension of the atlas on the axis (see
p. 194).

+ Finally, the inferior facet of the axis (6)
faces inferiorly and anteriorly. It is almost
flat, but its gently curved surface belongs to a
wide circle with centre of curvature R lying
inferiorly and posteriorly. It articulates with
the superior facet of the articular process
of C3.
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Flexion-extension in the lateral and median

atlanto-axial joints

If the lateral masses of the atlas rolled without
gliding on the superior articular surfaces of the
axis during flexion (Fig. 8), then the point of
contact between these two convex surfaces
would move anteriorly and the line joining the
centre of curvature P to the point of contact of
these two surfaces would move from PA to PA’.
At the same time, the joint space between the
anterior arch of the atlas and the anterior facet of
the dens should gape superiorly (b).

Likewise, if the lateral masses of the atlas rolled
without gliding on the superior articular surfaces
of the axis during extension (Fig. 9), their point
of contact should move posteriorly, and the line
joining the centre of curvature P to the contact
point should move from PB to PB’. At the same
time, the joint space between the anterior arch of
the atlas and the anterior surface of the dens
should gape inferiorly (b).

In real life a careful scrutiny of lateral radio-
graphs fails to show any gaping (Fig. 10); this
is due to the transverse ligament (1), which
keeps the anterior arch of the atlas and the dens
in close contact (see p. 196).

Therefore, the real centre of the movement of
flexion-extension of the atlas on the axis (see
Figure 7, p. 193) is neither P, the centre of curva-
ture of the superior surface of the axis, nor Q, the

centre of curvature of the anterior facet of the
dens, but a third point (shown here as a star)
lying roughly in the centre of the dens seen from
the side. As a result, during flexion-extension the
inferior facets of the lateral masses of the atlas roll
and glide simultaneously on the superior artic-
ular surfaces of the axis, just like the femoral
condyles on the tibial articular surface.

It must be stressed, however, that the presence
of a deformable structure, i.e. the transverse liga-
ment, forming the posterior wall of the
median atlanto-axial joint, allows some flexi-
bility in the joint. The ligament, fitting tightly in a
groove on the posterior surface of the dens, can
bend upwards during extension and downwards
during flexion, just like the chord of an arc. This
also explains why the cavity of this joint is not
entirely bony. The same reasoning also applies to
the annular ligament of the superior radio-ulnar
joint, which is also a pivot joint (see Volume 1).

Thus the transverse ligament is vitally impor-
tant, since it keeps the atlas from gliding ante-
riorly on the axis. Dislocation of this joint, often
traumatic, can be immediately lethal as a result
of compression of the medulla oblongata by the
dens (Fig. 11). As the atlas is displaced anteriorly
(red arrow), the dens literally rams (black arrow)
into the neuraxis (light blue).
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Rotation in the lateral
atlanto-axial joints

We have just studied the median atlanto-axial joint
from the side. A superior view with the entire
atlas included (Fig. 12) and a blown-up view
(Fig. 13) make it easy to understand its structure
and its role in rotation. The median atlanto-
axial joint is a pivot joint with two interlocked
cylindrical surfaces:

« The solid cylindrical surface, i.e. the dens (1),
is not strictly cylindrical and therefore
provides the joint with a second degree of
freedom for flexion-extension movements.
It has two articular facets, one on its
anterior surface (4) and one on its posterior
surface (11).

» The cavity receiving the solid cylinder (.e.
the empty cylinder) completely surrounds
the dens and consists anteriorly of the
anterior arch of the atlas (2) and laterally
of the lateral masses of the atlas. Each
lateral mass has on its medial surface a very
distinct tubercle (7 and 7") and gives
attachment to a strong ligament running
transversely behind the dens, i.e. the
transverse ligament of the atlas (6).

The dens is thus encased within an osteo-
ligamentous ring and makes contact with it at
two very different joints:

« anteriorly, a synovial joint with an
articular cavity (5), a synovial capsule and
two recesses, one on the left (8) and one on
the right (9); the joint surfaces are the
anterior facet of the dens (4) and the
posterior facet of the anterior arch of the
atlas (3)

» posteriorly, a joint without a capsule and
embedded within the fibro-adipose tissue
(10), which fills the space between the
osteoligamentous ring and the dens; the joint
surfaces are fibrocartilaginous, the one on
the posterior surface of the dens (11) and
the other on the anterior surface of the
transverse ligament of the atlas (12).

and median

During rotation, for example to the left (Fig.
13), the dens (1) stays put while the osteo-
ligamentous ring formed by the atlas and
the transverse ligament rotates anticlockwise
around a centre (white cross) lying on the axis of
the dens, relaxing the capsular ligament on the
left (9) and stretching it on the right (8).

At the same time, movement takes place in
the mechanically linked right and left atlanto-
axial joints. During rotation from left to right
(Fig. 14) the left lateral mass of the atlas moves
forward (red arrow L-R), while the right lateral
mass recedes. During rotation from right to left
(Fig. 15) the converse occurs (blue arrow R-L).

The superior articular surfaces of the axis are,
however, convex anteroposteriorly (Fig. 16).
Therefore, the path taken by the lateral masses of
the atlas is not straight in the horizontal plane but
convex superiorly (Fig. 17), so that when the
atlas rotates around its vertical axis W, its lateral
masses travel from x to x’ or from y to Y.

If only the circle corresponding to the curvature
of the inferior facet of each lateral mass of
the atlas (Fig. 16) is shown, it is clear that in the
intermediate position or the position of zero rota-
tion, the circle with centre o is at its highest
location on the superior articular surface of the
axis. When this circle moves anteriorly o it
descends on the anterior border of the supe-
rior surface of the axis for a distance of 2-3 mm
(e), while its centre descends for half this dis-
tance (e/2). The same displacements occur when
the circle moves posteriorly o',

When the atlas rotates on the axis it drops verti-
cally for a distance of 2-3 mm in a helical
movement, but the turns of helix are very tight.
Furthermore, there are two helices with oppo-
site turns: one for rotation to the right and the
other for rotation to the left.
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The articular surfaces of
the atlanto-occipital joint

There are in fact two mechanically linked and
symmetrical atlanto-occipital joints formed
by the superior articular surfaces of the lateral
masses of the atlas and the articular surfaces
of the occipital condyles.

In a superior view of the atlas (Fig. 18) its
articular surfaces appear oval, with their main
axes running obliquely anteriorly and medi-
ally and converging at a point N on the midline
and slightly anterior to the anterior arch of the
atlas. Occasionally they are waisted in the middle
and may even be divided into two separate facets.
They are lined with cartilage and are biconcave
with roughly similar curvatures. Therefore
these surfaces can be considered as parts of the
surface of a sphere (Fig. 19) with centre O
located above the articular surfaces and vertically
above Q, which is the point of intersection of the
axis of symmetry of the atlas and the line joining
the posterior borders of the two articular facets.
Q is also the centre of curvature of the articu-

lar surfaces in the horizontal plane; P is their
centre of curvature in the vertical plane. The
sphere (considered transparent) is seen (green
dashes) resting very precisely on the superior
articular surfaces of the lateral masses of the
atlas.

A posterior view of the atlanto-occipital
joints (Fig. 20) confirms that the surfaces of the
occipital condyles also lie on the surface of
the same sphere, whose centre O lies within the
cranium above the foramen magnum. Thus the
atlanto-occipital joint can be considered as equiva-
lent to an enarthrosis, i.e. a joint with spherical
articular surfaces (Fig. 19) with three axes and
three movements of small range:

« axial rotation around a vertical axis QO

- flexion-extension around a transverse axis
zz' passing through O

« lateral flexion around an anteroposterior
axis PO.
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Rotation in the atlanto-occipital joints

When the occiput rotates on the atlas (Fig. 21),
its rotation is part of the general rotation of the
atlas on the axis about a vertical axis passing
through the centre of the dens. This rotation,
however, is not a simple process, since it actively
stretches some ligaments, in particular the alar
ligament (L, green arrow). This diagram, repre-
senting a coronal cut taken vertically through the
occipital bone (A) and the lateral masses of the
atlas (B), shows rotation to the left of the occipi-
tal condyle on the atlas, which is observed as an
anterior gliding movement of the right occipital
condyle on the right lateral mass of the atlas
(red arrow 1). But at the same time, the alar liga-

Now in kinematics a rotation associated with a
translation is equivalent to another rotation
with similar range but with a different centre of
rotation, which is easy to represent diagrammati-
cally. A superior view (Fig. 22) shows the atlas
in light colour, the axis (seen through the foramen
magnum) in darker colour and, on top of the
lateral articular facets of the atlas (at) the
facets of the occipital condyles (oc), shown as
transparent. During rotation to the left over an
angle (a) around the centre of the dens (D), the
occiput is displaced laterally to the left for 2-3 mm
in the direction of the vector V. It is now easy to
locate the real centre of rotation in a point P lying

Girdle and Head

slightly to the left of the plane of symmetry and
on the line z joining the posterior borders of the

ment (L) wraps itself around the dens and is
stretched, pulling the right occipital condyle

ic

2

to the left (white arrow 2).

Therefore, rotation to the left (blue arrow) is asso-
ciated at once with a 2-3 mun translation to the
left and a lateral flexion of the occiput to the
right (red arrow). As a result, there is no pure
rotation but a rotation associated with a trans-
lation and a flexion at the atlanto-occipital
joint.

lateral masses of the atlas. Therefore, the real
centre of rotation at the atlanto-occipital joint
moves between two extreme points, P for rota-
tion to the left and P’ for rotation to the right. This
process causes the real centre of rotation to recede
towards the centre of the foramen magnum so
that the real axis of rotation coincides with the
anatomical axis of the medulla oblongata - ihe
ideal position for torsion of the neurdaxis.
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Lateral flexion and flexion-extension in
the atlanto-occipital joint

A coronal section taken vertically through the
occipital bone, the atlas and C3 (Fig. 23) shows
that during lateral flexion there is no move-
ment in the atlanto-axial joint. Lateral flexion
occurs only between the axis and C3 on the
one hand, and between the occipital bone and
the atlas on the other. Between the occipital
bone and the atlas the range of movement is small
and consists only of the gliding of the occipital
condyles to the right for left lateral flexion and
vice versa. In Figure 23, showing lateral flexion to
the left, the left occipital condyle is seen moving
closer to the dens without coming into contact
with it because the movement is checked by
the tension developed in the capsular liga-
ment of the atlanto-occipital joint, especially
by the right alar ligament. The total range of
lateral flexion between the occipital bone and
C3 is 8°, with 5° between the axis and C3 and 3°
between the atlas and the occipital bone.

During flexion-extension of the occipital
bone on the atlas the occipital condyles glide
on the lateral masses of the atlas.

During flexion (Fig. 24) the occipital condyles
recede on the lateral masses of the atlas while the
squama of the occipital bone moves away
from the posterior arch of the atlas (red arrow).

As the latter movement is always associated with
flexion in the atlanto-axial joint, the post-
erior arches of the atlas and of the axis move
apart (red arrow), and the anterior arch of the
atlas glides downwards on the anterior facet of
the dens (red arrow). Flexion is checked by the
tension developed in the capsular and pos-
terior ligaments (the posterior atlanto-occipital
membrane and ligamentum nuchae).

During extension (Fig. 25) the occipital con-
dyles glide anteriorly on the lateral masses of the
atlas. At the same time, the occipital bone moves
towards the posterior arch of the atlas (blue
arrow) and, as the atlanto-axial joint is also
extended, the posterior arches of the atlas
and of the axis approach each other (blue
arrow), while the anterior arch of the atlas glides
upwards on the anterior facet of the dens (blue
arrow). Extension is checked by the impact of
these three bones. During violent move-
ments of forced extension the posterior arch
of the atlas is caught as if in a nutcracker between
the occipital bone and the posterior arch of
the axis and can be fractured. The total range
of flexion-extension is 15° at the atlanto-
occipital joint.
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The suboccipital ligaments of the spine

The very numerous and very strong ligaments of
the suboccipital spine can be seen in a sagittal
view (Fig. 26), where the neuraxis is shown as
transparent, i.e. the brainstem and the medulla as
B and the spinal cord as C. The legends are the
same in Figures 26 to 34 inclusive.

First the bony structures are shown in cross-
section from above downwards:

« the basilar process (a) and the squama (b)
of the occipital bone

« the anterior (e) and posterior (f) arches of the
atlas

« the dens (g) and the axis (k) (sagittal views)

« the anterior articular facet (h) of the dens in
contact with the posterior articular facet (i) of
the anterior arch of the atlas

+ the rest of the axis featuring its spinous
process (n) and a section of its left lamina (o)

« below the axis, the body (q), spinous process
(s) and left lamina (r) of C3

« the posterior cranial fossa (seen in
perspective) containing the lower brainstem B
above the foramen magnum.

Next are shown the ligaments:

+ the apical ligament of dens (1), short and
thick, running vertically between the basilar
process of the occipital bone and the apex of
the dens

« the transverse ligament (3, seen in cross-
section) in contact with the posterior articular
facet of the dens

+ the transverso-occipital ligament (4)
between the superior margin of the transverse
ligament and the basilar process of the
occipital bone

« the transverso-axial ligament (5) between
the inferior margin of the transverse ligament
and the posterior surface of the body of the
axis (these last three ligaments form the
cruciate ligament)

« The median occipito-axial ligament (7),
behind the cruciate ligament, runs from the
basilar process to the posterior surface of the
body of the axis and is continuous posteriorly
with the lateral occipito-axial ligaments
(not shown here)

+ the capsule of the atlanto-occipital joint (9)

+ the posterior longitudinal ligament (12),
lying behind the median and lateral occipito-
axial ligaments, is inserted into the groove in
the basilar process and the inferior border of
the axis; it spans the full length of the spine
down to the sacral canal

« the anterior atlanto-occipital membrane,
lying anterior to the apical ligament of dens,

is made up of a deep (13) and of a superficial
(14) band and runs from the basilar process
to the anterior arch of the atlas

+ the anterior atlanto-axial ligament (16) is
a downward prolongation of the anterior
atlanto-occipital ligament and runs from the
inferior border of the arch of the atlas to the
body of the axis. Anterior to the dens and to
the apical ligament of dens, and posterior to
the median atlanto-occipital and atlanto-axial
ligaments, there is a fibro-adipose space
which contains the median atlanto-axial joint
and its capsule (17)

+ the anterior longitudinal ligament (18)
overlies all these ligaments anteriorly. It arises
from the basilar process, bridges over the
anterior arch of the atlas and is inserted into
the body of the axis (18"). From there it
extends along the anterior surfaces of the
vertebrae right down to the sacrum and is
attached to the anterior borders of the
intervertebral discs (d) and the vertebral
bodies (v).

The posterior arches are linked by the following
ligaments:

« The posterior atlanto-occipital ligament
(19), running from the posterior margin of
the foramen magnum to the posterior arch of
the atlas, is the equivalent of a ligamentum
flavum 19" It is pierced (C1) on each side
just behind the lateral mass of the atlas by the
ascending occipital artery and the exiting
first cervical nerve.

+ The posterior atlanto-axial ligament (21),
connecting the posterior arches of the atlas to
the axis like a ligamentum flavum, is
pierced (C2) behind the atlanto-axial joint by
the exiting second cervical nerve.

+ The interspinous ligament (22), which
unites the posterior arch of the atlas and the
spinous process of the axis, interconnects the
spinous processes of the cervical vertebrae
below.

» The ligamentum nuchae (23), a very thick,
fibrous septum homologous to a supraspinous
ligament, is attached to the midline of the
occipital bone and separates the nuchal
muscles into two compartments, a right and a
left.

+ The capsule of the facet joint (24) between
the axis and C3 bounds posteriorly the
intervertebral foramen (C3) containing the
third cervical nerve.

* The ligamentum flavam (25) unites the
posterior arches of the axis and C3.
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The suboccipital ligaments

Figure 27 illustrates the arrangement of the sub-

occipital ligaments; it is a posterior view of the

cervical spine taken in a wverticofrontal plane

through the posterior arches (f, t, 1), which

have been resected. The structures shown in

Figure 26 are still visible, with the addition of

the following:

« the intracranial surface (a) and a cross-section
(b) of the occipital squama

+ the occipital condyles (¢)

+ the lateral masses of the atlas (d) and its
anterior arch (¢)

+ the atlanto-axial joints with the inferior
facets of the lateral masses of the atlas (1) and
the superior facets of the axis (m)

« a section of the pedicle and of the articular
process of the axis (t)

+ the posterior surface of the body of the axis,
the articular facet (h) on the posterior aspect
of the dens and the transverse ligament

+ the posterior surface of the body of C3 (@)
with cross-sections of its laminae ().

The following ligaments are attached to the various
bones:

« in the deep plane (Fig. 28):
- the apical ligament of dens (1)

- the two alar ligaments (2)

- the transverse ligament (3), running
horizontally between the two lateral masses
of the atlas

- the transverso-occipital ligament (4),
which has been cut flush at the posterior
margin of the transverse ligament and
folded upwards

- the transverso-axial ligament (5),
similarly resected and folded downwards

 in the intermediate plane (Fig. 29):

- the intact cruciate ligament (6), made up
of the transverse, the transverso-occipital
and the transverso-axial ligaments

- laterally, the capsular ligament of the
atlanto-occipital joint (9), reinforced
laterally by the alar ligament (10) above
and the capsule of the atlanto-axial joint
(11) below

« in the superficial plane (Fig. 30)

- the median occipito-axial ligament (7)
directly continuous with the alar ligaments
(8) laterally and the posterior
longitudinal ligament (12) axially.
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Figure 29 Figure 30

The legends are the same for all figures.
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The suboccipital ligaments (continued)

Figures 31 and 33 show only the bony structures,
whereas Figures 32 and 34 also show the attached
ligaments.

Figure 31 (anterior) illustrates all the bony struc-
tures already mentioned. Figure 32 contains the
anterior ligaments as follows:

the anterior atlanto-occipital membrane,
with its deep (13) and superficial (14) layers,
the latter partially overlying the capsule of the
atlanto-occipital joint (9)

the anterolateral atlanto-occipital
membrane (15) lying anterior to the former
and running obliquely from the basilar
process of the occipital bone to the transverse
process of the atlas

the anterior atlanto-axial ligament (16),
continuous laterally with the capsule of the
atlanto-axial joint (11)

the anterior longitudinal ligament (18),
shown only in its left half

the capsular ligament of the joint between
the axis and C3 (23).

A posterior view of the bony structures (Fig.
33) shows the posterior arches of the atlas, of the
axis and of the third vertebra, with the spinal
canal visible between the vertebrae and the
foramen magnum between the atlas and the
occipital squama.

A posterior view of the ligaments (Fig. 34)
shows on the right side the ligaments covering
the anterior surfaces of the spinal canal (already
illustrated in Fig. 29):

 the alar (7) and the lateral occipito-axial (8)
ligaments

« the capsular ligament of the atlanto-
occipital joint (9), reinforced by the lateral
atlanto-occipital ligament (10)

+ also seen is the vertebral artery as it runs
upwards through the foramina transversaria
and bends posteriorly and then medially to
skirt the posterior border of the lateral mass
of the atlas (25).

On the left side the posterior ligaments include
the following:

+ the posterior atlanto-occipital membrane
(19), covered by the atlanto-occipital ligament
(20), and extending from the occipital squama
to the transverse process of the atlas

+ the posterior atlanto-axial ligament (21)

+ the interspinous ligaments (22) covered by
the ligamentum nuchae (only their left halves
are shown here)

* finally, the capsular ligament of the joint
between the axis and C3 (24).

The following are also visible in Figure 34:

+ the first cervical nerve (26) emerging from
the foramen for the vertebral artery

« the second cervical nerve (27), whose
posterior ramus gives off the greater occipital
nerve

+ the posterior ramus of the third cervical
nerve (28) exiting through the intervertebral
foramen, i.e. in front of the joint between the
axis and C3 (24).



Figure 31 Figure 32
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Figure 33 Figure 34

The legends are the same for all figures.
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The structure of a typical cervical vertebra

A posterosuperior view (Fig. 35) of a cervical
vertebra illustrates its wvarious components
(which are also shown ‘disassembled’ in Fig. 36)
as follows:

+ The vertebral body (1) with its superior
discal surface (2) is raised on both sides by
two transversely flat buttresses, i.e. the
uncinate processes (3 and 3"), which enclose
the articular surfaces for the inferior discal
surface of the overlying vertebra.

« Also seen are the flat area (4) on the anterior
margin of the superior discal surface and the
beak-like antero-inferior prolongation (5) of
the anterior margin of the inferior discal
surface.

As a whole, the superior discal surface is con-
cave transversely and convex anteroposteriorly
just like a saddle. With the help of the inter-
vertebral disc (not shown) it articulates with the
reciprocally shaped inferior discal surface of
the overlying vertebra. This articular complex
is similar to a saddle joint and allows flexion-
extension to occur preferentially, since lateral
flexion is restricted by the uncinate processes,
which guide the anteroposterior movements
during flexion-extension.

« To the posterior part of the lateral surface of
the vertebral body are attached the pedicles
(6 and 6", which give origin to the posterior
arches and the anterior roots of the
transverse processes (7 and 7).

The cervical transverse processes are unusual in
their shape and orientation (Fig. 37): they are hol-
lowed into a superiorly concave groove, and they
are directed anteriorly and laterally, forming an
angle of 60° with the sagittal plane. However, they
slope slightly obliquely downwards at an angle of
15°. The posteromedial extremity of the groove

lines the intervertebral foramen, and its antero-
lateral extremity is flanked by two tubercles,
which give attachment to the scalene muscles.
The groove is perforated by the foramen trans-
versarium, through which ascends the verte-
bral artery. The cervical nerve, leaving the
vertebral canal at the intervertebral foramen, runs
along this groove and crosses the vertebral artery
at right angles before emerging between the two
tubercles of the transverse process.

= This foramen in the groove of the transverse
process gives the impression that the process
arises by two roots, i.e. one attached directly
to the vertebral body and the other to the
articular process.

