


René Louis

Surgery
of
the Spine

Surgical Anatomy and Operative Approaches

Foreword by Leon L. Wiltse
With 140 Figures in 655 Separate Illustrations

Springer-Verlag
Berlin Heidelberg New York 1983



René Louis

Professor of Anatomy and of Surgery, Chief, Vertebral Surgery Service
Hopital Hotel-Dieu; 6, Place Daviel, F-13224 Marseille Cedex 1, France

The original illustrations have been prepared by the author with the
technical assistance of Wahed Ghafar.

Translator: Dr. Elliot Goldstein
1, Square des Feuillants, Parly II, F-78150 Le Chesnay, France

Title of the original French edition: Chirurgie du rachis
© Springer-Verlag Berlin Heidelberg New York 1982
ISBN-13:978-3-642-81810-3

ISBN-13:978-3-642-81810-3 ¢-ISBN-13:978-3-642-81808-0
DOI: 10.1007/978-3-642-81808-0

Library of Congress Cataloging in Publication Data

Louis, René, 1933 —. Surgery of the spine. Translation of: Chirurgie du rachis. Bibliogra-
phy: p. Includes index. 1. Spine-Surgery. 2. Surgery, Operative. 3. Spine-Anatomy. 4. Anat-
omy, Surgical and topographical.

[DNLM: 1. Spine-Surgery. WE 725 L 888 c] I. Title. RD 533. L 6713 1983 617'.56059 82-16805

This work is subject to copyright. All rights are reserved, whether the whole or part of the
material is concerned, specifically those of translation, reprinting, re-use of illustrations,
broadcasting, reproduction by photocopying machine or similar means, and storage in data
banks. Under § 54 of the German Copyright Law, where copies are made for other than pri-
vate use, a fee is payable to ‘Verwertungsgesellschaft Wort’, Munich.

© Springer-Verlag Berlin Heidelberg 1983
Softcover reprint of the hardcover 1st edition 1983

The use of registered names, trademarks, etc. in this publication does not imply even in the
absence of a specific statement, that such names are exempt from the relevant protective
laws and regulations and therefore free for general use.

2124/3140-543210



Foreword

In this comprehensive and original monograph, Professor René
Louis presents in minute detail in one volume the gross anatomy,
nerve supply, biomechanics, and microcirculation of the spine. He
also presents the surgical approaches to the vertebral bodies and
their contents. Professor Louis is a great anatomist and this book has
been prepared from his personal observations, both anatomical and
surgical. His studies have been meticulously conducted and contain
much original research, for instance his work on the motion of the
neural elements within the lumbar vertebral canal.

The illustrations are nearly all original and very often a photograph
of the neural or vascular elements is presented alongside a drawing
of a given important anatomical area.

For all these reasons, this inspiring treatise makes a valuable contri-
bution to our knowledge of the spine and forms a basis for an under-
standing of the intricacies of surgical anatomy and approaches. It
will be especially valuable to the spinal surgeon, but the medical
student, the orthopedic resident (or registrar), and the anatomist will
also find it extremely useful.

Long Beach, July 1982 Leon L. Wiltse, M.D.

Professor of University