+ The articular processes (9 and 9" lie
posterior and lateral to the body, to which
they are connected by the pedicles (6 and
6). They bear the articular facets; only the
superior facets (10 and 10"), which articulate
with the inferior facets of the overlying
vertebra, are shown here.

» The posterior arch is completed by the
laminae (11 and 11", which meet in the
midline to form the bifid spinous process
12).

* The posterior arch is thus made up
successively of the pedicles, the articular
processes, the laminae and the spinous
processes.

» The intervertebral foramen is bounded
inferiorly by the pedicle, medially by the
vertebral body and the uncinate process, and
laterally by the articular process.

» The vertebral canal (C) is triangular in shape

and is bounded anteriorly by the vertebral
body and posteriorly by the vertebral arch.
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The ligaments of the lower cervical spine

The very unusual intervertebral ligaments in the
suboccipital region have already been presented.
Some of them extend down into the lower cervi-
cal region. The lower cervical intervertebral liga-
ments can be seen in detail on a section taken
in perspective from behind and from the left
side (Fig. 38) and revealing a cervical vertebra cut
sagittally with its superior discal surface (a) and
its raised uncinate process (b). This vertebra is
united to the underlying vertebra by the inter-
vertebral disc with its clearly visible compo-
nents, i.e. the annulus fibrosus (1) and the nucleus
pulposus (2).

The anterior longitudinal ligament (3) and the
posterior longitudinal ligament (4) lie respec-
tively anterior and posterior to the vertebral body.
On each side the uncovertebral joint is bounded
by a capsule (5).

The facet joints are formed by articular facets (d)
united by a capsule (6), which is also shown
opened (6). Between the laminae on both sides
run the ligamenta flava (7), one of which is shown
after transection (7).

The spinous processes (j) are interconnected by
the interspinous ligaments (8) continuous post-
eriorly with the supraspinous ligament, which is
well defined in the cervical region as the liga-
mentum nuchae (9) and gives attachment on its
two surfaces to the trapezius and the splenius.

The transverse processes with their anterior (¢)
and posterior (f) tubercles are interconnected by
the intertransverse ligaments (10).

Also visible at the level of the transverse process
are the foramen transversarium (g) and the
intervertebral foramina (i), which are bounded as
follows:

+ superiorly by the vertebral pedicle (h)

+ posteriorly and laterally by the articular
processes and the facet joint

« anteriorly and medially by the vertebral
body, the intervertebral disc consisting of
the annulus fibrosus (1), the nucleus pulposus
(2) and the uncinate process (b).
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Flexion-extension in the lower

cervical spine

In the neutral position the vertebral bodies
(Fig. 39, lateral view) are united by an inter-
vertebral disc, whose nucleus pulposus is stable
and whose annulus fibrosus is evenly stretched.

The cervical vertebrae (Fig. 40) are also con-
nected by their articular processes, whose facets
are oblique inferiorly and posteriorly. In the lower
cervical spine these facets are slightly concave
anteriorly in the parasagittal plane, with their
centres of curvature lying quite far inferiorly and
anteriorly. As a result of the cervical lordosis,
these centres of curvature are set farther apart
than the planes of the articular surfaces them-
selves. On page 218 the significance of the con-
vergence of these axes will become apparent.

During extension the body of the upper verte-
bra (Fig. 41) tilts and glides posteriorly, the inter-
vertebral space becomes narrower posteriorly
than anteriorly, the nucleus is driven slightly ante-
riorly and the anterior fibres of the annulus are
stretched further. Since this posterior gliding of
the vertebral body does not occur around the
centres of curvature of the articular facets, the
interspace of the facet joints (Fig. 42) gapes ante-
riorly. In fact, the superior facet not only glides
inferiorly and posteriorly relative to the inferior
facet, it also forms with it an angle x’, which is
equal to the angle of extension X and to the angle
x” between the two normals to these articular
facets.

Extension (blue arrow E) is checked by the
tension developed in the anterior longitudi-
nal ligament and especially by bony contact,
i.e. the impact of the superior articular process of
the lower vertebra on the transverse process of
the upper vertebra, and especially the impact
of one posterior arch on the other via their
ligaments.

During flexion the body of the upper vertebra
(Fig. 43) tilts and glides anteriorly, compressing

the intervertebral disc anteriorly, chasing the
nucleus posteriorly and stretching the posterior
fibres of the annulus. This anterior tilting of the
upper vertebra is helped by the flat area in the
superior surface of the lower vertebra, which
allows the beak-like projection of the inferior
surface of the upper vertebra to move past.

Just as with extension, flexion of the upper verte-
bra (Fig. 44) does not occur around the centres
of curvature of the articular facets. As a result, the
inferior facet of the upper vertebra moves superi-
orly and anteriorly, while the joint space between
these facets is opened out inferiorly and posteri-
orly by an angle y’, which is equal to the angle of
flexion y and to the angle y” between the two
normals to the articular facets.

Flexion (red arrow F) is not checked by bony
impact but only by the tension developed in
the posterior longitudinal ligament, the cap-
sular ligaments of the facet joints, the ligamenta
flava, the interspinous ligaments and the ligamen-
tum nuchae (the cervical supraspinous
ligament).

During car accidents with impact from behind
or from in front, the cervical spine is often very
strongly extended and then flexed. This produces
the whiplash injury. related to stretching or
even tearing of the various ligaments, and in
extreme cases to anterior dislocation of the
articular processes. The inferior articular pro-
cesses of the upper vertebra become hooked onto
the anterosuperior margins of the articular pro-
cesses of the lower vertebra. This type of dis-
location, including this hooking process, is very
difficult to reduce and endangers the medulla
oblongata and the cervical cord with the risk of
sudden death, quadriplegia or paraplegia.
This underscores the need for caution in the
handling of people with this type of injury.
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The movements at the uncovertebral joints

In addition to the movements at the facet joints
and at the intervertebral discs there are in the
cervical region movements taking place at two
additional small articular processes, i.e. at the
uncovertebral joints.

A coronal section (Fig. 45) shows two vertebral
discal surfaces and the disc with its nucleus and
its annulus, but the disc does not reach the edge
of the vertebra. In fact the superior surface is
raised laterally by two buttresses lying in a sagittal
plane. Each uncinate process has its cartilaginous
articular surface facing upwards and inwards
and articulates with the inferolateral border of the
upper vertebra, via a semilunate cartilaginous
articular surface facing downwards and out-
wards. This small joint is enclosed in a capsule
blending with the intervertebral disc: it is
therefore a synovial joint. During flexion-
extension, when the body of the upper vertebra
glides anteriorly or posteriorly, the articular facets
of the uncovertebral joints also glide relative to
cach other. The uncinate processes guide the ver-
tebral body during this movement.

During lateral flexion (Fig. 46) the interspaces
of these uncovertebral joints gape by an angle a’
or a”, equal to the angle of lateral flexion a and
to the angle between the two horizontal lines nn’
and l'llII‘.:.: joining the transverse processes. The
diagram also shows the contralateral displace-
ment of the nucleus and stretching of the capsular
ligament of the ipsilateral uncovertebral joint.

In real life the movements of the uncovertebral
joints are far more complex. We shall see later
(p. 218) that pure lateral flexion does not occur
but is always associated with rotation and
extension. Therefore, during these movements,
the interspace of the uncovertebral joint gapes
not only superiorly or inferiorly but also anteriorly
as the upper vertebra moves backwards. The
diagrams (Figs 47 and 48, seen in perspective
with extremely simplified vertebrae) are meant
to explain how these movements take place. It
would be a good idea to come back to these dia-
grams after mastering the mechanism of combined
lateral flexion-rotation.
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Orientation of the articular facets: the
composite axis of lateral flexion-rotation

Lateral flexion and rotation in the lower cervical
spine are governed by the orientation of the
articular facets of the articular processes, which
precludes any pure rotation or pure lateral
flexion.

Figure 49 shows that the superior articular facets
of a midzone cervical vertebra, e.g. the fifth cer-
vical vertebra (C5), are flat and lie within the
same plane P, oblique inferiorly and posteriorly.
Therefore, any gliding of the overlying vertebra
(C4) can only be of two types:

+ a global gliding movement upwards, i.c.
equivalent to flexion or a global gliding
movement downwards, equivalent to
extension

« a differential gliding movement with the
left facet of C4 moving upwards and forwards
(arrow a) while the right facet moves
downwards and backwards (arrow b). This
differential gliding in the plane P is therefore
tantamount to a rotation around an axis A
perpendicular to plane P and lying in the
sagittal plane. The rotation of C4 around the
inferiorly and anteriorly oblique axis A
imparts to it a combined movement of
rotation-lateral flexion, which depends on the
obliquity of axis A.

Horizontal sections taken through the facet
joints show that the superior and inferior surfaces
of these facets are not strictly flat but are:

+ slightly convex posteriorly for C6 and C7
(Fig. 50)

+ slightly concave posteriorly for C3 and C4
(Fig. 51).

These observations do not contradict the previous
statements, since the plane P (Fig. 49) can be
replaced by a wide spherical surface whose centre
of curvature would lie on the axis A below the
vertebra A’ for C6 and C7 (Fig. 52) and above
the vertebra A” for C3 and C4 (Fig. 53). Thus the
composite axis of lateral flexion-extension still
coincides with the axis A of Figure 49.

A lateral radiograph of the cervical spine
(Fig. 54) illustrates the direction of the planes of
the articular facets as follows:

* The planes a to f are all oblique relative to
the vertical.

* Moreover, their obliquity increases
caudocranially. Thus the plane f,
corresponding to the interspace between C7
and T1, forms an angle of only 10" with the
horizontal, whereas the plane a,
corresponding to the interspace between C2
and C3, forms an angle of 40-45° with the
horizontal. Therefore, there is an angle of
30-35" between the planes of the lowest (f)
and of the highest (a) interspaces.

These planes, however, do not exactly converge
at the same point. The obliquity of these planes
fails to increase regularly caudocranially, with the
last three planes (d-f) almost parallel, and the first
three planes (a-c) strongly convergent.

If a median is drawn at the level of each articular
facet, the obliquity of the axes 1-6 increases regu-
larly and fits within an angle of 30-35°, but impor-
tantly the lower axis 6 is nearly vertical, indicating
an almost pure rotation at this level, whereas the
highest axis 1 forms an angle of 40-45° with the
vertical, indicating almost equal rotation and
lateral flexion at this level.

Figure 54 (diagram after Penning) also contains
small black crosses indicating the centres of
rotation and corresponding to the location of
the transverse axis of flexion-extension of each
upper vertebra. In the craniocaudal direction
these centres of motion shift progressively more
upwards and forwards in the vertebral body. The
positions of these centres do not coincide with
the theoretical centres (shown as small black
stars) obtained from lateral radiographs taken in
extreme positions of flexion and extension.



Figure 54
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Combined lateral flexion-rotation in
the lower cervical spine

The obliquity of the axis at each level of the spine
accounts for the combined movement of lateral
flexion and rotation, which is added to the
movements of flexion-extension. Along the
whole length of the lower cervical spine
between C2 and T1 (Fig. 55, diagrammatic repre-
sentation of the lower central cervical spine) there
is an additional component of extension. In fact,
at the level of T1, which lies along the spinal axis,
movement between C7 and T1 leads to combined
lateral flexion-rotation of C7, whereas movement
between C6 and C7, which already starts in a posi-
tion of lateral flexion-rotation, will lead this time
not only to combined rotation-lateral flexion but
also to an additional movement of extension.
This combination of movements becomes more
pronounced caudocranially. If this composite
movement of the lower cervical spine is resolved
along the three planes of reference with the use
of anterior and lateral radiographs (unfortunately

transverse radiographs cannot be taken, but CT
scans can now be done), then the following three
components can be observed:

 in the coronal plane (C) a component of
lateral flexion (L)

» in the sagittal plane (S) a component of
extension (E)

* in the transverse or horizontal plane (T) a
component of rotation (R).

Therefore, apart from flexion-extension, the cervi-
cal spine can only perform stereotypical move-
ments of mixed lateral flexion-rotation-extension,
with extension being automatically offset in
part by flexion in the lower cervical spine itself.
Conversely, as we shall see (p. 228), the other
unwanted components can only be offset in the
upper cervical spine.



Figure 56
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Figure 55
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Geometric illustration of the movement of

lateral flexion-rotation

The movement of lateral flexion-extension
can be illustrated geometrically (Fig. 57) by
simply using a three-dimensional diagram featur-
ing the plane R of lateral flexion-rotation occur-
ring about an axis u. Since axis u is oblique, the
plane R is also oblique at an angle a relative to the
coronal (C) and transverse or horizontal (T) planes
of reference. The sagittal plane S, perpendicular
to the other two, contains the segment k (in red),
which corresponds to the axis of symmetry of the
upper vertebra as it rotates around the axis u.

This segment rotates to the right in the plane R
around its axis (u) over an angle b, which is pro-
jected onto the transverse plane T as angle c. Its
final position (1) then lies in the vertical plane P,
which has simultaneously turned around the verti-
cal line passing through o. In this new position
the segment 1 is projected to 1" in the plane C.
Likewise, in the plane T, this rotation is measured
as the angle at 0” between planes S and P. These
projections represent:

+ the component of lateral flexion in the
plane C

» the component of rotation in the plane T.

When the upper vertebra rotates around the axis
u it shifts its own axis of rotation to u” while the
next upper vertebra shifts its axis to u”. This
explains how a new component of extension is
generated, which can be calculated with the use
of trigonometry. We shall not try to do so here.

The diagram (Fig. 58, in perspective) includes two
cervical vertebrae one on top of the other and
displays the right rotation (red arrow) of the upper
vertebra around the axis u, while its left lateral
masses move forwards and its right lateral masses
recede. This rotation is represented by the dashed
lines passing through the superior articular sur-
faces of each vertebra.



Figure 57
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Figure 58
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Mechanical model of the cervical spine

From a knowledge of the structural ideas already
presented, and of the functional separation of the
upper suboccipital and lower segments of the
cervical spine, we have devised a mechanical
model (Fig. 59) that illustrates the various modes
of action of the joints in the cervical spine.

For the lower cervical spine between C2 and
T1, only the composite movements of lateral
flexion-rotation are shown taking place around
oblique axes (see p. 220) in accordance with their
anatomical obliquity and orientation relative to
the vertebral bodies, which in this model are not
connected by intervertebral discs. The vertebral
bodies themselves limit the movements of lateral
flexion-rotation. We have deliberately omitted
the movements of flexion-extension in order to
bring out those of lateral flexion-rotation.

The suboccipital cervical spine has been built
in strict accordance with its mechanical proper-
ties, and it comprises the following:

« a vertical axis corresponding to the dens
and allowing rotation and some flexion-
extension of the elliptical end-plate
representing the atlas, as a result of some
mechanical play deliberately introduced
between the end-plate and C2

« an articular complex of small range
corresponding to the atlanto-occipital joint. It
has three orthogonal axes as follows:

- a vertical axis sited in the centre of the
atlas end-plate

- two axes perpendicular to each other and
to the vertical axis. They represent the two
axes of a universal joint corresponding to
the axes of lateral flexion-rotation and
flexion-extension at the atlanto-occipital
joint.

The full details are clearly illustrated in Figure 64
on page 231.

Globally the suboccipital spine is the equivalent
of an articular complex with three axes and
three degrees of freedom, connecting C2 to the
occipital bone, which is shown in this model as a
horizontal plank containing the three main refer-
ence planes of the head:

« the sagittal plane in light grey
+ the coronal plane in white

 the transverse plane represented by a grey-
tinted plank lying below the other two.

This model allows one to understand how the two
segments of the cervical spine are functionally
complementary and how lateral flexion-right
rotation of the lower segment is changed into
pure lateral flexion in the suboccipital segment
by the loss of unwanted components due to a
contralateral rotation and a small flexion.

By cutting out and folding the simplified
mechanical model provided at the end of the
book (see p. 317) the reader will be able to verity
these observations.
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Movements of lateral flexion-rotation in

the mechanical model

In this detailed view of the lower cervical
spine (Fig. 60) each vertebra corresponds func-
tionally to a posterior arch represented by a small
plank lying obliquely downwards and backwards
and supported by a wedge-shaped block. If we
compare Figure 60 and Figure 54 (p. 219), it is
obvious that the role of these wedge-shaped
blocks is to reproduce the convergence of the
planes of the articular surfaces and thus to repro-
duce the cervical lordosis.

The oblique axis of each vertebra is shown here
by a screw, which passes at right angles to the
corresponding articular surface and provides
linkage for the upper vertebra. Thus the upper
vertebra can only move relative to the lower ver-
tebra by rotation about this oblique axis (see Fig.
54). If this model is rotated successively around

its six axes, it will show a lateral flexion combined
with a 50° range of rotation (Fig. 61), correspond-
ing to that of the lower cervical spine, as well as
a small component of extension not easily seen in
these diagrams.

Also worth noting is the shape of the upper
surface of C2, which functionally represents the
atlanto-axial joint (see Fig. 64, p. 231):

* it is convex anteroposteriorly, corresponds to
the superior articular facets of the axis and
allows movements of flexion-extension of the
atlas to occur (not shown here)

« its vertical axis juts out and functionally
represents the dens, which allows movements
of rotation to take place.
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Comparison of the model and the cervical
spine during movements of lateral

flexion-rotation

An anterior view of the model (Fig. 62) reveals
that the final phase of pure rotation produces a
lateral flexion of 25° in the lower cervical spine
during combined lateral flexion-rotation, i.e. its
stereotypical movement. In a radiograph taken
strictly in the midsagittal plane (Fig. 63), this
lateral flexion can be seen to correspond exactly
to a 25° lateral flexion of the axis with respect to
the vertical plane.

From these two observations it can be concluded
that, on the one hand, movements of lateral

flexion are always associated with rotation
in the cervical spine (as shown by Fick and Weber
at the end of the nineteenth century) and, on the
other hand (as more recently advanced by Penning
and Brugger), that movements of lateral flexion
in the lower cervical spine are offset in the
suboccipital spine to produce pure rotation, and
inversely that movements of rotation of the lower
cervical spine are offset in the suboccipital
spine to obtain pure lateral flexion (see Fig. 59,
p. 225).
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Compensations in the suboccipital spine

A detailed diagram of the mechanical model
of the cervical spine (Fig. 64) in the position of
pure rotation illustrates the mechanical structure
of the upper cervical spine and the compensating
mechanisms destined to achieve pure rotation.

From top to bottom the following can be seen:

« the horizontal plate (A) representing the basi-
occiput (B)

« attached to the inferior surface of the basi-
occiput are two props in the coronal plane B,
representing the anteroposterior axis (4) of
lateral flexion of the atlanto-occipital joint
articulating with the intermediate piece C.
The transverse axis (3) of flexion-
extension at the atlanto-occipital joint passes
through this intermediate piece C, which is
supported by the vertical strips D" directly
connected to the horizontal plate D. The
latter rotates on plate E around a vertical axis
(2). representing the axis of rotation of the
atlanto-occipital joint (obscured by C in the
diagram)

« the plate E, which is functionally equivalent
to the atlas, articulates with the axis vertebra
F by a vertical piece 1 representing the dens
and shown here as a partly tightened screw.
This arrangement allows both movements of
rotation and of flexion-extension on the
convex superior surface of the axis F.

The diagram of the model (Fig. 64) also shows the

mechanical elements corresponding anatomically

to the various components of the suboccipital

spine:

« the axis vertebra F with its dens
corresponding to axis 1

 the atlas E articulating with the dens and the
superior surface of the axis vertebra

« the occipital bone A, overlying a functional
complex with three orthogonal axes
corresponding to those of the atlanto-axial
joint, i.e. the axis of rotation (2), the axis of
flexion-extension (3) and the axis of lateral
flexion (4). This is equivalent to a universal
joint.

When the cervical spine is in a position of lateral

flexion-rotation, pure rotation of the occipital

bone is ensured by three corrective move-

ments, which must take place in this suboccipital

complex with its three axes and its three degrees

of freedom:

+ rotation to the right around axes 1 and 2
occurring mostly at the atlanto-axial joint

(angle a) and at the atlanto-occipital joint
(angle b)

» extension taking place around axis 3 (angle
¢) and offsetting the flexion that would occur
as a result of pure rotation to the right on
axis 1

+ finally, a small degree of lateral flexion in
the opposite direction (angle d) taking
place around axis 4.

Anatomically speaking, the movements occur in
the suboccipital spine with the help of the small
suboccipital muscles (see p. 250), which can be
called the fine-tuners, since they are strikingly
similar to the small control rockets that main-
tain the orientation of a satellite relative to its
fixed landmarks.

The complementary rotation of the suboccipital
spine to the right is elicited (see p. 252) by the
contraction of the obliquus capitis inferior, the
right rectus capitis posterior major and the left
obliquus capitis superior, which are also extensor
muscles. Lateral flexion to the left is achieved by
the left obliquus capitis superior, the left rectus
capitis lateralis and the left rectus capitis anterior
Minor.

During pure lateral flexion of the head to the
right (Fig. 59, p. 225) the component of counter-
rotation to the left is produced by contraction of
the obliquus capitis inferior and the two left pos-
terior recti; the complementary lateral flexion
to the right is produced by the two right posterior
recti and the right obliquus capitis superior.
Finally, the component of extension produced
by these three muscles is offset by the right longus
capitis, rectus capitis anterior and rectus capitis
lateralis.

Thus the mechanical model, which the reader can
casily construct in a simplified version, makes it
easier to understand the anatomical and functional
link between the following:

« on the one hand, the lower cervical spine,
which shows its stereotypical movement of
torsion combining lateral flexion, rotation and
extension and is equipped with muscles
ideally situated for this type of movement, i.e.
long muscles running an oblique course
inferiorly, laterally and posteriorly

« on the other hand, the upper cervical spine,
made up of an articular complex with three
axes and three degrees of freedom and
equipped with fine-tuning muscles.
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Ranges of movements of the cervical spine

By comparing lateral photographs taken in the
extreme positions of flexion-extension (Fig.
65), it has been established that:

« the total range of flexion-extension in the
lower cervical spine is 100-110° (LCS)

« the total range of flexion-extension for the
entire cervical spine is 130° (ECS) with
reference to the plane of the bite

« by subtraction, the range of flexion-extension
in the suboccipital region is 20-30" (8OS).

Likewise, anteroposterior views taken in lateral
flexion of the head (Fig. 66) show that the total
range of lateral flexion is about 45°. By drawing

a line joining the two transverse processes of the
atlas and a line joining the bases of the mastoid
processes, it can be deduced that the range of
lateral flexion is about 8° in the suboccipital spine,
i.e. occurring solely in the atlanto-occipital
joint.

The range of rotation is more difficult to evalu-
ate, especially as regards its various segmental
components (Fig. 67). The total range of rotation
on either side varies from 80° to 90°, including 12°
in the atlanto-occipital joint and 12° in the atlanto-
axial joint.
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Balancing the head on the cervical spine

The head is perfectly balanced when the gaze
is horizontal (Fig. 68). In this position the plane
of the bite (PB), shown here as a piece of card-
board held tightly between the teeth, is also hori-
zontal, as is the auriculonasal plane (AN), which
passes through the superior border of the exter-
nal auditory meatus and the nasal spine.

Globally, the head corresponds to a first-class
lever:

+ the fulcrum (O) resides in the occipital
condyles

« the resistance (G) is produced by the weight
of the head acting through its centre of
gravity near the sella turcica

« the effort (E) is provided by the posterior
neck muscles as they must counterbalance
the weight of the head, which tends to tilt
forward.

The anterior location of the head’s centre of
gravity explains why the posterior neck muscles
are relatively more powerful than the flexor
muscles of the neck. In fact, the extensors counter-
act gravity, whereas the flexors are helped by

gravity. This also explains why the posterior neck
muscles are always tonically active to prevent
the head from drooping forwards. When the body
is lying down during sleep the tone of the muscles
decreases and the head falls on the chest. The
cervical spine is not straight but lies concave
posteriorly, i.e. the cervical lordosis, which
can be defined by the following:

+ the chord subtending the arc (¢) and
corresponding to the straight line running
from one occipital condyle to the ipsilateral
postero-inferior corner of C7

+ the perpendicular (p) joining the chord to
the postero-inferior corner of C4.

This perpendicular increases with accentuation
of the cervical curvature and equals zero when
the cervical spine is straight. It can even become
negative when during flexion the cervical spine
becomes concave anteriorly. On the other hand,
the chord is shorter than the full length of the
cervical spine and equals it only when the cervical
spine is straight. Thus a cervical index could be
established along the lines of the Delmas index
(see Chapter 1, p. 14).
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The Cervical Spine

Structure and function of the
sternocleidomastoid muscle

This muscle should be called the sternocleido-
occipitomastoid muscle, since it comprises four
distinct heads (Fig. 69):

+ a deep head, the cleidomastoid (Cm)
stretching from the medial third of the
clavicle to the mastoid process

« the other three heads can be teased out into
an ‘N’ shape, but they are in reality very
closely interwoven except in their
inferomedial part near the medial end of the
clavicle, i.e. Sedilot’s fossa, where the
cleidomastoid shows through.

These three superficial heads are:

« the cleido-occipital (Co), which overlies the
bulk of the cleidomastoid and is inserted far
back into the superior nuchal line of the
occipital bone

« the sterno-occipital (So), which is closely
associated with the sternomastoid and is
inserted along with the cleido-occipital into
the superior nuchal line

« the sternomastoid (Sm), which arises with
the sterno-occipital by a common tendon
from the superior margin of the manubrium
sterni to be inserted into the superior and
anterior borders of the mastoid process.

Globally, this muscle forms a wide and always
clearly visible muscle sheet, stretched over the
anterolateral surface of the neck and running an
oblique course inferiorly and anteriorly. Its most
conspicuous portion lies inferiorly and anteriorly
and consists of the common tendon of the sterno-
occipital and the sternomastoid.

The two sternocleidomastoid muscles form a
fleshy fusiform mass clearly visible under the skin,
and their two sternal tendons of origin border
the suprasternal notch, which is always obvious
regardless of the degree of portliness.

Unilateral contraction of the sternocleido-
mastoid (Fig. 70) gives rise to a complex move-
ment with three components:

« contralateral rotation (R) of the head
« ipsilateral lateral flexion (LF)
+ extension (E).

This movement raises the gaze and directs it to
the side opposite to that of the contracting muscle.
This position of the head is typical of congenital
torticollis, which is often due to an abnormally
short muscle on one side. We shall discuss in
detail later (p. 260) the effects of concurrent
bilateral contraction of the muscle, which vary
according to the state of contraction of the other
neck muscles as follows:

* if the cervical spine is mobile, this bilateral
contraction accentuates the cervical
lordosis with extension of the head and
flexion of the cervical spine on the thoracic
spine (see Fig. 99, p. 263)

« conversely, if the cervical spine is Rept rigid
and straight by contraction of the prevertebral
muscles, then bilateral contraction produces
flexion of the cervical spine on the
thoracic spine and forward flexion of the
head (see Fig. 100, p. 263 and Fig. 103, page
265).
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The prevertebral muscles: the longus colli

The longus colli (Fig. 71) is the deepest of the
prevertebral muscles and runs on the anterior
surface of the cervical spine from the anterior
arch of the atlas to C3. Anatomists mention three
parts:

+ an oblique descending part (d), attached to
the anterior tubercle of the atlas and to the
anterior tubercles of the transverse processes
of C3-C6 by three or four tendinous slips

« an oblique ascending part (), attached to
the bodies of T2 and T3 and to the anterior
tubercles of the transverse processes of C4-
C7 by three or four tendinous slips

« the longitudinal part (1), lying deep to the
former two parts and just lateral to the

midline. It is attached to the bodies of T1-T3
and of C2-C7.

Thus the longus colli, on either side of the midline,
carpets the whole anterior surface of the cervical
spine. When both muscles contract simultane-
ously and symmetrically they straighten the cervi-
cal curvature and flex the neck. They are also
critical in determining the static properties of the
cervical spine.

Unilateral contraction produces forward flexion
and lateral flexion of the cervical spine on
the same side.
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The prevertebral muscles: the longus
capitis, the rectus capitis anterior and
the rectus capitis lateralis

These three muscles belong to the upper segment
of the cervical spine (Fig. 72) and almost com-
pletely overlie the upper part (d, a and D of the
longus colli.

The longus capitis

As the most median of these three muscles, the
longus capitis (Ic) is in contact with its contra-
lateral counterpart and is attached to the inferior
surface of the basi-occiput in front of the foramen
magnum. It overlies the upper part of the longus
colli (d) and arises from the anterior tubercles of
the transverse processes of C3-C6 by discrete
tendinous slips.

It moves the suboccipital cervical spine and the
upper part of the lower cervical spine. When both
muscles contract together they flex the head on
the cervical spine and straighten the upper
part of the cervical lordosis. Unilateral contrac-
tion produces forward flexion and lateral
flexion of the head ipsilaterally.

The rectus capitis anterior

The rectus capitis anterior (ra) lies posterior and
lateral to the longus capitis and extends between

the basi-occiput and the anterior surface of the
lateral mass of the atlas up to the anterior tubercle
of its transverse process. It runs obliquely inferi-
orly and slightly laterally.

Its simultaneous bilateral contraction flexes the
head on the upper part of the cervical spine, i.c.
at the level of the atlanto-occipital joint. Its
unilateral contraction produces a triple movement
combining flexion, rotation and lateral flexion
of the head ipsilaterally. These movements occur
at the atlanto-occipital joint.

The rectus capitis lateralis

The rectus capitis lateralis (r]) is the highest of the
intertransverse muscles and is attached above to
the jugular process of the occipital bone and
below to the anterior tubercle of the transverse
process of the atlas. It lies lateral to the anterior
rectus and overlies the anterior surface of the
atlanto-occipital joint.

Its simultaneous bilateral contraction flexes the
head on the cervical spine; its unilateral contrac-
tion produces a slight degree of lateral flexion
ipsilaterally. Both these movements take place at
the atlanto-occipital joint.
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The prevertebral musciles:

the scalene muscles

The three scalene muscles (Fig. 73) span the
anterolateral surface of the cervical spine like true
muscular stays. They connect the transverse
processes of the cervical vertebrae to the first and
second ribs.

The anterior scalene muscle

The anterior scalene (sa) is triangular with its
apex lying inferiorly and arises by four tendons
from the anterior tubercles of the transverse pro-
cesses of C3-C6. Its fibres converge into a tendon
for insertion into the scalene tubercle (Lisfranc’s
tubercle) on the upper surface of the anterior
extremity of the first rib. The general direction of
the muscle is oblique inferiorly, anteriorly and
laterally.

The middle scalene muscle

The middle scalene (sm) lies in contact with the
deep surface of the anterior scalene and arises by
six tendinous slips from the anterior tubercles of
the transverse processes of C2-C7, the lateral
edges of the grooves in the transverse processes
of C2-C7 and the transverse process of C7.

The muscle is flattened anteroposteriorly and is
triangular with its apex located inferiorly. It runs
obliquely inferiorly and laterally to its insertion
into the first rib just posterior to the groove for
the subclavian artery.

The posterior scalene muscle

The posterior scalene (sp) lies posterior to the
other two. It arises by three tendinous slips from
the posterior tubercles of the transverse processes
of C4-C6. Tts fleshy belly is flattened transversely
and lies lateral and posterior to the middle scalene,
with which it is more or less continuous. It is
inserted by a flat tendon into the superior border
and the lateral surface of the second rib. The roots
of the brachial plexus and the subclavian
artery run between the anterior and middle
scalenes.

Symmetrical bilateral contraction of the sca-
lenes flexes the cervical spine on the thoracic
spine and accentuates the cervical lordosis if
the neck is not kept rigid by the contraction of
the longus colli. On the other hand, if the neck is
held rigid by contraction of the longus colli, sym-
metrical contraction of the scalene can only flex
the cervical spine on the thoracic spine.

Unilateral contraction of the scalenes (see Fig.
75, p. 245) produces lateral flexion and rotation
of the cervical spine ipsilaterally.

The scalenes are also accessory inspiratory muscles
when they act from their cervical vertebral attach-
ments to elevate the first two ribs.
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Global view of the prevertebral muscles

(ita) and the posterior intertransverse muscles
(itp); their only action is to flex the cervical

On a frontal view of the cervical spine (Fig.
74, after Testut) it is possible to localize all the

MmN

The Cervical Spine

prevertebral muscles:

+ the longus colli with its longitudinal fibres
(IcD), its oblique ascending (Ica) and its
oblique descending (lcd) fibres

+ the longus capitis (Ic)
» the rectus capitis anterior (ra)
« the rectus capitis lateralis (r)

« the intertransverse muscles split into two
planes - the anterior intertransverse muscles

spine ipsilaterally (Fig. 75) with the help of
the ipsilateral scalene muscles

the anterior scalene (sa) is shown in toto on
the right side with only its tendon included
on the left in order to reveal the middle
scalene (sm)

the posterior scalene (sp) projects beyond
the middle scalene only in its lower part near
its insertion into the second rib.
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Flexion of the head and of the neck

Flexion of the head on the cervical spine and
flexion of the cervical spine on the thoracic spine
depend on the anterior muscles of the neck.

In the upper cervical region (Fig. 76) the rectus
capitis anterior and the longus capitis Ica produce
flexion at the atlanto-occipital joint. The longus
colli (Ic 1 and Ic 2) and longus capitis produce
flexion in the lower vertebral joints. More impor-
tant, the longus colli is vital for straightening
the cervical spine and holding it rigid (Fig.
77

The anterior neck muscles (Fig. 78) are located
at a distance from the cervical spine and thus
work with a long lever arm; hence their strength
as flexors of the bead and of the cervical spine.
These muscles are:

+ the suprahyoid muscles: the mylohyoid
muscle (mh) and the anterior belly of the

digastric muscle (not shown here), which
link the mandible to the hyoid bone

+ the infrahyoid muscles: the thyrohyoid (not
shown here), the sternocleidohyoid (sch), the
sternohyoid (not shown here) and omohyoid
(oh).

Simultaneous contraction of these muscles lowers
the mandible but, when the mandible is kept
fixed by simultaneous contraction of the muscles
of mastication, i.e. the masseter (m) and the
temporalis (1) muscles, contraction of the supra-
and infrahyoid muscles produces flexion of the
head on the cervical spine and flexion of the cervi-
cal spine on the thoracic spine. While simultane-
ously straightening the cervical curvature they
exert a vital influence on the statics of the cervical
spine.
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The posterior neck muscles

Before studying the functions of the posterior
neck muscles it is essential to have a full grasp
of their distribution with the help of a section
taken in perspective (Fig. 79), i.e. a postero-
lateral view of the back of the neck from
the right side after resection of the superficial
muscles in order to reveal the various planes.

The muscle planes

The back of the neck consists of four muscle
planes superimposed on one another, which are
as follows from deep to superficial:

+ the deep plane

« the plane of the semispinalis capitis

« the plane of the splenius and levator scapulae

* the superficial plane.

The deep plane is directly adherent to the verte-

brae and their joints and contains the small intrin-

sic muscles of the suboccipital cervical spine

running from the occipital bone to the atlas and

to the axis (also seen in Figs 80-82, p. 251):

« the rectus capitis posterior major (1)

« the rectus capitis posterior minor (2)

« the obliquus capitis inferior (3) and the
obliquus capitis superior (4)

 the cervical portion of the
transversospinalis (5)

+ the interspinales (6)

The plane of the semispinalis (partly resected)

contains the following:

+ the semispinalis capitis (7) (it is in part
transparent and allows a view of 1-4)

« the longissimus capitis (8)

» more laterally, the longissimus cervicis, the
longissimus thoracis and the iliocostalis
cervicis (11).

The plane of the splenius and of the levator
scapulae (also partly resected) contains the
following:

« the splenius muscle divided into two parts,
i.e. the splenius capitis (9) and the splenius
cervicis (10). Only one of the three tendons
of the cervicis (10" is shown inserted into the

posterior tubercle of the C3 transverse
process. The other two tendons of insertion
attached to the posterior tubercles of the
transverse processes of C1 and C2 have been
removed and are not shown here.

+ the levator scapulae (12).

These muscles are tightly moulded onto those of
the deep plane, around which they wrap them-
selves as around a pulley. Thus, when they con-
tract they also produce a significant degree of
rotation of the head.

The superficial plane comprises the following:

« mostly the trapezius (15) (almost entirely
resected here)

» the sternocleidomastoid, which belongs
to the back of the neck only in its
posterosuperior part. It is shown partly
resected to reveal its superficial (14) heads
and its deep cleidomastoid head (14").

In the depth of this plane the origins of the middle
and posterior scalenes (13) can be seen through
the gap between the muscles.

Global view

Except for the muscles of the deep plane, most of
the posterior neck muscles are oblique inferiorly,
medially and posteriorly and so produce at the
same time extension, rotation and lateral
flexion on the side of their contraction, i.ec.
exactly the three components of the compos-
ite. movement of the lower cervical spine
around the oblique axes previously described.

The superficial plane, on the other hand, com-
prises muscles that run in a counter direction to
that of the intermediate muscles, i.e. obliquely
inferiorly, anteriorly and laterally. These muscles
act not directly on the lower cervical spine but
on the head and the suboccipital cervical
spine, where, like the deeper muscles, they
produce extension and lateral flexion ipsilaterally
but rotation contralaterally. They are thus at
once agonists and antagonists of the deep
muscles, to which they are functionally
complementary.
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The suboccipital muscles

The function of these muscles is underrated
because they are not considered to be comple-
mentary to the muscles of the lower cervical
spine. In real life these four fine-tuning muscles
are vital in establishing the position of the head
by reinforcing the wanted or eliminating the
unwanted components in the stereotypical triple
movement of the lower cervical spine. A review
of their anatomical arrangement makes it easier to
visualize their direction in space and their func-
tions. Three views of these muscles are needed:

« a posterior view (Fig. 80)
¢ a lateral view (Fig. 81)

« a posterolateral view in perspective from
the right side and from below (Fig. 82).

These figures show the following:

+ The rectus capitis posterior major (1) is
triangular in shape with its base located
superiorly. It extends from the spinous
process of the axis to the inferior nuchal line
of the occipital bone. It runs an oblique
course superiorly and slightly laterally and
posteriorly.

+ The rectus capitis posterior minor (2) is
also triangular and flattened but shorter and
deeper than the previous muscle and lateral
to the midline. It extends from the posterior
tubercle on the arch of the atlas to the medial
third of the inferior nuchal line. Its oblique

fibres run superiorly, slightly laterally and
more directly posteriorly than the rectus
capitis posterior major because the posterior
arch of the atlas lies deeper than the spinous
process of the axis.

« The obliquus capitis inferior (3) is an
elongated, thick and fusiform muscle lying
inferior and lateral to the rectus capitis
posterior major. It extends from the lower
border of the spinous process of the axis to
the posterior margin of the transverse process
of the atlas. Its oblique fibres run superiorly,
laterally and anteriorly and thus cross in space
the above-mentioned muscles, particularly the
rectus capitis posterior minor.

+ The obliquus capitis superior (4) is a short,
flat, triangular muscle lying behind the
atlanto-occipital joint. It stretches from the
transverse process of the atlas to the lateral
third of the inferior nuchal line. Its oblique
fibres run superiorly and posteriorly
effectively in a sagittal plane, without any
lateral orientation. It lies parallel to the rectus
"apitis minor and perpendicular to the
inferior oblique.

+ The interspinales (5) lie on either side of
the midline between the spinous processes
of the cervical vertebrae below the axis.
Thus they are equivalent to the two posterior
rectus muscles.
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Actions of the suboccipital muscles:
lateral flexion and extension

By its location the obliquus capitis inferior
plays an important role in the statics and dynam-
ics of the atlanto-axial joint. A side view (Fig. 83)
shows that the muscle pulls back the transverse
processes of the atlas, and, as a result, its bilateral
symmetrical contraction causes the atlas to recede
into extension on the axis; this extension can be
measured on oblique radiographs as the angle a
at the level of the lateral masses of the atlas and
angle a’ at the level of its posterior arch.

A superior view (Fig. 84) clearly reveals this
backward displacement b, produced by the sym-
metrical contraction of both inferior oblique
muscles, which act like the arrow in a bow, induc-
ing a forward displacement of the axis followed
by a backward displacement of the atlas. This
action reduces the tension in the transverse liga-
ment, which passively checks the dens and pre-
vents its posterior dislocation.

Rupture of the transverse ligament (Fig. 85)
can only be of traumatic origin (black arrow),
since normally the inferior obliques acting in
concert play an important role in maintaining
the dynamic integrity of the median atlanto-
axial joint. Figure 86 (a superior view with super-
imposition of the vertebral canal of the atlas and
the axis in lighter shade) illustrates the cata-
strophic consequences of such an instability in
the atlanto-axial joint: the spinal cord is com-
pressed, if not transected, as if by a cigar cutter

or even a guillotine. The grey-tinted area repre-
sents the narrower canal with the compressed
medulla oblongata inside.

Unilateral contraction of the four posterior sub-
occipital muscles (Fig. 87, posterior view) pro-
duces lateral flexion of the head ipsilaterally at the
atlanto-occipital joint. This angle of lateral flexion
f can also be measured as the angle between the
horizontal line passing through the transverse
processes of the atlas and the oblique line joining
the tips of the mastoid processes.

The most efficient of these lateral flexors is
undoubtedly the obliquus capitis superior (4),
whose contraction elongates its contralateral
counterpart by a distance e. It acts from the trans-
verse process of the atlas, which is stabilized by
the contraction of the obliquus capitis inferior
(3). The rectus capitis posterior major (1) is
less efficient than the superior oblique, while the
efficiency of the rectus capitis posterior minor
(2) is minimal as it lies too close to the midline.

Simultaneous bilateral contraction of the post-
erior suboccipital muscles (Fig. 88, lateral view)
extends the head on the upper cervical spine: this
extension is produced at the atlanto-occipital joint
by the rectus capitis posterior minor (2) and the
obliquus capitis superior (4) and at the atlanto-
axial joint by the rectus capitis posterior major (1)
and the obliquus capitis inferior (3) (Fig. 87).
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Rotatory action of the

muscles

In addition to extension and lateral flexion these
muscles also produce rotation of the head.

Figure 89 (inferior view of the upper level
of the suboccipital region, ie. the atlanto-
occipital joint) shows that contraction of the
obliquus capitis superior (4) rotates the head
10° contralaterally, i.e. contraction of the left
superior oblique rotates the head to the right, as
shown here. Consequently the right superior
oblique (4" and the right rectus capitis posterior
minor (2) are passively stretched, and as a result
they restore the head to the neutral
position.

Figure 90 (inferior view of the lower level of
the suboccipital region, i.e. the atlanto-axial
joint with the outline of the atlas in red) shows
that contraction of the rectus capitis posterior
major (1) and the obliquus capitis inferior (3)
rotate the head 12° ipsilaterally, i.e. contraction of
the right rectus capitis posterior major (1) rotates
the head to the right at both the atlanto-occipital
and the atlanto-axial joints. Concurrently, the left
rectus capitis posterior major is passively stretched

suboccipital

over a distance of a and, as a result, it helps
restore the head to the neutral position. Contrac-
tion of the right inferior oblique (3) rotates the
head to the right at the atlanto-axial joint.

Figure 91 (a superior view in perspective
taken from above and from the right side)
shows that contraction of the oblique capitis
inferior (OCD, which runs diagonally between
the spinous process of the axis and the right trans-
verse process of the atlas, rotates the atlas to the
right, while stretching the left rectus capitis major
(Fig. 90) by a length b; this latter muscle then
restores the head to the neutral position. The
sagittal plane of symmetry S of the atlas also
rotates 12° relative to the sagittal plane of the axis
A when the obliquus capitis inferior contracts.

This detailed account of the actions of the sub-
occipital muscles makes it easier to understand
how the unwanted components of lateral flexion
or rotation are eliminated during pure movements
of the head, as already demonstrated with the
help of the mechanical model.
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The posterior neck muscles: the first and

fourth planes

The deep plane of the posterior
neck muscles

The deep plane contains the following:

+ the suboccipital muscles (already described)
in the upper cervical spine

« the transversospinalis muscles in the
lower cervical spine.

These latter muscles are arranged symmetrically
in the grooves formed by the spinous processes,
the laminae and the transverse processes of the
vertebrae from the atlas to the sacrum and consist
of muscular slips overhanging one another like
tiles on a roof.

There are two different accounts of the arrange-
ment of these muscular sheets (Fig. 92):

» According to Trolard’s traditional account
(right side, T), the muscle fibres originate
from the spinous processes and laminae of
C2-C5 and converge onto the transverse
process of C5.

« According to a more recent account by
winckler (left side, W) the muscle fibres run
the other way from origin to insertion.

These two accounts are two different ways of
describing the same anatomical fact, depending
on whether the superior or inferior end is taken
as the origin. Nonetheless, the fibres always run
an oblique course inferiorly, laterally and slightly
anteriorly so that:

« bilateral and symmetrical contraction of
the transversospinalis extends the cervical
spine and accentuates the cervical
lordosis; it is the erector muscle of the
cervical spine

« asymmetrical or unilateral contraction
produces extension, lateral flexion ipsilaterally
and contralateral rotation of the cervical
spine, i.e. movements similar to the head
movements produced by the
sternocleidomastoid. Thus the
transversospinalis is a synergist of the
sternocleidomastoid, but it acts segmentally
along the cervical spine. On the other hand,
the sternocleidomastoid with its similarly
oriented fibres acts globally on the cervical
spine, and its attachments at the two

extremities of the spine constitute a lever
system with arms of considerable length.

The superficial plane of the
posterior neck muscles

The superficial plane (Fig. 93) consists of the
trapezius (2), which arises fanwise from a con-
tinuous line passing through the medial third of
the superior nuchal line, the spinous processes of
the cervical and thoracic vertebrae down to T10
and the posterior cervical ligament.

From this continuous linear origin the uppermost
fibres tun an oblique course inferiorly, laterally
and anteriorly to be inserted into the lateral third
of the clavicle, the acromion and the scapular
spine. Thus the contour of the lower part of the
neck corresponds to the curved envelope gener-
ated by the successive fibres of the trapezius. The
trapezius plays an important role in the move-
ments of the shoulder girdle (see Volume 1) but,
when it contracts from the shoulder girdle as the
fixed point, it acts powerfully on the cervical
spine and the head as follows:

« Symmetrical bilateral contraction of both
trapezius muscles extends the cervical spine
and the head and exaggerates the cervical
curvature. When this extension is thwarted
by the antagonistic action of the anterior neck
muscles, they act as stays to stabilize the
cervical spine.

« Unilateral or asymmetrical contraction of
the trapezius (Fig. 94, dorsal view, showing
the left trapezius in contraction) produces
extension of the head and of the cervical
spine, accentuation of the cervical
curvature, lateral flexion ipsilaterally and
contralateral rotation of the head. The
trapezius is therefore a synergist of the
ipsilateral sternocleidomastoid. The upper
end of the sternocleidomastoid is visible in
the superomedial corner of the back of the
neck (Fig. 93, left side). The external
contour of the upper part of the back of the
neck corresponds to the curved envelope
formed by the successive fibres of the
sternocleidomastoid (1) as they course
inferiorly and twist around its axis.
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The Cervical Spine

The posterior neck muscles: the second

plane

The second plane, directly overlying the deepest
plane (Fig. 95), comprises the semispinalis capitis,
semispinalis cervicis, the longissimus thoracis, the
longissimus cervicis and the upper part of the
iliocostalis.

The semispinalis capitis (7), lying just lateral to
the midline, forms a vertical muscular sheet inter-
rupted by a tendinous intersection; hence the
name ‘digastric of the neck’. It arises from
the transverse processes of T1-T4 and from the
spinous processes of C7 and T1.

Its thick and rounded fleshy belly, overlying the
transversospinalis, fills the vertebral groove and is
separated from its contralateral counterpart by
the ligamentum nuchae. Its convex lateral surface
is closely applied to the two splenius muscles (9
and 10 in Fig. 96, p. 261). It is inserted into the
squama of the occipital bone lateral to the exter-
nal occipital crest (the inion) and between the
two nuchal lines.

Bilateral symmetrical contraction of the semi-
spinalis extends the head and the cervical column
and accentuates the cervical lordosis.

Its unilateral or asymmetrical contraction
produces extension combined with a slight
degree of lateral flexion of the head ipsi-
laterally.

The longissimus capitis (8), lying lateral to the
semispinalis capitis, is long and thin and runs
obliquely superiorly and slightly laterally. It arises
from the transverse processes of C4-C7 and T1,
and is inserted into the apex and posterior border
of the mastoid process. Its fleshy belly is twisted
on itself, since its lower fibres are inserted the
most medially while its uppermost fibres, of cervi-
cal origin, are inserted the most laterally into the
mastoid process.

Its bilateral symmetrical contraction extends
the head; when this extension is checked by the

antagonistic anterior neck muscles, the longissi-
mus capitis stabilizes the head laterally just like an
inverted stay.

Its unilateral or asymmetrical contraction
causes combined extension-lateral flexion
ipsilaterally (greater than that produced by the
semispinalis capitis) and ipsilateral rotation of
the head.

The long and thin longissimus cervicis (11),
lying lateral to the longissimus capitis, arises from
the apices of the transverse processes of T1-T5
and is inserted into the apices of the transverse
processes of C3-C7. Its most medial fibres are the
shortest, running from T5 to C7; its lateral fibres
are the longest, running from T5 to C3.

Bilateral symmetrical contraction of both
muscles extends the lower cervical spine; when
this extension is prevented by their antagonists,
they act as stays.

Unilateral or asymmetrical contraction pro-
duces extension of the head combined with
lateral flexion on the same side.

The longissimus thoracis also belongs to the
posterior neck muscles because its uppermost
fibres are inserted into the transverse processes of
the lowest cervical vertebrae. It is more or less
continuous with the cervical part of the iliocosta-
lis (117, which arises from the upper borders of
the upper six ribs and is inserted, along with the
longissimus thoracis, into the posterior tubercles
of the transverse processes of the five lowest cer-
vical vertebrae. Its actions are similar to those of
the longissimus cervicis; moreover, the cervical
part of the iliocostalis acts as a muscular stay for
the lower cervical spine and elevates the upper
six ribs (see p. 162).
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The posterior neck muscles:

the third plane

The third plane (Fig. 96) contains the splenius
muscle and the levator scapulae lying deep to the
trapezius.

The splenius (9 and 10), running from the skull
to the thoracic region, arises from the spinous
processes of C2-C7, the posterior cervical liga-
ment, the spinous processes of T1-T4 and the
interspinous ligament. Its fibres run an oblique
course superiorly, laterally and anteriorly and
wrap themselves around the muscles of the deep
plane to be inserted as two distinct bundles:

« the cephalic bundle or the splenius
capitis (9) is inserted below the
sternocleidomastoid into the lateral half of
the superior nuchal line of the occipital bone
and into the mastoid process; it overlies
incompletely the two semispinalis muscles,
which can be seen through the triangle
formed by the medial borders of the two
splenius muscles

+ the cervical bundle or the splenius
cervicis (10) is shown on the left in relation
to the splenius capitis and on the right by
itself to illustrate how its fibres twist upwards
to be inserted into the transverse processes of
the atlas, axis and C3.

Symmetrical bilateral contraction of the sple-
nius extends the head and the cervical spine and
accentuates the cervical curvature.

Unilateral or asymmetrical contraction of the
splenius produces combined ipsilateral exten-
sion, lateral flexion and rotation, i.e. the move-
ment combination typical of the lower cervical
column, as described on page 220.

The levator scapulae (12), lying lateral to the
insertion of the splenius ceruicis, arises from the
transverse processes of C1-C4. Its flattened belly
wraps itself around that of the splenius but soon
leaves it to run obliquely inferiorly and slightly
laterally and gain insertion into the scapula.

When it acts from a fixed cervical spine it elevates
the scapula; hence its name (see Volume 1), but
when the scapula is kept fixed, it moves the cervi-
cal spine.

Bilateral and symmetrical contraction of both
muscles extends the cervical spine and accentu-
ates the cervical lordosis. When this extension is
prevented, they act as stays to stabilize the cervi-
cal spine laterally.

Its unilateral or asymmetrical contraction, like
that of the splenius, produces combined ipsi-
lateral extension, unilateral rotation and lateral
flexion, the movement combination typical of the
lower cervical spine.
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Extension of the cervical spine by
the posterior neck muscles

The posterior neck muscles are all extensors of
the cervical spine but can be divided into three
groups on the basis of their orientation.

Group | (Fig. 97)

This group comprises all the muscles attached to
the transverse processes of the cervical vertebrae
and running obliquely and posteriorly into the
thoracic region:

« the splenius cervicis (1)
+ the longissimus cervicis and the cervical
portion of the iliocostalis (2)

+ the levator scapulae (3).

These muscles extend the cervical spine and
accentuate the cervical curvature. When they
contract unilaterally they also produce ipsilateral
extension, rotation and lateral flexion, i.e. the
movement combination typical of the lower cervi-
cal column.

Group Il (Fig. 98)

This group consists of all the muscles that run
obliquely, inferiorly and anteriorly:

« on the one hand, the transversospinalis
muscular group (4), which are intrinsic
muscles of the lower cervical spine

« on the other hand, the muscles linking the
occipital bone to the lower cervical spine: the
semispinalis (6), the longissimus capitis
(7) and the splenius capitis (not shown in
the diagram)

« also the suboccipital muscles not included in
the diagram (see pp. 250-254).

All these muscles extend the cervical spine,
accentuate the cervical lordosis and extend
the head on the cervical spine by virtue of their
direct insertions into the occipital bone.

Group Il

This group comprises all the muscles that bridge
over the cervical spine without any attachments
to the vertebrae and, as a result, unite the
occipital bone and the mastoid process directly to

the shoulder girdle. These muscles are the
following:

» on the one hand, the trapezius (15 in Fig.
79, p. 249; 9 in Fig. 93, p. 257)

« on the other hand, the sternocleidomastoid
(Fig. 99), which runs diagonally across the
cervical spine. As a result, its bilateral and
symmetrical contraction produces a
combination of three movements: extension
of the head on the cervical spine (10),
flexion of the cervical spine on the thoracic
spine (9) and extension of the cervical spine
on itself with accentuation of the cervical
curvature (11).

Thus the static properties of the cervical spine in
the sagittal plane (Fig. 100) depend on a constant
dynamic equilibrium between the following:

+ on the one hand, extension produced by
the posterior neck muscles, i.e. the
splenius muscles (8), the longissimus cervicis,
the iliocostalis, the longissimus thoracis (Lt)
and the trapezius (1); all these muscles act
like chords spanning the concavity of the
cervical lordosis at various levels

« on the other hand, the anterior and
anterolateral muscles:

- the longus capitis (Lc), which flexes the
cervical spine and straightens the cervical
lordosis, and

- the scalene muscles (Sc), which flex the
cervical spine on the thoracic spine with a
tendency to accentuate the cervical lordosis
unless they are counteracted by the longus
colli and the supra- and infrahyoid muscles
(see Fig. 78, p. 247).

The simultaneous contraction of all these muscle
groups maintains the cervical spine rigid in
the intermediate position. Thus they act like sfays
located in the sagittal plane and in oblique planes.
They are therefore essential in balancing the
head and in supporting weights carried on the
head, a common practice in certain populations
for carrying loads while keeping the hands free.
This practice undoubtedly strengthens the struc-
tural components of the cervical spine and
increases the power of the neck muscles.



Figure 99
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Synergism-antagonism of the prevertebral
muscles and the sternocleidomastoid

muscle

Figure 99 (p. 263) illustrates perfectly the effects
of symmetrical but isolated contraction of the
sternocleidomastoid muscles (SCM). They cannot
by themselves steady the head and the cervical
spine. They need the assistance of synergistic-
antagonistic muscles that set the stage by first
straightening the cervical curvature (Fig. 101D).
These muscles are the following:

+ the longus colli (Lc), lying just anterior to
the vertebral bodies, straightens the cervical
lordosis because it is located on ils convexity

+ the suboccipital muscles, which flex the
head on the cervical spine (Fig. 102): the
longus capitis, the rectus capitis anterior
and the rectus capitis lateralis

« finally, the supra- and infrahyoid muscles,
which lie anterior to the cervical spine and
act at a distance with the help of a long lever
arm, provided the mandible is pressed against
the maxilla by contraction of the muscles of
mastication.

Once the cervical spine is kept rigid, the cervi-
cal lordosis straightened (Fig. 103) and exten-
sion of the head on the cervical spine is prevented
by the anterior suboccipital muscles and the
supra- and infrahyoid muscles, simultaneous
contraction of the two sternocleidomastoids
(Fig. 104) produces flexion of the cervical spine
on the thoracic spine. Thus there are multiple
instances of synergism-antagonism between the
sternocleidomastoids and the prevertebral muscles
lying immediately anterior to the spine or at a
distance from it.

When loads are carried on the head all these
muscles are contracted simultaneously to achieve
the constant dynamic equilibrium that transforms
the head and neck into a single structure, both
rigid and flexible, as it lies on top of the spine.
This is the triumph of bipedalism!

We strongly recommend this exercise to women
who desire to acquire the gait of a queen.
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The ranges of movements of the cervical
spine taken as a whole

There are many ways of measuring the ranges of
these global movements. For flexion-extension
and lateral flexion they can be measured with
precision on lateral and frontal radiographs, but it
is more difficult to measure the range of rotations
without the use of the CT scan or the MRIL

Surface markings, however, can also be used, and
for flexion-extension (Fig. 105) the reference
plane is the plane of the bite, which is horizontal
in the neutral position. It can be established by
biting on a sheet of cardboard, which then repre-
sents the plane of the bite. The range of extension
(E) is then given by an angle which is open sup-
eriorly and is formed by the plane of the bite and
the horizontal plane. The range of flexion (F) is
given by an angle which is open inferiorly and is
formed by the plane of the bite and the horizontal
plane. These ranges have already been defined but
are very variable from one subject to another.

Rotation of the head and neck (Fig. 106) can
be measured when the subject sits in a chair with
the shoulder girdle kept in a strictly steady posi-
tion. The reference plane is then taken as the
intershoulder line, and rotation is measured as
either the angle R between the reference plane
and the coronal plane passing through the ears or
by the angle R’ between the midsagittal plane of
the head and the midsagittal plane of the body.
With the subject lying supine on a hard surface,
more precise measurements can be made with
the use of the angle gauge' placed on the fore-
head in the transverse plane.

Lateral flexion (LF) is measured by the angle
formed by the interclavicular line and the inter-
ocular line (Fig. 107).

Flexion-extension and lateral flexion can be mea-
sured more precisely with the use of an angle
gauge placed on the head in the sagittal plane for
flexion-extension or in the coronal plane for lateral
flexion.

There is also another head movement rarely used
in the West but common among Balinese
dancers (Fig. 108), i.e. lateral translation of the
head (T) without any lateral flexion. Some women
can perform this movement as a social accom-
plishment; it is considered successful only if the
interocular line stays parallel to itself. To under-
stand this movement it is essential to have a thor-
ough grasp of the mechanics of the compensatory
movements at the suboccipital joints, which were
discussed at the start of this chapter. The clue to
this movement is the ability to perform counter-
counter-compensations. Thus, start with the lower
cervical spine positioned in right lateral flexion-
rotation-extension, and then perform at the sub-
occipital articular complex a counter-rotation to
the left, a slight flexion and, above all, a counter-
inclination to the left to restore the nasal meridian
to the vertical plane. The competition is open!

NB: It is very easy to perform this movement of
the Balinese dancers on the mechanical model of
the cervical spine (see p. 319).

' The angle gauge is sparingly used in articular physiology, and yet it measures the angle formed with the vertical plane, a potentially useful
feature. On the other hand. it is included in the instrument panel of commercial planes, where it monitors the lateral inclination of the

plane.
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Relationship of the neuraxis to

the cervical spine

The central nervous system lies inside the cranium
and the vertebral canal. The cervical spine pro-
tects the lower medulla oblongata as it emerges
through the foramen magnum and the spinal cord,
which gives off the nerve roots for the cervical
and brachial plexuses.

Thus the medulla and the cervical cord are closely
related to the highly mobile parts of the cervical
spine, especially in the suboccipital region, which
is a very special zone of mechanical transition
(Fig. 109, viewed in perspective from the
front and the right side). In fact, as the medulla
(M) exits through the foramen magnum to become
the spinal cord (SC), it lies between and slightly
behind the occipital condyles (C and C), which
provide the two supports for the head as it
rests on the cervical spine. Between the occipital
condyles and C3, however, the atlas and the axis
will redistribute onto three columns the weight
of the head, initially supported by the two condy-
lar columns (C and C’). These three columns,
which span the entire spine, are the following:

+ the main column, formed by the vertebral
bodies (1) in front of the spinal cord

« the two minor lateral columns formed by
the articular processes (2 and 3) lying on
either side of the cord.

The lines of force are split at the level of the
axis, which is a veritable distributor of forces
between the head and the atlas on the one hand
and the rest of the cervical spine on the other.
A lateral view (Fig. 110) shows that the loads
supported by each of the occipital condyles (C)
will split into two components:

« anteromedially, the more important static
component directed towards the vertebral
bodies (VB) via the body of the axis

+ posterolaterally, the dynamic component
directed towards the column of the articular
processes (A) via the pedicle of the axis and
the inferior articular process lying below the
posterior arch of the axis.

This suboccipital region therefore is at once the
pivot, i.e. the most mobile area of the spine and

the area of maximal mechanical activity. This
stresses the significance of the ligaments and bony
structures involved in stabilizing this region.
The most critical bony structure is the dens. A
fracture at its base makes the atlas totally unstable
on the axis, which can then tilt backwards or
forwards with more serious consequences, €.g.
anterior dislocation of the atlas on the axis with
compression of the medulla and sudden death.

Another important structure for the stability of
the atlas on the axis is the transverse ligament.
Rupture of this ligament allows anterior dis-
location of the atlas on the axis, while the intact
dens moves backwards to compress and severely
damage the medulla (see Figs 84-80, p. 253). Rup-
tures of the transverse ligament occur more rarely
than fractures of the dens.

In the lower cervical spine the zone of maximal
activity lies between C5 and C6, where anterior
dislocations of C5 and C6 occur most frequently
with the inferior articular facets of C5 becom-
ing hooked onto the superior facets of C6 (Fig.
111). In this position the cord is crushed between
the posterior arch of C1 and the posterosuperior
angle of the body of C6. Thus, depending on the
level of the cord lesion, paraplegia or a potentially
rapidly fatal quadriplegia may result.

It goes without saying that all these lesions, which
render the spine very unstable, can be made
worse by injudicious bandling, especially when
injured persons are picked up.

Thus any flexion of the cervical spine and of the
head on the cervical spine can aggravate compres-
sion of the medulla or of the cord. Therefore,
when an injured person is picked up, one of the
rescuers must be solely responsible for traction
of the bead along the axis of the spine and carry
it stightly extended so as to prevent the displace-
ment of any possible fracture in the suboccipital
region or below.



Figure 110

Figure 109
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Relationship of the cervicai nerve roots to

the spine

Having studied the relationship of the cervical
spine to the medulla and the spinal cord, we now
turn our attention to its relationship to the nerve
roots.

At every level of the cervical spine, the cervical
nerve roots emerge from the canal through the
intervertebral foramina. These roots can be
damaged by lesions of the spine (Fig. 112).
Disc herniation is rare in the cervical region as
the posterolateral escape of the disc (arrow 1) is
impeded by the presence of the uncinate pro-
cesses. Thus, when they occur, they are more
central (arrow 2) than in the lumbar region and
so tend to compress the spinal cord.

Note the location of the vertebral artery (red)
with its venous plexus (blue) in the foramen trans-
versarium of the transverse process.

Cord compression in the cervical spine is more
often caused by osteoarthritis of the unco-
vertebral joints (arrow 3).

Figure 113 (lateral view of the cervical spine)
shows the close relationship between the cervical
roots exiting through the intervertebral foramina
and the facet joints posteriorly and the unco-
vertebral joints anteriorly (upper part of
diagram). During the early onset of cervical osteo-
arthritis (lower part of the diagram), osteophytes
grow not only on the anterior borders of the ver-
tebral discal surfaces (1), but also more promi-
nently (as observed in three-quarter radiographs)
from the uncovertebral joints (2), whence they
project into the intervertebral foramina. Likewise,
the osteophytes grow posteriorly from the facet
joints (3), and the nerve roots can become com-
pressed between the anterior osteophytes coming
from the uncovertebral joints and the posterior
osteophytes coming from the facet joints. This
explains the nerve root symptoms of cervical
osteoarthritis.
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The vertebral artery and the neck

blood vessels

We think it is important to define precisely the
close relationship of the vertebral artery to the
spine and to outline in general terms its relation-
ship to the neck vessels, which supply the brain
and the face.

The head and neck blood vessels arise from
the aortic arch (Fig. 114, lateral view):

+ on the right side they arise directly from the
brachiocephalic trunk (1), which then divides
into the right subclavian artery (2) and the
right common carotid artery (3)

« on the left side they arise separately from the
left common carotid artery and the left
subclavian artery.

The vertebral artery (4") arises from the subclavian
artery and traverses the supraclavicular groove on
its way to the foramen transversarium of Co.
It then ascends (4) in a canal formed by the suc-
cessive vertebral foramina transversaria until
it reaches the atlas (Fig. 115, seen from behind
and the right). Just above the transverse process
of the atlas (Fig. 1106) it changes direction com-
pletely and forms an arch (6) which skirts the
back of the lateral mass of the atlas, where it lies
in a deep groove. Thus it enters the vertebral
canal (4) in close contact with the lateral surface
of the brainstem and of the medulla and runs
superiorly, anteriorly and medially to join its
contralateral counterpart to form the important
basilar artery (5), which lies on the anterior
surface of the brainstem as it passes through the
foramen magnum and enters the posterior fossa.

All along its course the vertebral artery is exposed
to injury:

o first, in the canal formed by the foramina
transversaria it must slide freely to be able to

accommodate the changes in the curvature
and direction of the spine (it can be damaged
by displacement of any vertebra relative to its
neighbours)

« then, on its way to join its mate, it is in
contact with the dens, from which it is
separated by the transverse ligament.

It is worth noting that the formation of the basilar
artery, which will itself divide into two, illustrates
Occam’s principle of parsimony” since both ver-
tebral arteries could easily have gone through the
foramen magnum.

Moreover (Fig. 114), the common carotid artery
(3) ascends on the anterolateral aspect of the neck
and divides into the following:

+ the external carotid artery (9), which then
divides into the superficial temporal artery
(10) and the maxillary (11) to supply the
face

« the internal carotid artery (7), which ascends
to the base of the skull and into the cranial
cavity, where it forms a U-bend (8) before
dividing into its terminal cerebral branches.

The important point to bear in mind is that the
basilar artery anastomoses with the internal carotid
arteries at the circle of Willis. Thus vertebral
arteries supply not only the structures in the
posterior fossa, i.e. the cerebellum and the
brainstem, but also the anterior cerebrum in
cases of carotid arterial insufficiency.

Hence this essential role of the vertebral arteries
underscores the importance of safeguarding them
during any manipulations on the cervical spine.
The vertebral artery is known to have been
injured during somewbat vigorous manipula-
tions of the cervical spine.

S william of Oceam was a famous monk, a scholastic theologian, an English philosopher and logician, also known as ‘the invincible doctor’.
He was born at Ockham, Surrey, ¢.1290, was excommunicated in 1330 and dicd of the plague in Munich in 1349, He introduced the principle
of parsimony or universal economy, i.c. “The truth of a theory must be based on the least number of preconditions, reasons and

demonstrations.’

This principle is also known as ‘Occam’s razor’, since it cuts out all unnecessary preconditions from the demonstration during a logical

discussion.

Copernicus as a thinker is a descendant of Occam, in that he showed that the Prolemaic system was too complicated to explain the retrograde
movement of the inner planets, and thus solved the problem by introducing the heliocentric system. Like Einstein he was sensitive to the

beauty of demonstrative reasoning.
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The importance of the vertebral pedicle:
its role in the physiology and pathology

of the spine

At all spinal levels the vertebral pedicle plays an
essential mechanical role in unifying the verte-
bral bodies, which support the spine at rest, and
the vertebral arch, which protects the neuraxis
and is critical during movements since it gives
attachment to the muscles.

The pedicle is a tubular structure consisting
of a strong cortex and a medullary cavity filled
with cancellous bone. This relatively short
cylinder is variably orientated in space depending
on the level of the spine but shares some constant
features.

It is clearly visible in an oblique radiograph (Fig.
117) as the eye of the ‘Scottie dog’ (cross) but on
careful scrutiny it can also be seen along the full
length of the spine (Fig. 118). Thus each verte-
bra ‘has two eyes’ and one must learn to ‘look the
vertebrae in the eye’. Hence the extremely inge-
nious idea of Roy-Camille (1970) of inserting a
screw into the axis of the pedicle in order to unify
the posterior arch and the vertebral body or to
provide a zone of solid support in one or more
vertebrae (Fig. 119). Preoperative radiographs
will reveal any possible deviations of the pedicle
and allow the horizontal insertion of a screw from
the back in the sagittal plane (Fig. 120).

This technique is not recommended to novices in
spinal surgery. Landmarks must first be established
precisely for the selection of the point of inser-
tion, and then the direction of insertion must also
be defined according to the spinal level. This
direction is horizontal in the lumbar region
(Fig. 121) but may sometimes be slightly oblique
medially. Until now the skill and experience of
the surgeon ensured the right orientation of the
screw, taking into account the proximity of the
nerve roots exiting via the intervertebral foramina
above and below (Fig. 122). Nowadays the use of
computers makes the approach more precise
and allows the screw to be inserted with greater
safety. Perhaps computer technology will allow
the insertion of these screws elsewhere in the
spine, especially in the cervical region (Figs 123-
125), where the pedicles are much thinner and
run in different directions. At present screws can
be inserted only at the level of C2 and C7.

The introduction of the pedicule screw consti-
tutes a very important step in spinal surgery,
e.g. in the stabilization of fractures, in the place-
ment of plates and of zones of support for one or
more vertebrae. This innovative idea is the
result of a perfect knowledge of anatomy.



Figure 118
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The Head

The head crowns the spine and contains our most precious organ - the brain - our central
computer, which is protected inside the solid bony cranium. The cranium is attached to
the spine, which contains the spinal cord, a bundle of nerve fibres transmitting information
to and from the entire body. It is ovoid and consists of lamellar bones articulating among
themselves at immobile bony sutures.

The face, which is part of the skull, contains two major sensory organs, i.c. the eyes and
the ears, which are responsible for information about the environment. The closeness of
these sensors shortens the time needed for transfer of data to the brain; this is yet another
example of Occam’s razor. The mobility of the cervical spine allows these sensory organs
to be properly oriented in space and thus increases their efficiency.

The head contains two portals of entry for food and air:

« The mouth is rightly placed below the nose, which can thus monitor the smell of
food before it is ingested. Food is also monitored by the taste buds, which determine
its chemical nature and through intuition or the collective memory of the species
reject the ingestion of noxious or toxic substances.

« The nose controls, filters and warms up the inspired air. The upper airway crosses
the digestive tract at the level of the pharynx and of the larynx. The larynx possesses a
protective valve with an extremely precise mechanism that prevents the introduction
of solid or liquid material into the airways.

The human larynx (see p. 182 for a description of its physiology) plays a vital role in pho-
nation, i.e. in modulating sounds, which are then articulated by the mouth and the tongue.
Thus humans enjoy a communication system using sound, i.e. language, which allows the
sharing of information and feelings. This oral transfer is supplemented by the use of the
written word.

The head also contains muscles and joints of an unusual type. The superficial muscles of
the face (studied in detail by Duchenne de Boulogne) do not act on any skeletal structures.
They are the muscles of facial expression and provide a quasi-international second mode
of communication supplementing the oral mode. These orbicular muscles control facial
orifices: the orbicularis oris closes the mouth and the orbicularis oculi closes the eyes. On
the other hand, there is only a dilator naris.

The external acoustic meatus stays open and is helped in the gathering of sounds by the
auricle, which cannot be oriented in space as in animals.

There are also bones for the transfer of vibrations between the eardrum and the internal ear,
i.e. the auditory ossicles of the internal ear (not discussed any further here). Further-
more, there are two synovial joints, i.e. the temporomandibular joints, allowing the
movements of the mandible, which are essential for feeding and phonation. Finally, there
are two boneless joints, which involve the intraorbitar eyeballs and control the orientation
of the gaze.

In the following pages (see p. 294) we shall deal with the temporomandibular joints and the
mobility of the eyeballs (see p. 300).






The cranium

The cranial skeleton (Fig. 1) comprises 22 flat
bones, which are derived from the osseous anlagen
in the 12 cranial somites but have been profoundly
altered to fit their specific functions, i.e. forma-
tion of the cranium and of the face.

The cranium is made up of bony plates, which
consist of an intermediate layer of spongy bone
(the diploe) sandwiched between two very strong
layers of compact bone, i.e. the epicranial table
externally and the endocranial table internally.
At the base of the skull these flat bones blend with
more massive bones, which connect it to the face
and the cervical spine.

The ovoid cranium is made up of six bony
plates:

+ The occipital bone (1) lies posteriorly and
has a wide squama forming the occiput. It is
continuous with the basilar process (the basi-
occiput), which is perforated by the foramen
magnum for the passage of the medulla and
the spinal cord into the vertebral canal. On
each side of the foramen magnum lie its fwwo
condyles, which articulate with the cervical
spine at the level of the atlas.

» The parietal bones (2) are two symmetrical
bony plates forming the superolateral part of
the cranium and articulating posteriorly with
the occipital bone.

« The frontal bone (3) is an unpaired, shell-
like plate across the midline forming the
forehead and articulating posteriorly with the
parietal bones. Anteriorly it contains the
supraorbital margins continuous posteriorly
with the upper walls of the orbils.

These four bones constitute the cranial vaull.

The basicranium is made up anteroposteriorly
of the following:

¢ The ethmoid bone (4) is an unpaired
midline bone, which lies behind the central
part of the frontal bone and makes up the
bulk of the nasal fossae. Its upper part
contains the cribriform plate perforated by
olfactory sensory nerves before they join the
two olfactory bulbs. The body of the
ethmoid contains many air sinuses which
make it lighter, and in the sagittal plane lies
its vertical plate separating the fwo nasal
Jfossae which harbour the superior and
middle conchae.

+ The sphenoid bone (5) is an unpaired
midline bone, and its body unites the ethmoid
and the occipital. It is the most complex bone
of the basicranium and can be compared to a
biplane with the fuselage corresponding to
the body of the sphenoid. In the upper part
of the body is located the pilot’s seat,'
corresponding to the sella turcica. The two
lesser wings above articulate with the frontal
bone and the two greater wings below form
the floor of the temporal fossa. These two
sets of wings are separated by the superior
orbital fissures located at the back of the
orbit. The bilateral pterygoid processes
correspond to the landing gear of the biplane.

+ The temporal bone (6) borders the cranium
bilaterally with its squama, and the
basicranium with its pyramidal petrous part.

+ Each palatine bone (7) articulates with the
pterygoid process of the sphenoid and forms
part of the nasal fossa and of the palate.

» Fach zygomatic bone (8) contributes to the
wall of the orbit and corresponds to the
cheekbone.

« The two nasal bones (9) meet in the midline
to form the nasal bridge.

« Each maxilla (10) forms by itself the bulk of
the facial skeleton on one side. It encloses
the maxillary sinus and so is almost hollow.
It forms the floor of the orbit and its lower
part contains the superior alveolar process
and the palatine process, which makes up
most of the palate.

« The mandible (11) is a midline, unpaired,
horseshoe-shaped bone with two ascending
rami supporting the condyles or condylar
processes, which contain the mobile
articular surfaces of the temporomandibular
joint. It contains the inferior alveolar
process, which is the counterpart of the
superior alveolar process.

For the sake of completeness the small bones,
i.e. the vomer, the lacrimal bone and the
inferior concha deserve mention, but they play
no structural role in the cranium and are not
shown here.

Detailed description of these bones and their rela-
tions can be found in textbooks of descriptive
anatomy.

' The pilot corresponds to the pituitary gland, which is the conductor of the endocrine orchestra,



Figure 1
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The cranial sutures

Except for the maxilla and the mandible the
cranial bones articulate among themselves by
sutures. In the fetus and even in the neonate the
cranial bones are not united and are therefore
relatively mobile among themselves, as illus-
trated by the persistence of the anterior fonta-
nelle, which is completely ossified only at 8-18
months after birth. The mobility of the cranial
bones in the young child is the result of the rapid
growth of the brain, which continues postnatally.
Subsequent bone growth can keep pace with that
of the brain until adolescence, when the skull
reaches its full development.

The bony sutures, which join together the bony
plates (Fig. 2), are extremely wavy, so that, when
they are tightly interlocked (Fig. 3), no move-
ment can take place in the plane of the plate. A
comparison with a puzzle (Fig. 4) illustrates very
well the snug fit among the pieces (Fig. 5), pro-
vided that they stay in the same plane, i.c. resting
on the table. On this basis traditional anatomy
teaches that these sutures are completely
immobile.

Nowadays this dogma is challenged by certain
specialists, who try to explain a whole host of
diseases in terms of sutural motion. On a closer
look it becomes obvious that movements among
the pieces of the puzzle can only occur oulside
the plane (Fig. 6). The cross-section (Fig. 7) shows
clearly that any sliding movement is possible only
at right angles to the plane.

As shown in Figure 1 on page 279, most of these
sutures are not perpendicular to the plane but

are variably oblique. It is therefore impossible
for the plates to slide obliguely one on the other
(Fig. 8) in a movement of subduction, in keeping
with the theory of tectonic plates proposed by
Wegener (Fig. 9) to explain earthquakes.

Figure 1 does not rule out the possibility that the
obliquity of the sutures would allow the squa-
mous portions of the two temporal bones to glide
laterally as it were in a movement of expansion.
This theory of cranial bone lectonics remains to
be proved in experiments involving anteropost-
erior compression of the head (without using the
torture technique of the Inquisition!) and the use
of coronal densitometric CT scans before and
after compression. Then there will still be the
problem of explaining the physiopathology that
could result from sutural mobility. Plain logic
favours the notion of micromovements in these
sutures since, if they were absent, these sufures
would bave disappeared during evolution.

The skulls of hominids, in particular among the
primates and Homo sapiens, contain a feature
characteristic of the transition to the erect
posture. In animals, ¢.g. the dog (Fig. 10, the
skull outlined in blue and the face in red), four-
footedness ensures that the cervical spine is nearly
horizontal and the foramen magnum lies infero-
caudally. Conversely, during evolution, bipedal-
ism (Fig. 11) led to an antero-inferior shift of
the foramen magnum in Homo sapiens, i.e. (o
a position below the cranium.
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Physiology

The cranium and the face

The skull (Figs 12 and 13) comprises within a
single structure the cranium (blue line) contain-
ing the brain, our central computer (where
reside our personality and our individuality), and
the face (red line), containing the main sensory
organs (i.e. for sight, taste, smell and hearing),
which provide information about the environ-
ment. The proximity of these sensors to the brain,
which handles the data, shortens the time of
information transfer. It is another example of the
principle of parsimony (Occam’s razor), which
states that maximal efficiency is achieved with the
use of a minimum of parts.

The mobility of the head, provided by the cervi-
cal spine, allows the sensory organs to be
oriented in space and improves their efficiency,
as does their elevated position secondary to
bipedalism. Inside the cranium the cerebellum
is an essential link in the coordination and the
fine-tuning of messages coming from the cere-
brum. The cerebrum makes the decisions and the
cerebellum allows them to be carried out.

The head also contains two portals of entry
(Fig. 14): the mouth for food and the nose for
air.

The mouth is rightly placed below the nose,
which can first monitor the smell of food before
it is ingested. Food is then monitored by the taste
buds, which determine its chemical nature
through intuition or collective memory of the

species can reject noxious or toxic substances.
Mastication carried out by the mandible allows
the mouth to crush and grind food and mix it
with saliva to make it more digestible.

The nose controls, filters and warms up inspired
air; its role in filtration is essential. Because of the
placement of the portals of entry and the anterior
location of the lungs and the posterior location
of the digestive tract, the upper airways cross
the upper digestive tract at the levels of the
pharynx and of the larynx. The larynx pro-
vides an extremely precise mechanism of closure
for the glottis and the epiglottis and acts as a
protective valve that prevents the introduction
of even the smallest amount of solid or liquid
material into the airways. In humans the larynx
(see p. 182 for an account of its physiology) also
plays a vital role in phonation by modulating
sounds that are then articulated by the mouth and
the tongue. Thus human beings enjoy a commu-
nication system using sound, i.e. language, which
allows the sharing of information, commands and
feelings.

The head is therefore a remarkable and wonderful
example of functional integration. It also contains
joints (i.e. the temporomandibular joints) and
muscles of an unusual type. These muscles of
facial expression provide a second quasi-
international system of communication sup-
plementing the oral form.
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The Physiology of

The visual field and localization of sounds

The head lies on top of the spine, and its rotation
has a range of close to 180°, thus greatly improv-
ing the efficiency of vision and hearing. This rota-
tion allows the head with its sensors to move in
the direction of the source of the stimulus without
having to move the body, which is not the case
with animals without necks, like fish.

The visual field

In the neutral position (Fig. 15, A) the visual field
has a range of close to 160° (a). The visual fields
of the eyes overlap in front of the head and provide
a sector of stereoscopic vision for the hands to
work. If the head turns (H) to the right (r) or to
the left (), the entire visual field (T) is significantly
increased to 270° with only a blind sector of
90° (P) posteriorly. Some animals with very long
necks like the giraffe can survey the entire field
of 360° simply by rotating their necks.

Sound localization

The localization of the source of a sound (Figs
16 and 17) is the result of the lateral placement

of the ears, which are separated by the cranium.
A sound source lying outside the plane of sym-
metry (Fig. 16) is not perceived in the same way
by both ears:

* The ear on the side opposite to the source (S)
perceives a sound slightly attenuated by the
presence of the face, which is an obstacle to
be bypassed.

» This same ear therefore perceives a sound out
of phase with that perceived by the other ear.
The path taken by the sound is slightly
longer; hence the phase difference (d).

When the head is instinctively turned towards the
side where the sound is louder (Fig. 17), the
intensity of the sound becomes the same and the
phase difference disappears. At this point
the sound source (8) lies exactly in the plane of
symmetry of the head, and the eyes can tele-
metrically (see p. 310) measure the distance to
the source, if it can be identified at all. It is inter-
esting that this process of sound localization
works as well at the back as in front of the
head, a tremendous advantage for the localization
of an unexpected threat!
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The facial muscles

The facial muscles are very special and different
from the other muscles of the locomotor system,
which interlink bones; the facial muscles do not
move any bones. They are inserted into one of
the cranial bones only on one side, and even then
some of them bave no direct attachments to the
bones. In fact, they are inserted into the deep
surface of the dermis and move the skin. Their
function has received special attention from Duch-
enne de Boulogne. Their first and main function
is to control the facial orifices by closing or
opening them, particularly the eyes and the
mouth, and to a lesser degree the nose; the exter-
nal acoustic meatus is not involved at all.

Their second function is to change facial
expression in order to externalize and express
feelings. They do so in accordance with a uni-
versal language, which is understood all over
the world and supplements the spoken word.
This facial language is almost always accompanied
by a universal set of expressive gestures,
mostly with the hands.

These muscles can be described in detail around
the orifices they control, i.e. the eyes, the nose
and the mouth (Figs 18 and 19).

Around the eyes

The orbicularis oculi has an orbital part (2) and
a palpebral part (3). Contraction of this sphinc-
teric muscle closes the eyelids. Thus, closing the
eyes is an active process: even during sleep the
orbicularis maintains enough tonic activity to
keep the eyes closed. This tonic activity is lost
with death: one needs to close the eyes of a dead
person. In everyday life, the rapid and automatic
and unconscious closure of the eyelids, i.c. blink-
ing, is very important in keeping the eyeballs
moist with tears.

» Opening the eyes is also an active process
carried out by the levator palpebrae
superioris, which lies within the orbit (see
Fig. 52, p. 307).

» Between the eyes and at the root of the nose
there are two muscles, the procerus (4) and
the corrugator supercilii (5), which allow
one to frown and bring the eyebrows closer
together.

« Above the eyebrows lies the frontalis (1),
which moves the scalp forwards. It forms a
digastric muscle with the occipitalis (1") by
sharing a common tendon inserted into the
epicranial aponeurosis, which supports the
scalp. The occipitalis moves the scalp
backwards.

Around the nostrils

In addition to small dilator muscles (not shown
here) there are the nasalis (6), which wrinkles
the nose, and the levator labii superioris
alaeque naris (7).

Around the mouth

The orbicularis oris (12) is also a sphincter with
no bony attachments. It closes the mouth.

All the other muscles open the mouth as
follows:

* by elevating the upper lip like the levator
anguli oris (8), which contracts to reveal the
canine tooth

¢ by pulling it upwards and outwards, i.c.
the zygomaticus minor (9) and the
zygomaticus major (10)

* by pulling the labial commissures outwards,
i.e. the buccinator (17) and the risorius
(13), which is inserted into the masseter
(11), one of the muscles of mastication like
the temporalis (18). They attenuate the lips,
allowing them to vibrate in the mouthpiece
of the trumpet, which was called buccina
in post-classical Latin; hence the word
buccinator (frumpeter in Latin) for the
muscle

* by depressing the corner of the mouth, i.e.
the depressor anguli oris (14), which is the
muscle used to show contempt

» by depressing the lower lip, i.e. the
depressor labii inferioris (15) involved in
kissing

» as for the mentalis (16), it puckers the skin
over the chin, the first stage of sorrow before
the tears.



yrawings based on Andra Szunyoghi's work.

Figure 18

Figure 19
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The movements of the lips

Lips are crucial in all stages of feeding, i.e. open-
ing the mouth, taking hold of the food with the
lips and then closing the mouth during chewing.
When one gets ready to drink, the lips move
forward towards the glass. No animals, except
monkeys, can perform this gesture, and this is
why the higher mammals drink with the tongue
by lapping up the liquid.

The mouth plays an important part in facial
expression, e.g. in joy, contentment, contempt,
hatred, disgust, doubt and refusal. All these feel-
ings and many more are first expressed by the
shape of the mouth.

The mouth also takes part in certain expressions
of emotion, as in a kiss or during singing.

Rounding the mouth allows the emission of sounds
like whistling. The inability to whistle is a test
for facial paralysis.

These movements are controlled by the following
muscles:

* The zygomaticus major (Fig. 20) elevates
and pulls superolaterally the corners of the
mouth, producing a smile with the mouth
closed.

« The buccinator (Fig. 21), lying deep, and the
risorius, lying superficial, are very strong in
pulling outwards the corners of the mouth,
thus thinning down the lips and allowing
them to vibrate during blowing. This is how
one plays any instrument with a mouthpiece,
like the trumpet, the horn or the trombone.

A smile (Fig. 22) is the result of opening the
mouth halfway, as the zygomatic muscles and
the risorius pull its corners upwards and out-
wards and the depressor labii inferioris and
the mentalis depress the lower lip.

Finally (Fig. 23), contraction of the depressor
anguli oris pulls down the corners of the mouth
to express contempt.
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Lip movements (continued)

When the mouth is half open as for a smile (Fig.
24), opening it wide or almost closing it allows
the pronunciation of the vowels A and I respec-
tively. Saying ‘cheese’ at the time of being photo-
graphed ensures that the mouth is in the smile
position.

On the other hand, a greater degree of contrac-
tion of the orbicularis oris (Fig. 25) rounds up
and closes the mouth to allow E or O or even U
to be voiced.

In the position for pronouncing the French U the
mouth is maximally closed and rounded, and the
muscles that close and widen it are then fully
contracted.

In Figure 25 the left eye is shut by contraction of
the palpebral part of the orbicularis oculi, and one
can imagine that the subject is winking while
whistling.



Figure 25

Drawings based on J.P. Lamerand’s work.
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Facial expressions

Here are a few facial expressions chosen from the
commonest; they will allow readers to test their
recently acquired knowledge of the subject. For
each expression readers can train themselves to
describe the various movements involved. The
answers are included in each section.

Disgust (Fig. 26)
« Around the mouth

- lowering of the corners of the mouth by
contraction of the depressor anguli oris

- puckering of the chin by contraction of the
mentalis.
+ Around the eyes

- partial closure of the eyes by contraction of
the orbicularis oculi

- frowning by contraction of the corrugator
supercilii.

Weeping (Fig. 27)
« Around the mouth

- lowering of the corners of the mouth by
contraction of the depressor anguli oris

- slight contraction of the orbicularis oris
- puckering of the chin by contraction of the
mentalis, but to a lesser degree than during
the expression of disgust.
« Around the eyes
- no contraction of the orbicularis oculi

- frowning by contraction of the corrugator
supercilii.

Fatigue (Fig. 28)
» Around the mouth

- lowering of the corners of the mouth by
contraction of the depressor anguli oris

- puckering of the chin by the mentalis but
to a lesser degree than during the
expression of disgust

- relaxation of the palpebral part of the
orbicularis oris.

» Around the eyes
- no contraction of the orbicularis oculi

- raising of the eyebrows by contraction of
the frontalis.

The smile (Fig. 29)

« Around the mouth

- elevation of the corners of the mouth by
the zygomaticus major, the zygomaticus
minor and the risorius

- curling of the lower lip by contraction of
the depressor labii inferioris

- relaxation of the orbicularis oris.
« Around the eyes

- contraction of the orbital and palpebral
parts of the orbicularis oculi

- elevation of both alae nasi by the
contraction of the levatores labii superioris
alaeque nasi.

Anger (Fig. 30)
« Around the mouth
- curling of the upper and lower lips by
contraction of the levator anguli oris and of
the depressor anguli oris, respectively
- elevation of each nostril by contraction of
the levator labii superioris alaeque nasi.
* On the nose
- contraction of the nasalis, procerus and
corrugator supercilii.
» Around the eyes

- contraction of the orbital part of the
orbicularis oculi

- elevation of the upper eyelid by contraction
of the levator palpebrae superioris

- elevation of the eyebrows by contraction of
the frontalis.



Figure 26 Figure 27

Figure 28
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Figure 29

yrawings based on J. P. Lamerand’s work.
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The temporomandibular joints

The temporomandibular joints receive little atten-
tion, but they are of vital importance, since
without them eating is impossible. They allow
movements of the mandible, which articulates
with the base of the cranium (Fig. 31) by two
ellipsoid joints (black arrow) sited just in front
of and below the external acoustic meatus A.
These mechanically linked joints cannot func-
tion one without the other and are essential for
mastication.

The body of the mandible (1) is shaped like a
transversely flattened horseshoe, and its superior
border (2) bears the inferior alveolar process
(3). Its posterior border is continuous with two
ascending rami (4), which terminate each in a
condyle (5) supported by a narrow neck (6).
Anterior to the condyle, the ramus terminates in
the transversely flattened coronoid process

D.

Movements of the mandible are complex and are
shown diagrammatically by six arrows:

» The simplest movement takes place
vertically and includes:

- jaw opening (O), which allows food to be
introduced between the two alveolar ridges

- jaw closing (C), which allows the food to
be held and chewed.

+ A side-to-side movement (S) to the right or
to the left, which allows the surfaces of the
inferior and superior molars to slide on one
another like a millstone for the purpose of
crunching and crushing food.

+ A longitudinal anteroposterior
movement, i.c. protrusion (P) and
retraction (R), which can be combined with
side-to-side movements to produce a circular
grinding movement between the molars.

All these movements have mobile axes and are
typical of movements taking place around instan-
taneous and changing axes, as is the rule in
biomechanics.
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The structure of the temporomandibular

joint

The temporomandibular joint (Fig. 32) con-
sists of two articular surfaces: a superior surface
attached to the inferior surface of the basicranium
and an inferior surface located on top of the
mandibular ramus.

+ The superior articular surface is the
mandibular or glenoid fossa concave in
both directions but particularly anteriorly. It
lies inferior to the external acoustic meatus
(A), whose inferior wall is formed by the
tympanic part of the temporal bone (1).
This fossa is continuous anteriorly with the
posterior surface (2) of the transverse root
of the anteroposteriorly convex zygomatic
process (3), which gives rise to the articular
tubercle. The bottom of this fossa is
traversed from side to side by the
petrotympanic or Glaserian fossa (4),
lying between the tympanic part (T) of the
temporal bone posteriorly and the
zygomatic process anteriorly. The anterior
part (the preglaserian part) (2) of the
mandibular fossa is articular and lined by
cartilage; its posterior part (the
retroglaserian part) is non-articular. On the
other hand, the cartilage lining the anterior
part extends over the surface of the articular
tubercle, which is also articular. Thus this
articular surface is concave posteriorly and
convex anteriorly.

« The inferior articular surface is a cartilage-
coated ovoid surface splayed out transversely,
i.e. the condylar process supported by the
neck of the mandible (N). The process is
shown here in two positions: 1) when the
mouth is closed (C), it lies within the glenoid
fossa; 2) when the mouth is open (O), it
rests on the most prominent part of the
articular tubercle.

» The articular disc is located between the
two articular surfaces. It is a supple and
flexible biconcave fibrocartilaginous
structure, which is mobile relative to the two
surfaces and follows the movements of the

condylar process by gliding inside the joint
cavity. It is shown here in two positions, i.c.
with the mouth closed (5) and with the
mouth open (6). It is held in check by the
upper lamina (7), which is a restraining
ligament running from the tympanic part of
the temporal bone to its posterior border.
When this ligament is stretched (8), the disc
is pulled back during mouth closure. The
lateral pterygoid (9) is inserted into the
neck of the condylar process and also by an
expansion (10) into the anterior border of the
disc, which pulls the disc forwards during
mouth closure.

« The anterior part of the articular capsule is
attached to the disc (11), while its posterior
part (12) connects the tympanic part of the
temporal bone directly to the neck of the
condylar process.

Simplistically one could imagine the convex con-
dylar process rotating in the mandibular fossa
around an axis located in the centre of the fossa,
but the reality is quite different.

« During mouth opening (Fig. 33) the
condylar process moves anteriorly on the
posterior surface of the articular tubercle
without overshooting its crest (black arrow).

A lateral view (Fig. 34) of the movement of
mouth opening shows that its mobile axis O
lies somewhere below the joint at the level of
the mandibular lingula visible on the inner
surface of the ramus.

The very unusual functional anatomy of the joint
explains why it is difficult to reduce temporo-
mandibular dislocations when the condylar
process has overstepped the crest of the
articular tubercle. It can only be brought back
by strongly pulling down the posterior part
of the mandible so that its condylar process can
then be pushed back into position; this is achieved
by placing both thumbs on the patient’s most
posterior inferior molars and applying pressure
downwards (blue arrow).
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The movements of the temporomandibular
joint

In joints with such complex movements the axes
can only be defined by analysing the elementary
movements. This joint has five types of movement
taking place around the following axes (Fig. 35):

a horizontal axis (xx") for movements
involved in opening and closing the mouth
(Fig. 36) occurring between xx” and yy'; it is
not the condyle but the entire mandible that
slides anteriorly

the plane for anteroposterior translation of
the mandible, i.e. protrusion and retraction
(Fig. 37), whose axis (as we have already
seen, p. 296) lies very far down at the level of
the mandibular lingula

an axis for side-to-side sliding movements
when the entire mandible moves (Fig. 38)

an axis for vertical rotation (v) occurring in
either joint during lateral movements (Fig.
39); one of the two condylar processes stays

put in the mandibular fossa and acts as a pivot
while the other slides anteriorly on the
anterior surface of the glenoid fossa

an oblique axis (u) located in either joint for
eccentric jaw opening, i.e. jaw opening
combined with lateral movement (Fig. 40).
This combined movement is the most difficult
to perform, since it combines opening of the
mouth and a vertical rotation. Excessive
opening of the mouth as during yawning can
drag the two condylar processes beyond the
edge of the articular tubercle. The condyles
become stuck and the dislocation becomes
permanent and irreducible, requiring an
operative intervention for reduction.

All these movements can be combined with tan-
gential shearing movements, which are needed to
crush very hard pieces of food.
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Physiology of

Muscles of jaw closure

There are three muscles controlling jaw closure,
with two of them visible on a lateral view of the
skull (Fig. 41):

+ the temporalis (1), which is a wide, flat,
powerful muscle arising fanwise from the
entire surface of the temporal fossa above the
zygomatic process; its tendon passes deep to
the zygomatic process before its insertion into
the coronoid process of the mandible

« the masseter (2) arising from the inferior
border of the zygomatic arch and inserted
into the lateral surface of the angle of the
mandible

+ the medial pterygoid (3), which arises from
the concave medial surface of the pterygoid
process (5) and is directed obliquely
inferiorly and medially to be inserted into the
medial surface of the angle of the mandible.
As a result, this third muscle is visible only
after one half of the opposite mandible has
been resected. This lateral view of the skull
(Fig. 42) shows the medial surface of the
right mandible.

These two figures show clearly that these three
muscles strongly pull the angle of the mandible

upwards. The fact that some acrobats can remain
suspended by their jaws attests to the power of
these muscles.

Figure 43 is a posterior view of the mandible,
which is slightly asymmetrical and tilted to the
right to display the posterior surface of the man-
dible, the pterygoid plate (5) and the zygomatic
arch (6) with these three muscles:

« the temporalis (1) running upwards between
the coronoid process and the temporal fossa

« the masseter (2) lying laterally and arising
above from the zygomatic process (6)

« the medial pterygoid (3) lying medially and
arising from the pterygoid process (5); it acts
as a muscular ‘hammock’ to elevate the angle
of the mandible.

Also visible is the lateral pterygoid (4) running
transversely from the lateral surface of the ptery-
goid process (5) to the neck of the mandibular
condyle. This muscle does not elevate the mandi-
ble but participates in jaw opening (see p. 302).
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The muscles involved

These muscles are more numerous and less pow-
erful than those for jaw closing. It is worth noting
at the outset that gravity favours jaw opening, as
happens during sleep or after loss of conscious-
ness. All but one of the muscles are located below
the mandible. The hyoid bone and the thyroid
cartilage act as relay stations between the man-
dible and the superior thoracic inlet, which is
formed by the first ribs on both sides and the
manubrium sterni in the middle.

These muscles fall into two groups: the supra-
hyoid and the infrahyoid muscles (Fig. 44).

The infrahyoid muscles connect the thyro-
hyoid complex to the shoulder girdle and the
sternum. At the inferior border of the hyoid bone
(h) they are the following mediolaterally:

« The thyrohyoid (1) runs vertically from the
hvoid bone to be inserted into the oblique
line of the thyroid cartilage (), and it is
continuous inferiorly with the sternothyroid
(2) running from the margin of the oblique
line of the thyroid to the manubrium.

« The sternohyoid (3) extends from its
manubrial origin lateral to the sternothyroid
and from the medial extremity of the clavicle
to its insertion into the hyoid bone.

« The omohyoid is a thin digastric muscle
arising from the superior border of the
scapula. Its inferior belly (4) is directed
superiorly, medially and laterally to end in the
intermediate tendon at the level of the
supraclavicular fossa. From this point onwards
its superior belly (5) changes direction to
ascend almost vertically before being inserted
into the inferior border of the hyoid, lateral to
the first three muscles.

All these infrahyoid muscles lower the hyoid
bone and the thyroid cartilage and resist the
action of the suprahyoid muscles.

The suprahyoid muscles constitute the upper
storey of muscles involved in jaw opening.

The hyoid bone is attached posteriorly to the basi-
cranium by the following muscles:

in jaw opening

« the stylohyoid (6) running from the styloid
process (s) to the hyoid bone

+ the digastric muscle, whose posterior belly
(7) arises from the mastoid process (m) and
runs inferomedially to end in the intermediate
tendon, which passes through its fibrous
loop (8) attached to the lesser horn of the
hyoid bone; its anterior belly (9) changes
direction and runs superomedially to be
attached to the inner surface of the mandible
near the symphysis menti. The anterior belly
of the left digastric (9”) is also visible in the
diagram.

The hvoid bone is attached to the mandible by
two other muscles:

* The geniohyoid (10) arises from the genial
tubercle on the inner surface of the mandible
and is inserted into the hyoid bone.

* The mylohyoid (11) is a wide, flat, triangular
muscle with the shape of a half paper cone; it
arises from the inner surface of the mandible
to be inserted into the hyoid bone. The two
mylohyoids form the floor of the mouth.

All these suprahyoid muscles lower the mandi-
ble when they act from the hyoid bone, which
is kept fixed by the infrabyoid muscles. We have
already scen that the suprahyoids are remote
flexors of the cervical spine when they act in
concert with the muscles of mastication.

The last muscle concerned with jaw opening is
the lateral pterygoid, visible on a medial view
of the mandible below the basicranium (Fig.
45). Its fleshy fibres (12) arise from the external
surface of the pterygoid process (a) and are
inserted into the anterior aspect of the neck of the
condylar process (). It pulls the condylar neck
anteriorly, and in so doing it tilts the mandible
around its centre of rotation O, causing the mouth
to open. Without this action the condylar process
would remain jammed in the mandibular fossa.
It also pulls the articular disc anteriorly (see
Fig. 32, p. 297). Thus the lateral pterygoid plays
an essential role in jaw opening,.
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The role of muscles in mandibular
movements

It is now possible to relate movements of the (Fig. 49) is produced by the simultaneous
mandible to the actions of specific muscles. contraction of the ipsilateral masseter and
« Protrusion (Fig. 40), i.e. forward movement the contralateral lateral pterygoid.
of the mandible, is produced by the * Lowering of the mandible and jaw opening
simultaneous contraction of the two lateral (Fig. 50) are brought about by the
pterygoids. simultaneous contraction of the supra- and
+ Lateral translation without pericondylar mfrahy(-nd muscles and of the lateral
rotation (Fig. 47, black arrows) is produced pierygoids.
by contraction of the contralateral lateral * Finally, jaw closure (Fig. 51) and occlusion
pterygoid and of the ipsilateral masseter of the teeth are produced by simultaneous
(not shown in the diagram). bilateral contraction of the muscles of

mastication, i.e. the temporals, the
masseters and the medial pterygoids.

+ Side-to-side movement without lateral
translation or pericondylar rotation (Fig.

48) is produced by the ipsilateral masseter During mastication in real life all these elementary
and the contralateral medial pterygoid. muscle actions are combined in various propor-

. Side-to-side movement around an oblique  tions and strengths, which change during the
axis at one of the temporomandibular joints performance of the movement.

> Joints Volume 3 T
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Physiology

The eyeball: a perfect enarthrosis

Orthopaedic surgeons and physiotherapists do
not realize that the eyeball is an enarthrosis, a
spheroidal joint like the bip or the sboulder. It
is indeed a perfect enarthrosis (Fig. 52: section
of the orbit) with a spherical globe formed by the
pliable but resistant sclera (1), which is flanked
externally by the fascial sheath of the eyeball (2)
(Tenon’s capsule). The intervening episcleral
space or Tenon’s space (3) forms a gliding surface,
which is spherical, flexible and permanently
adaptable and accommodates more than 50% of
the globe - more than usual in enarthroses. The
fascial sheath of the eyeball is thick around the
equator (2) and becomes progressively thinner
and more flexible (4) towards the poles, particu-
larly the posterior pole (5), which is pierced by
the optic nerve (6).

This spherical structure is surrounded by the
semi-fluid orbital fat pad (7) and is attached to
the walls of the orbit by the check ligaments (8)
of the eyeball arising from the sheaths (9) of the
ocular muscles, i.e. the superior rectus (10), the
inferior rectus (11), the inferior oblique (12,
seen in cross-section) and the levator palpebrae
(13). (The other ocular muscles are not visible in
this diagram.) It is the best elastic suspension
system in the body. It is perfectly protected inside
the bony wall of the orbit (14) by the anteriorly
located lids (15), and it is covered by the conjunc-
tiva, which is reflected on the eyeball to form the
conjunctival fornix (16).

This enarthrosis is so perfect that it could be
taken as the paragon for enarthroses. It com-
prises three muscle pairs, one for each degree
of freedom.

+ The two pairs of rectus muscles (Fig. 53) are

responsible for horizontal and vertical eye
movements, as follows:

- upward: superior rectus (sr)
- downward: inferior rectus (ir)
- side-to-side: lateral rectus (Ir) for the same

direction as the gaze; medial rectus (mr)
for the opposite side.

For a horizontal or vertical gaze the spheroidal
joint of the eyeball simply behaves like a univer-

sal joint with fwo axes (one vertical and the
other horizontal) and two degrees of freedom.

« The process is more complicated when the
gaze is oblique (Fig. 54) either upwards or
downwards. Then a third pair of muscles is
recruited, i.e. the two rotator muscles
acting in symmetrically opposite fashion
around the polar anteroposterior axis (p),
orthogonal to both the vertical (v) and the
horizontal (h) axes, as follows:

- The inferior oblique (io) is the simpler of
the two. It is attached to the lateral surface
of the eyeball, skirts round its equcdator
Jfrom below and then runs medially to gain
attachment to the inferomedial angle of the
orbit. The left inferior oblique turns the
eyeball clockwise; the right inferior
oblique turns it anticlockwise. They are
thus perfect antagonists and never contract
simultaneously.

- The superior oblique is a more complex
muscle. It is a digastric muscle with its
intermediate tendon being reflected in a
fibrous pulley attached to the superomedial
angle of the orbit. Its first belly follows the
same path as the inferior oblique but in the
opposite direction; from its attachment to
the lateral surface of the eyeball it skirts
around its equator from above and is
directed medially to reach its pulley. From
there the second belly changes direction to
gain attachment to the roof of the orbit
along with the rectus muscles. The left
superior oblique (Iso) turns the eyeball
anticlockwise and the right superior
oblique (rso) turns it clockwise. They are
thus perfect antagonists and never contract
simultaneously. On the other hand, they
enjoy a crossed synergy with the inferior
obliques, i.e. the right superior oblique is
synergistic with the left inferior oblique and
vice versa. Likewise, they are ipsilateral
antagonists, i.e. the right superior oblique
antagonizes the right inferior oblique and
similarly on the left.



Figure 53
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The ocular muscles in horizontal and
vertical eye movements

Horizontal and vertical movements of the eye-
balls are easy to explain by simply looking at the
actions of the recti:

For horizontal side-to-side glances (Fig. 55)
the medial and lateral recti contract as
follows:

+ for a glance to the right the right lateral
rectus and the left medial rectus contract at
the same time to rotate the eyeball on its
vertical axis (v)

« for a glance to the left the converse is true,
with simultaneous contraction of the left
lateral rectus and right medial rectus.

For vertical glances (Fig. 56) the superior and
inferior rectus muscles contract:

« for the upward glance both superior recti
rotate the eyeball on its horizontal axis (h)

« for the downward glance the converse is
true, with contraction of both inferior recti.

During these two types of movement the spher-
oidal joint of the eyeball behaves mechanically
like a universal joint, i.e. like a joint with fwo
axes and two degrees of freedom. The third
degree of freedom, i.e. rotation of the eyeball on
its polar axis (e) is not utilized, and it is not
shown.



Figure 55
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Physiology ©

The ocular muscles in eye convergence

Stereovision (Fig. 57) requires convergence of
the eyes so that the images received by both eyes
are as identical as possible. The nearest point of
convergence for both eyes is called the punctum
proximum (PP).

A very distant object on the horizon or in the
sky lies beyond the far point or punctum
remotum (PR), which represents the limit for
convergence of the eyes. At this point there is no
parallax and the images in both eyes are identi-
cal; the sense of depth disappears and distance
can no longer be estimated with any precision.
Telemetry (the intuitive measurement of dis-
tance) therefore depends critically on the degree
of convergence of the visual axes of both eyes.

For the far point the rays are almost parallel, i.e.
without any parallax. But, if for instance the
base B (i.e. the interpupillary distance) is
doubled, the far point will recede by a factor of
two compared with the normal base. Gunners,
particularly in the navy, used this telemetric
principle to evaluate the distance of their target,
and the width of the gun turret served as a base.
This method is now out of date with the use of
radar but the principle is still valid.

Likewise, stereovision is only possible if both
eves face forwards, which is not the case with
most birds, except the birds of prey (like the
eagle), which can thus locate their prey with great
precision. One can conclude that predators need
to have eyes that face forwards!

What happens within the range of the far
point? Distance depends on the angle of conver-
gence (p) and is estimated as the difference in

tension between the two medial recti (mr)
until the near point (punctum proximum
[PP]) is reached, when convergence is lost. Thus,
within this range, the difference between the fwo
images becomes progressively greater as the
object gets closer, and this produces the sensa-
tion of depth in the cerebral cortex.

The extremely rapid computation of the instan-
taneous distance of a moving object, which
therefore represents a threat, is carried out in the
brainstem. Let us imagine this process in action
in tennis players who see the ball coming their
way at great speed and must estimate its speed
and predict its trajectory. This is a tribute to our
marvellous computer but it also explains why
tennis players do not last long in their careers: a
tennis player must not only imagine the trajectory
of the ball but also in a fraction of a second
determine how to move the arm holding the
racquet and choose a body orientation so as to
intercept the ball and send it back in a direction
unforeseen by the opponent. Once again, what a
marvellous performance!

In the normal subject, the convergence of the
axes of both eyes is controlled perfectly and atito-
matically by the nervous system and the contrac-
tion of the ocular muscles, in particular the medial
and lateral recti. Failure of this mechanism of
control leads to strabismus, which is of the inter-
nal type when the axes are too convergent and of
external type when the axes are divergent. This
disorder can have a neurological or a muscular
cause, e.g. when the recti are either too short or
too long, as is the case in congenital strabisnus,
which can be corrected by surgery on one of the
lateral recti.
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The Physiology

The mechanical problem of

the oblique glance

Horizontal and vertical eye movements are casily
understood, but understanding eyve movements
during oblique glances poses a problem, which
can be solved by reverting to the notion of the
universal joint discussed in Volume 1 in relation
to the shoulder (Codman’s paradox, p. 18) and
the trapezometacarpal joint (rotation into prona-
tion of the pillar of the thumb, p. 2606).

In the position of rest (Fig. 58), i.c. the eyes
looking straight ahead towards the horizon, the
horizontal meridian m of the eyeball is parallel to
the borizon. It is represented by the line k in the
model of the universal joint (Fig. 59).

When the eyes are lowered (Fig. 60), the merid-
ian m stays parallel to the line representing the
horizontal (k) in the model, which performs the
same movement around the axis h (Fig. 61).

If the eyes, already lowered, are moved to the
right (Fig. 62), the meridian m is no longer hori-
zontal and is now filted obliquely downwards
and to the left. This change is illustrated by the
model of the universal joint (Fig. 63), where the
mobile segment rotates on both axes and under-
goes an automatic rotation or conjunct rota-
tion (MacConnail) on its long axis, in accordance
with the mechanical properties of a universal
joint. As a result, the horizon is no longer
horizontal.

At this point a corrective counter-rotation occurs
(Fig. 64), as is possible in a joint with three
degrees of freedom, i.c. an enarthrosis. This
reflex rotation is produced in this case by con-
traction of the miutscle that surrounds the eyeball
Jfrom above, i.e. the inferior oblique (i0), which
brings back the meridian m to the horizontal posi-
tion so that the borizon will appear horizontal
in the image provided by this eye. In the model
(Fig. 65) a third corrective rotation takes place as
line k moves to position K, i.e. back into the hori-
zontal plane. This corrective conjunct rotation is
produced by contraction of the superior oblique
(s0) and the inferior oblique (i0); it is entirely
reflex and of central origin and is the result of
an extremely precise mechanism. The efferent
messages are carried by the oculomotor nerve
(the third cranial nerve) to the inferior oblique
(i0) and by the trochlear nerve (the fourth cranial
nerve) to the superior oblique (s0).

This is the same mechanism that corrects the
pseudoparadox of Codman at the shoulder
(see Volume 1, p. 19). Likewise, it is the conjunct
rotation in the trapezometacarpal joint (a uni-
versal joint) that rotates the thumb into
pronation during opposition (see Volume 1,
p. 303).



Figure 58

Figure 60

Figure 61

Figure 62 k

Figure 59
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Figure 63

Figure 64
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Figure 65
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Physiolog

The oblique glance: the role of the oblique
muscles and of the trochlear nerve

The importance of the third degree of freedom
in the control of the movements of the ocular
muscles is now apparent, making it possible to
describe these movements during oblique
glances.

When the glance is oblique upwards (Fig. 606),
expressing fear, consternation or despair (as
does the ‘tearful sister’, who looks upwards and
to the right in the painting The Prodigal Son by
J-B Greuze, Louvre Museum), the horizontal planes
tilt downwards and to the right (Fig. 67). This
obliquely directed component (0) is corrected by
contraction of the superior oblique on the
right side (so) and the inferior oblique on the
left side (io). The coordinated and simultaneous
contraction of these muscles brings back the
meridian r to coincide with the horizontal plane
for the image provided by each eye.

When the glance is oblique downwards and
to the left (Fig. 68), expressing disdain or irony
(as in the painting The Bobemian by F. Hals,
Louvre Museum), the horizontal planes tilt down-
wards and to the left (Fig. 69), and the image is
righted by contraction of the left superior oblique
(s0) and of the right inferior oblique (i0). This
coordinated and simultaneous contraction of
these two muscles brings back the meridian r to
coincide with the horizontal plane for the image
provided by each eye.

The usefulness of these two small muscles is now
obvious, although it tends to escape the notice of
4 novice in anatomy. They correct automatically
the conjunct rotation produced by the oblique
glance.

The marvellous aspect of this mechanism lies
in the fact that fwo different muscles innervated
by two different nerves act stimultaneously and
in perfect harmony in order to correct precisely
an unwanted rotational component and thus re-
establish the coincidence of horizontal and
vertical planes. Without this correction the two
slightly different images could not be interpreted
in stereovision.

The trochlear nerve, the fourth cranial nerve,
was formerly known as the pathetic nerve because
of its role in expressing the pathetic look. It is
purely motor and innervates a single muscle, the
superior oblique. Patients suffering from a trans-
ient virally induced paralysis of this nerve are
aware that they cannot bring into line both hori-
zontal planes, a major impediment in driving. The
inferior oblique is innervated by the oculo-
motor nerve (the third cranial nerve), which
innervates all the ocular muscles except the
lateral rectus, which is innervated by a single
nerve, the abducens nerve (the sixth cranial
nerve).
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Mechanical Model of the Cervical Spine

This model is the exact functional equivalent
of the mechanical model described on pages
224-231 of this volume. With some attention and
patience you can build it starting from the struc-
tures included in Plate 1. To avoid damaging this
book you should use a photocopy of the whole
page, preferably enlarged by 50% to make the task
easier. Then use a sheet of carbon paper (which
may be difficult to find since the disappearance of
typewriters) in order to transfer carefully the dia-
grams onto the cardboard. Avoid using Bristol
board, which is too flimsy, and select a sheet of
cardboard that is at least 0.3-0.5 mm thick, e.g.
photographic paper used for colour printers. This
cardboard must be rigid enough for you to be able
to assemble and use the model. If you cannot find
carbon paper, use a 3B lead pencil to blacken the
back of the photocopy of the plate. This is equiva-
lent to a carbon paper, and you need only go over
the drawings to reproduce them on the cardboard
underneath.

The model consists of six pieces that must be
cut out:

« the head A, with its hinges y (dot-dash line)
and z (dashed line), which you must
remember to fold in opposite directions (sce
later)

« the intermediate piece B, linking the head
to the spinal column and containing a shaded
area on the front and a corresponding area on
the back for gluing

« the cervical spine proper C, which also
contains a shaded area to be glued to the
intermediate piece

» the base of the model D, with its three
shaded areas for gluing and two sets of slits
(81-83)

+ the tunnel strap E, with its two areas for
gluing in the back and two dashed lines to be
folded in opposite directions

« the support strap F, with at one end a
shaded tab for gluing on the front and at the
other an unshaded tab.

Cut-out procedure

After cutting out the pieces you must prepare
the folding lines (indicated by dashed lines)
while following these instructions. First use a
craft knife, a scalpel or a razorblade to cut par-
tially into the cardboard to one-third of its
depth. Make the cuts on the front of the card-

board along the dashed folding lines and on
the back along the dot-dash folding lines so that
you can bend the first type of fold backwards and
the second type forwards. To make this easier,
draw the folding lines on the back of the card-
board. You can mark the ends of these lines by
piercing through the cardboard with the point of
a compass. For picce C, representing the cervical
spine, make the oblique cuts along the dashed
lines on both sides of the cardboard to allow
bending on both sides. To avoid weakening the
cardboard you should make the cut on the back
about 1 mm above the cut on the front.

You must pierce the holes without fail before
assembly, since by making them after assembly
you are likely to weaken the model. If you do not
have a punch, you must try to make the holes as
neat as possible in order to allow easy passage of
the elastic bands later. The holes in two corre-
sponding pieces must coincide exactly.

Assembly

1. Assembly of the base

Important: Keep the glued surfaces in place until
they are dry; use paper clips or electricians’ croco-
dile clips.

« Start with the tunnel strap E. Plate 2 shows
how it can be folded into an omega € after
cuts are made on both sides of the cardboard
(Fig. D).

» Glue its two ‘paws’ on to the two small
shaded areas on D so as to form a small
tunnel for the flap of F (Fig. 1D.

« With a blade, cut a horizontal slit as
marked on F.

« Make a cut on the front of the cardboard for
the central fold (dashed line) and on the back
for the lateral tabs (dot-dash lines) in order to
fold F like an accordion (Fig. II).

» Glue the shaded ‘paw’ of F on to the
large shaded area of the base (Fig. I1D.

» When the pieces are tightly glued
together, thread the other ‘paw’ of F into
the bridge strap E to complete the
construction of the base (Fig. IV). The base
is now set up.

2. Assembly of the cervical spine

» Fold the central flap in A twice, i.e.
backwards along z (dotted line) and upwards



along y (dot-dash line) to form a solid right
angle.

* Glue the surface of the strip below axis y to
the shaded area on the upper surface of B,
making sure that the holes (¢ and a”) coincide
(Fig. V).

* When these are tightly glued together, fold
the shaded area of C backwards and glue it to
the lower surface of the unshaded part of B
(Fig. IV). Once more make sure that the holes
(c and ¢") coincide.

3. Assembly of the model

* Check the notch at the base of C and slip it
into the slit of F in order to fix C to the base
(Fig. V).

* To strengthen the structure you can also
place a matchstick or a toothpick through the
hole k in C just under the arch of F.

* The model should now stand up straight;
however, once you have made the oblique
folds in C (dotted lines) more pliable, it will
tend to bend to one side. This instability of
the model reflects perfectly the natural
instability of the cervical spine, which is
steadied by muscular stays.

Stabilizing the model

To keep the model straight you need to stabilize
it with narrow strips of elastic.

This operation calls for meticulousness and
patience. An elastic band can be secured at one
end by a knot made on top of one of the already
punched holes and at the other end by passing it
through one of the slits already pierced by
scissors (S1-S3) at the margin of the base, where
you can control the tension in the band by
securing it tightly.

These elastic tighteners fall into two groups
(Figs. VI and VII):

Group 1 These tighteners (solid and dashed blue
lines) control the upper part of the model corre-
sponding to the suboccipital spine with three
axes represented by three hinges, i.c. the verti-
cal hinge for rotation of the head, the horizon-
tal hinge for flexion/extension and the sagittal
hinge for lateral flexion. They include the
following;:

* Elastic 1 is attached above hole a, passes
through hole a” and is secured at the slit S4 at
the right degree of tension. It controls
flexion/extension of the head.

« Elastic 2 passes through hole b’ and is fixed
by knots at holes ¢” and b with the right
degree of tension in it. It controls rotation of
the head.

» Elastic 3 is knotted at each end above
holes ¢ and ¢ after passing through the slit
S5. By pulling on it on either side of the
slit you can control lateral flexion of the
head.

» Elastic 4 is secured like elastic 3, but it is a
little longer since it passes through slit S6. It
controls at the same time lateral flexion of the
head and the stability of the upper part of
the spine.

Group 2 These tighteners (solid orange lines)
control the lower cervical spine with elastics 5
and 6, corresponding to the scalene muscles;
they keep the cervical spine straight along its
vertical axis:

¢ Elastic 5 is knotted at hole e and is secured at
the right degree of tension in the two slits S1
on of the base.

« Elastic 6 is knotted at hole d and is secured at
the right degree of tension in slits S2 on the
base.

¢ Elastic 7 is knotted at holes ¢ and ¢’ and is
secured in slits S3. It is the lateral stabilizer of
the model.

As you adjust these various elastic bands you come
to realize how unstable is the cervical spine,
which needs to be steadied by the muscular stays
and how any change in one of the stays will alter
the balance of the whole structure. This means
that the cervical spine is an integrated func-
tional unit and any disruption in one of its
anatomical components will have an impact
on the whole structure.

Once the elastics are adjusted, you can experi-
ment with the various movements of the cervical
spine.

First move the lower cervical spine at its
oblique hinges (dashed lines) and you will clearly
observe its stereotypical movement of lateral
flexion-rotation. From this position you can use
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the suboccipital system, which is equivalent to a
tri-axial synovial joint, to impart to the head the
following corrective movements:

« rotation in the direction of motion, which
brings to completion the lateral flexion of the
head

« lateral flexion in the direction opposite to
that of motion associated with rotation on
the side of motion; this results in pure
rotation of the head.

If you hold the base and the head (A) firmly, you
will be able to perform the movement of the

Balinese dancer, i.c. a translational movement
on either side of its axis of symmetry. This move-
ment, which is unnatural, requires counter-
compensations that you can figure out for
yourself.

Your efforts to build this model will be rewarded
and you will be able to perform all possible types
of movement and compensations in the cervical
spine.

Take heart!
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A

abdominal cavity
boundaries 100
volume 74
abdominothoracic cavity 120
abducens nerve 314
acetabulum 50, 52
Achilles’ tendon reflex 138
adductor longus muscle 64
admuniculum lineae albae 64
ageing of vertebral disc 28
air sinuses 278
AIrways see respiratory passages
alae, sacral 52
alar ligaments 200, 202, 206
alveolar process 278
inferior 278, 294
amphiarthrosis see vertebral symphysis
anal sphincter 72, 78, 80
anatomical dead space 174
angle of inclination 86
annulus fibrosus 22, 150
in cervical spine 212
damage to 20
force exerted on 26
in functional couple with nucleus pulposus 26, 34
self-stabilization 34
anococeyvgeal ligament 70, 80
anterior longitudinal ligament 20, 64
anteromedial ligaments 90
apical ligament of dens 204, 206
‘.1|)UI"I|'_‘ LUTroscs
of latissimus dorsi 102
lumbar 102
arcuate fibres 90
arcuate ligament
lateral 160
medial 160
arcuate line of rectus sheath 108
arcuate pubic ligament see pubic ligament. inferior
articular capsule 296
articular discs 296, 302
articular facets 30
axis/atlas 190, 192, 196, 200, 204, 2006
cervical vertebrae 190, 218
costotransverse joint 150
cricoid cartilage 182
lumbar vertebra 94
thoracic vertebra 144
articular processes
cervical vertebra 190, 206, 210, 212
lumbar vertebra 88
thoracic vertebra 144, 146
articular surfaces
atlanto-axial joints 198
cervical vertebrae 210
lumbar vertebrae 88
temporomandibular joints 296
articular tubercles 296

articulatio capitis costae (joint of costal head) 150, 152, 150
articulatio costotransversaria (costotransverse joint) 150, 152

aryepiglottic cords 182
arvepiglottic ligaments 182
aryepiglottic muscles 182
arytenoid cartilages 182, 184
asthenic posture 118, 122
atelectasis 170
atlanto-axial joints 192, 206
flexion-extension 194, 196
rotation 196

atlanto-axial ligament
anterior 204, 208
posterior 204, 208
atlanto-occipital joints 198
capsules 204
flexion-extension 202, 246
movements 240, 252
lateral flexion 202
rotation 200
and prevertebral muscles 240
atlanto-occipital ligaments
lateral 208
posterior 204
atlanto-occipital membrane
anterior 204, 208
anterolateral 208
posterior 208
atlas 188, 190, 192, 230
atlanto-axial dislocation 194, 268
see also atlanto-axial joints; atlanto-occipital joints
auditory ossicles 276
auricle 276
axial ligament see interosseous sacroiliac ligament
axis 188, 190, 192, 204, 230
atlanto-axial movement 196
movements 252
pedicle 206
see also atlanto-axial joints

basi-occiput 230
basicranium 278, 302
basilar artery 272

belly band 112

bipedalism 2, 10, 280, 282
birth canal 74, 76

blinking 286

boneless joints 276
Bonnaire's theory of nutation 62
Bonnaire's tubercle 56, 62
brachial plexus 242
brachiocephalic trunk 272
brain 276, 282

brakes of nutation 58, 66
breathing see respiration
buccinator muscle 286, 288
bulbospongiosus 80

C

capsular ligaments
of cervical joints
atlanto-occipital 206, 208
axis-C3 208
of facet joints
lumbar vertebra 134
thoracic vertebra 146
capsules of joints 134
atlanto-occipital facet 204
uncovertebral joints 216
carotid arteries 272
cauda equina 138
central tendon 160
cervical index 234
cervical nerve roots 270
cervical nerves 208, 210
cervical spine 6, 186-275
balancing head 234
columns of 268
curvature/lordosis 8, 118, 122, 226, 234
and posterior neck muscles 256, 258, 260, 262
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and prevertebral muscles 240, 242, 264
and sternocleidomastoid muscles 236, 264
degrees of freedom 224, 230
description 186
dislocations 268
evolution 10
fragility 186
ligaments of
lower cervical spine 212
suboccipital 204, 206, 208
lower
dislocations 214
flexion-extension 214, 218
lateral flexion-rotation 218, 220
geometric illustration 222
mechanical model 224, 230
compared to cervical spine 228
lateral flexion-rotation 226, 228
movements 260, 262
mechanical model 224, 228, 230, 317-19
assembly
of base 317
of model 318
of spine 317-18
compared to cervical spine 228
cut-out procedure 317
instability 318
lateral flexion-rotation 226, 228
movements 318-19
stabilizing 318-19
in one-legged standing 122
relationship to nerve roots 270
relationship to neuraxis
and sensory organ oric
suboccipital 224
compensations 228
mechanical model 224, 228, 230
supporting screws 274
cervical spine movements 180, 188
clinical assessment 266
compared to mechanical model 228
compensations in suboccipital spine 230
extension 248, 262, 266
flexion 238, 240, 242, 244, 246, 266
lateral flexion 240, 242, 248, 266
ranges 38, 40, 42, 232, 266
reference planes 206
rotation 242, 248
cervical vertebrae
atlas 188, 190, 192
axis 188, 190, 192
C3 190
laminae 190
pedicles 210
typical 190, 210
cheekbones 278
circle of Willis 272
cleido-occipital muscle 236
cleidomastoid muscle 236, 248
clitoris 72
coceyx 6, 60, 64
communication 276, 282
see also phonation
compliance curves 176
compression fractures of vertebrae 16
concha, superior, middle and inferior 278
condylar processes, mandibular 278, 294, 296, 298
condyles of jugular process see occipital condyles
congenital strabismus 310

congenital torticollis 236
conjoint tendon 108, 110
conjunctival fornix 3006
conus medullaris 6, 138
coronoid process 294
corpord cavernosa 80
corpus spongiosum 80
corrugator supercilii muscle 286, 292
costal cartilages
clasticity 178
movements 154, 156
in thoracic spine movement 148
costil facets 144
costochondral angles 140
costoid processes 88
costosternal angles 146
costosternal joint movements 154

costotransyverse joint (articulatio costotransversaria) 150,

costotransverse ligaments 150
costovertebral angles 140
costovertebral joints 150
coughing 180, 182
counternutation see (der nutation
cranial bone tectonics 280
cranial (ocular) nerves 312, 314
cranial sutures 276, 280
mobility/subduction 280
cranial vault 278
cranium 276, 278, 282
cribriform plate 278
cricoarytenoid joint 184
cricoarvtenoid muscles 184
cricocorniculate ligaments 182
cricoid cartilage 182, 184
cricothyroid muscles 182
cruciate ligament 204, 206
crura 160

dead space 174
defecation 78
Delmias index 14, 234
dens 190, 192, 204, 230
atlanto-axial dislocation 194
atlanto-axial movement 194, 196
atlanto-occipital rotation 200
in mechanical model 226
stabilizing suboccipital region 268
dens. apical ligament of 204, 206
dens facet 192
depressor anguli oris muscle 286, 288, 292
depressor labii inferioris muscle 286, 288, 292
detrusor muscle 78, 80
diaphragm 160, 162, 1064
digastric muscle 246, 302
of the neck 258
dilator naris 276
diplog 278
disc herniation 138, 270
disco-vertebral joint. self-stabilization of 26, 34
dislacations
atlanto-axial joints 194, 208
cervical spine (C5/C6) 268
lower cervical spine 214
pubic symphysis 52
temporomandibular joints 296
divine lozenge 82
dorsal thoracic muscles 118
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dura mater 134
dural sac 134

enarthrosis
atlanto-occipital joint 198
eyeball 306

endocranial table 278

epicranial table 278

epiglottic cartilage 182

epiglottis 282

episcleral (Tenon's) space 306

erectile bodies 80

erection 80

erector spinae muscle 100

ethmoid bone 278

expiration
and costal cartilage elasticity 178
diaphragm-abdominal muscle interaction 164
in elderly 172
forced 162, 164, 168, 176
mechanism 166
thoracic compliance 176

expiratory muscles 158, 162
accessory 162

expiratory reserve volume 168

eve movements
convergence 310
horizontal/vertical 308
oblique glance 312

eveballs 306
check ligaments 306
degrees of freedom 308, 312
rotation. corrective conjunct 312
as universal joint 306, 308, 312

evelids 306

F

face 276, 282
facet (zygapophyseal) joints 18, 20
anteromedial ligament of 90
capsular ligaments 134, 146
cervical spine 212
in lateral flexion 36
and nerve roots 270
thoracic spine 144, 150
see also ligament of facet joint
facets
costal facets 144
dens facet 192
sacral auricular facets 56
see also articular facets
facial expression 276, 282, 286, 288, 290, 292
facial muscles 286
facial orifices 276, 282
control of 286
facial paralysis, test for 288
faecal continence 78
false pelvis 50
Farabeuf's theory of nutation 60, 62
fascia transversalis 100
femoral nerve 138
filum terminale internum 6
fine-tuning muscles 230, 250
flail chest 170
foramen magnum 278
movement in evolution 10, 280
foramina transversaria 212, 272

fractures
compression fractures of vertebrae 16
dens 268
vertebral isthmus 96
frontal bone 278
frontalis muscle 286, 292
Funck’s experiment 166
modified 170
functional reserve capacity 168

G

gemellus muscles 68

geniohyoid muscle 302

Glaserian (petrotympanic) fossa 296
glenoid (mandibular) fossa 296
glottis 182, 184, 282

glutei 122

gluteus maximus 118

gracilis muscle 64

grey matter 134

haemothorax 170
Hamberger's diagram 158
hamstrings 118, 122
pain on stretching 140
head 276-315
halancing on cervical spine 234, 262
entry portals 276, 282
as lever 234
load-carrving on 262, 264
sutures 276
head blood vessels 272
head movements 236
clinical assessment 266
extension 262
flexion 238, 240, 246
lateral flexion 230, 252
lateral translation without flexion 266
and posterior neck muscles 256, 260
range of rotation 284
rotation 248, 254, 2006, 284
and sensory organs 282
Heimlich manoeuvre 180
hemipelvis, right 68
herniated intervertebral disc 138, 270
hip joints 50
flexion-extension 66
Hirsch's experiment 26, 28
humps, spinal 8
and abnormal rotation 36
hydrothorax 170
hyoid bone 302
hyperlordosis 8
straightening 118

iliaae bones 50, 52
auricular surfaces 54
in nutation 60
iliacus muscle 68
iliocostalis cervicis muscle 162, 248, 258, 262
iliocostalis muscle 102, 258
iliocostalis thoracis muscle 162
iliolumbar ligaments 58, 98
iliopsoas muscle 68
inextensible deep fascia of penis 80
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infrahyoid muscles 246, 264, 302, 304
inguinal ligament 110
inguinal rings, deep/superficial 110
inspiration
and costal cartilage elasticity 178
diaphragm-abdominal muscle interaction
164
in elderly 172
forced 168, 176
mechanism 166
inspiratory capacity/reserve volume 168
inspiratory muscles 158, 162
accessory 162, 242
interarytenoid cartilage 182
interarytenoid muscles, transverse 182
intercostal muscles 158
internal/external 162
intermastoid line 40
interosscous ligaments
costovertebral joints 150
sacroiliac (axial) (vague) 58, 60, 64
intershoulder line 132
interspinalis muscles 100, 102, 248, 250
interspinalis thoracis muscles 104
interspinous ligaments 18, 20, 90, 92, 204
cervical spine 208
thoracic spine 146
interspinous line 86, 100
intertransverse ligaments 20, 90, 92, 212
intertransverse muscles 244
intervertebral discs 12, 18, 20
ageing 28
in axial compression 34
cervical spine 212
compressive forces 30
clastic properties 26
flattened vs normal 30
flexion-extension 34
herniation 138, 270
lumbar spine 90, 92
lumbosacral 96
lumbosacral, weightbearing in 120
movements, elementary 34
preloaded state 26
prolapsed 136
mechanism of nerve root compression 138
in spondylolisthesis 96
structure 22
related to cord level 32
thickness 32
thoracic vertebrae 150
intervertebral foramina 18
cervical vertebrae 210
damage to 270
thoracic vertebrae 150
thoracolumbar vertebrae 134
intervertebral linkage 20
intrathoracic pressure 166, 176, 180
involuntary internal urethral sphincter 80
ischial tuberosities 60
ischiocavernous muscles 72, 80
ischium 50

J

jaw muscles
of closure 300, 304
of opening 302, 304

joint of costal head (articulatio capitis costae) 150, 152, 156

joints. boneless 276
jugular process, condyles of see occipital condyles

kyphosis 8. 118
and respiration 172

L

labour 76
muscles for pushing 112
position during 66
labrum 16
lacrimal bone 278
lamina(e)
cervical vertebrac 190, 212
lumbar vertebrae 88
thoracic vertebrac 144
upper 296
vertebrae 12
laryngeal apparatus 182
laryngeal inlet 182
laryngeal muscles 182
larvngeal nerve, recurrent 184
larynx 276. 282
Lasegue's sign 140
lateral sacrococeygeal ligaments 64
latissimus dorsi muscle 100, 102, 162
aponeurosis of 102
lesions of cervical spine 270
levator anguli oris muscle 286, 292
levator ani muscle 68. 70, 78
levator costae muscles 158, 162
levator labii superioris alacque naris muscle 286, 292
levator palpebrac muscle 306
levator palpebrae superioris muscle 286, 292
levator scapulae muscle 248, 260, 262
Lewinneck, plane/triangle of 82
ligament of facet joint, anterior medial 90
ligaments
of eveball 306
lower cervical spine 212
lumbar spine 90
sacroiliac 52, 54, 50, 58
suboccipital 204, 200, 208
see also specific ligaments
ligamentum flavum 18, 20, 92, 134, 204
lumbar spine 90
thoracic spine 146
ligamentum nuchae 204, 208, 212, 258
linea alba 100, 108, 110
lip movements 288, 290
Lisfranc's (scalene) tubercle 242
longissimus capitis muscle 248, 258, 262
longissimus cervicis muscle 248, 258, 262
longissimus muscle 100
longissimus thoracis muscle 102, 104, 162, 248, 258
longitudinal ligaments
anterior 90, 92, 134, 146, 204, 208, 212
posterior 90, 92, 146, 204, 206, 212
in disc prolapse 136
longus capitis muscle 240. 244, 240, 262, 264
longus colli muscle 238, 244, 246, 264
lordosis 8, 136
lumbar spine 86, 102
straightening 116, 118



lozenge of Michaelis 82
lumbago 136, 138
lumbago-sciatica 136
lumbar aponeurosis 102
lumbar furrow 100
lumbar hyperlordosis 8
lumbar muscles 102
lumbar plexus 138
lumbar spine 6, 84-141
action of psoas major 106
arc of lumbar lordosis 86
curvature/lordosis 8, 86, 102, 122
action of psoas major 106
inversion 10
muscle action 118
straightening 116, 118
description 84
disk thickness 32
global view 86
ligaments 90
in one-legged standing 122
pedicle screws 274
posterior bend 86
stabilization 88
in standing position 122
transverse processes 86
vertebral arches 90, 96
vertebral bodies 86
vertebral isthmus 96
lumbar spine movements
flexion-extension 92, 128
lateral flexion 92, 130
ranges 38, 40, 42, 128, 130
rotation 94
lumbar vertebrae 88
articular processes/surfaces 88
L3 104
L5 104
laminae 88
pedicles 88
structure 88
transverse (costoid) processes 88
upper/lower, rotation in 94
vertebral bodies 88
vertebral foramen 88
lumbosacral angle 86
lumbosacral hinge 96
movements 98

mandible 278, 282, 294
mandibular condyles 278
mandibular (glenoid) fossa 296
mandibular movements 294, 304
manubrium sterni 302
masseter muscles 246, 286, 300, 304
mastication 282, 286, 294, 304
mastoid process 236
maxilla 278
maxillary sinus 278
medulla 268
compression/transection 268, 270
mentalis muscle 286, 288, 292
Michaelis's lozenge 8, 82
micturition 78, 80
mouth 276, 282, 288
floor of 302

muscles
abdominal 100, 162, 164
abdominal wall 108, 110, 112
flexion of trunk 116
rotation of trunk 114

straightening of lumbar lordosis 118

facial 276, 286
jaw movement 304
closure 300, 304
opening 302, 304
of mastication 246
neck
anterior 246
posterior 248
relative strengths of 234
ocular 306, 308, 310
prevertebral 238, 240
trunk 100, 102
lateral 106
musician’s spine 124
mylohyoid muscle 246, 302

nasal bones/bridge 278
nasal fossae 278
nasalis muscle 2806, 292
natal cleft 82
neck blood vessels 272
neck movements
flexion 238, 240, 246
rotation 266
neck muscles
anterior 246
posterior 248
first/fourth planes 256
second plane 258
third plane 260
nerve root compression 138
nerve root pain 136
neuraxis
protection 4
relationship to cervical spine 268
torsion 200
see also spinal cord
nodular prostatic hyperplasia 80
nose/nostrils 276, 282, 286
nucleus pulposus 22, 150
in cervical spine 212
flexion-extension 24
force exerted on 26

in functional couple with annulus fibrosus 206,

34
lateral flexion 24
position 32
as swivel 24
water imbibition 28
nutation
brakes of 58, 66
and counternutation 60
movements of 60, 66
theories
Bonnaire's 62
classic, of Farabeuf 60, 62
of pure translation 62
of rotational movement 62
see also under specific joints
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o pelvic girdle (pelvis) 46-83
angle of inclination 86

obturator internus muscle 68 architecture 52
oblique glance destabilization 72
mechanical problem of 312 external landmarks 82
oblique muscles in 314 female 48
trochlear nerve in 314 functions 50
oblique muscles (abdominal) and gestation/labour 48
and curve of waist 112 intermediate opening 74
external 64, 100, 110, 114, 162 joints, influence of position on 66
internal 78, 100, 110, 114, 162 in lordosis 118
and trunk rotation 114 male 48
oblique muscles (of eve) mechanical model 50
inferior 254, 306, 314 nutation/counternutation in labour 76
superior 300, 314 in one-legged standing 66
obliquus capitis muscles organs contained 40
inferior 248, 250, 252, 254 as selflocking system 52
major 254 sexual dimorphism 48
superior 248, 250, 252, 254 shape 48
Occam's principle of parsimony (Occam’s razor) 272, 276, in symmetrical erect position 66
282 pelvic inlet 48, 52, 74
occipital bone 200, 202, 230, 278 in nutation 60
basilar process 204 pelvic outlet 74
foramen magnum 278 in nutation 60
squama 202, 204, 200, 278 pelvic wall 68
occipital condyles 198, 202, 2006, 278 pelvis
occipitalis muscle 286 false 50
occipito-axial ligaments true 46, 50
lateral 204 in labour 76
median 204, 2006 volume of 74
occiput 200 see also pelvic girdle
ocular muscles 306, 308, 310 penis 80
oculomotor nerve 314 periarticular ligaments 64
olfactory bulbs 278 peridural injections, landmark for 82
omohyoid muscle 246, 302 perineal body 80
one-legged standing perineal ligament, intermediate 80
asymmetrical 124 perincum 46, 68
lumbar spine 122 female 72
pelvic girdle 66 functional disorders 76
spinal column 4 trauma 72
orbicularis oculi muscle 276, 286, 292 male 80
orbicularis oris muscle 276, 286, 290 superficial/deep planes 72
orbital fat pad 3006 peroneal nerve, common 138
orbits 278, 306 petrotympanic (Glaserian) fossa 296
osteoarthritis phonation 182, 184, 276, 282
cervical, nerve root symptoms of 270 phrenic nerve palsy 170
and cord compression 270 physiological dead space 174
spinal/vertebral 30, 90 piriformis muscle 68
osteophytes 90 plane of Lewinneck 82
plane of the bite 38
P pleural disorders 170

pleurisy 170
pneumothorax 170
poliomyelitis 164, 180
posterior arch ligament 20
praxitelian position 124
prepubic ligament 64
pressure, intrathoracic 166, 176, 180
pressure sores 126
prevertebral muscles 238, 240, 242
global view 242
and sternocleidomastoid muscles 264
priapism 50
procerus muscle 286, 292

palatine bones 278
palatine process 278
paraspinal muscles 30
paravertebral muscles 102, 114
deep lateral 100
in lordosis 118
332 posterior 100
in spondylolisthesis 96
parietal bones 278
pars interarticularis 96
pectoralis muscles 162
pedicles 12
cervical vertebrae 210, 212
importance of 274
lumbar vertebrac 88
supporting screws 274
thoracic vertebrae 144, 150
pelvic diaphragm 68, 70

prolapse
intervertebral discs 136
mechanism of nerve root compression
urogenital organs 72, 76
prone position 126



psoas major muscle 68, 100, 106
at diaphragm 160
in lordosis 118
ptervgoid muscles
lateral 296, 300, 302, 304
medial 300, 304
pterygoid processes 278, 300
pubic arch, rib vault of 64
pubic bones
diastasis 52
horizontal ramus 52
pubic ligament
anterior 64
inferior (arcuate) 64
posterior 64
superior 64
pubic ramus 52
pubic symphysis 50, 64
articular surfaces 64
dislocation 52
in labour 76
in one-legged standing 66
pulmonary vascular perfusion 166
punctum proximum 310
punctum remotum 310
pure translation theory of nutation 62
pyramidalis muscle 64

Q

quadratus lumborum muscle 100, 106, 160, 162

radiate ligaments 150
radicular collar 134
rectus abdominis muscles 64, 100, 108, 110
flexion of trunk 116
in lordosis 118
in respiration 162
tendon of origin 64
rectus capitis muscle
anterior 240, 244, 246, 264
lateralis 240, 244, 264
posterior major/minor 248, 250, 252, 254
rectus muscles of eyeball
lateral/medial 306, 308, 310, 314
superior/inferior 306, 308
rectus sheath 100, 108
arcuate line 108
recurrent laryngeal nerve 184
respiration 164, 166
dead space 174
effects of age/sex 172
physiopathology 170
and profession 172
sighs 172
snoring 166
see also expiration; inspiration
respiratory distress 170
respiratory muscles 160, 162
respiratory passages 182
airflow in 166
dead space in 174
during swallowing 182
respiratory types 172
respiratory volumes 168, 174
reserve volumes 168, 180
rest, positions of 126
rib vault of pubic arch 64

ribs
articulation with spine 150
first 302
head of rib 150
movements 258
during inspiration 156
at joints of costal head 152
in thoracic spine movement 148
rima glottidis 184
risorius muscle 286, 288
rotational movement theory of nutation 62
Roy-Camille screw technique 274

sacral alae 52
sacral angle 86
sacral curvature 8
sacral foramen, first superior posterior 82
sacral fossae 82
sacral plexus 138
sacral promontory in flexion-extension 66
sacrococeygeal joint 64
flexion-extension 64
sacrococeygeal ligaments 64
sacrococeygeal segment of spine 6
sacroiliac joints 52, 58
articular surfaces 54
landmarks 82
in supine position 66
in walking 66
sacroiliac ligaments 52, 54, 56
anterior 58
anterior plane of 58
cranial s caudal 56
interosseous (axial) (vague) 58, 60, 64
posterior 58
sacrospinous ligament 58, 66
sacrotuberous ligament 58, 66
sacrum 6, 50, 64
auricular facet 56
auricular surfaces 54
in nutation 60, 66
vestigial ligaments 64
scalene (Lisfranc's) tubercle 242
scalene muscles 162, 242, 244, 248, 262
Scheuermann'’s disease 16
sciatic foramina 58
sciatic nerve 138
pain on stretching 140
sciatica 136
scoliosis 8
and abnormal rotation 36
Sedilot's fossa 236
segmental ligaments 90
sella turcica 278
semispinalis capitis muscle 248, 258
semispinalis muscle 262
sensory organs 276, 282
serratus anterior muscle 162
serratus posterior inferior muscle 102, 162
serratus posterior superior muscle 162
sexual dimorphism
pelvic girdle 48
perineum 70, 80
urogenital cleft 70
shoulder girdle 142
side-lying 126
and respiration 170
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signet plate of cricoid 182
sitting positions 124

ischiofemoral/ischiosacral support 126

lumbar spine 126
thoracolumbar rotation 132
skull
bipedal 280
see also cranium: head
‘small dog’ radiograph 96, 274
snoring 166
sound location 284
speech see phonation
sphenoid bone 278
sphincter urethrovaginalis 72
spinal column 2-45
in bipeds/quadrupeds 2, 10, 280
curvatures 8
classification 14
development 10
and respiration 172
and sacral facet 56
dynamic vs static 14, 56
evolution 2, 10
functional type 14
functions 2, 4
global view 2
intervertebral linkage 20
major/minor columns 12
musician’s spine 124

one-legged standing 4, 66, 122, 126

pillars, anterior/posterior 18, 20
plasticity 4
position of symmetry 4
praxitelian position 126
recumbent positions 126
response to forces 34
sacrococcygeal segment 6
sitting positions 124, 126
stabilization

self-stabilization 24, 34

in trunk flexion/straightening 122

stays/tighteners 4

see also cervical spine: lumbar spine; thoracic spine

spinal column movements
action of psoas major 106
clinical assessment 44
degrees of freedom 38
flexion-extension 24, 34
clinical assessment 44
global ranges 38
global movements 44
lateral flexion 34, 40
clinical assessment 44
mechanical model 36
rotation during 36
lumbar spine 92, 94
rotation, axial 34, 42
clinical assessment 44
during lateral flexion 36
measurement 42
permanent 36
spinal cord 134, 268, 276

compression/transection 252, 268, 270

end 138
relationship to cervical spine 268
see also neuraxis
spinal furrow 82
lumbar furrow 100

spinal lesions 270
spinal osteoarthritis 30

spinal (vertebral) canal 12, 150, 210, 272

spinalis muscle 102
spinous processes 12
cervical vertebra 190, 210, 212
lumbar vertebra 90
thoracic vertebra 144, 146, 150
splenius muscles 212

capitis (cephalic bundle) 248, 260, 262
cervicis (cervical bundle) 248, 260, 262

spondylolisthesis 96, 126
spondylosis Y6

sprained back 136
Stereoscopic on 284, 310
sterno-occipital muscle 236
sternocleidohyoid muscle 246

sternocleidomastoid muscles 162, 248, 262

and prevertebral muscles 264
structure/function 236
synergy 256
sternocostal angles 146
sternocostalis muscle 158
sternohyoid muscle 246, 302
sternomastoid muscle 236
sternothyroid muscle 302

sternum in thoracic spine movement 148

sternum movements 154, 156
sthenic posture 118

strabismus 310

stvlohyoid muscle 302

styloid process 302

subclavian arteries 242, 272
suboccipital ligaments 204, 2006, 208
suboccipital muscles 230, 250, 256, 264

lateral flexion-extension 252
rotation 254
superficial transversus perinei 72
supine positions 126
and respiration 170
suprahvoid muscles 246, 264, 302, 304
supraspinous ligament 20
supraspinous ligaments 90, 92
surgery, spinal 274
sutures see cranial sutures

T

telemetry 310

temporal artery, superficial 272

temporal bones 278, 296

temporal fossa 278

temporalis muscles 246, 286, 300, 304

temporomandibular joints 276. 278, 294
dislocations 296
movements 298
structure 296

Tenon's capsule 306

Tenon's (episcleral) space 306

thoracic compliance 176

thoracic kyphosis 8

thoracic relaxation, total 176

thoracic spine 6, 44, 142-85
curvature 8, 118
description 142
intervertebral discs 150
in one-legged standing 122
rotation, axial 148



thickness 32
thoracic spine movements
flexion-extension 146
lateral flexion 146
ranges 38, 40, 42, 142
clinical assessment 44
thoracic vertebrae
articular facets 150
capsules 150
facet (zygapophyseal) joints 150
laminae 144
pedicles 144, 150
T12 104, 144
typical 144
thoracic wall 142
thoracolumbar joint 132
thoracolumbar spine
movement ranges 38, 42, 132
clinical assessment 44, 132
rotation 132
thorax 142, 156
thyroarytenoid muscles 182
thyrohyoid ligaments 182
thyrohvoid muscle 246, 302
thyroid cartilage 182, 302
tibial nerve 138
tidal volume 168, 174
total lung capacity 168
tracheotomy 174
transverse ligament 192, 194, 196, 204, 206
rupture 252, 268
LFANSVETSe Processes
cervical vertebra 190, 210, 212
lumbar vertebra 86, 88
thoracic vertebra 144
transverso-axial ligament 204, 2006
transverso-occipital ligament 204, 206
transversospinalis muscle 262
transversospinalis muscles 100, 102, 114, 256
cervical 248
transversus abdominis muscle 76, 78, 100, 108, 112
transversus perinei, deep 72
trapezius muscles 212, 248, 256, 262
trapezius syndrome 126
traumatopnoea 170
triangle of Lewinneck 82
triceps surae 122
trochlear nerve 314
trunk
flexion 122
as inflatable structure 120
typist’'s syndrome 126

)

uncinate processes 190, 212
uncovertebral joints 190
movements 216
and nerve roots 270
osteoarthritis 270
urcthra 68, 80
urethral sphincters/continence 78, 80

urogenital cleft 70, 80
urogenital prolapse 72, 76
uterus 46

Vv

vague ligament see interosseous sacroiliac ligament
Valsalva manoeuvre 120, 162, 182
vertebrae
components
anatomical 12
functional 18
dorsal arches 12
intervertebral/discal surfaces 16
laminae 12
movements see spectfic movenents under spinal column
pedicles 12
segments. passive/mobile 18
structure, rypical 12
wedge-shaped compression fractures 16
see also cervical vertebrae; lumbar vertebrae: thoracic
vertebrae
vertebral arches, lumbar 90, 96
vertebral artery 190, 208, 210, 272
vulnerability 272
vertebral bodies 12
bony trabeculae 16
lines of force 16
lumbar spine 86, 88
structure 16
thickness 32
thoracic spine 144
vertebral canal see spinal canal
vertebral disc see intervertebral discs
vertebral discal surface 216
vertebral ligament, anterior longitudinal 64
vertebral pedicles 274
vertebral symphysis 22, 64
visual field 284
vital capacity 168
vocal cords 182, 184
voluntary external urethral sphincter 80
vomer 278

w

waist, curve of 112

wilking
pubic symphysis misalignment during 66
thoracolumbar spine in 132

weightbearing 120

whiplash injury 214

whistling test for paralysis 288

white matter 134

r 4

Zaglas, ligament of 58

zone of mechanical transition 268

zvgapophyseal joints see facet joints 335
zygomatic bones 278

zygomatic process 296, 300

zygomaticus muscles 286, 288, 292
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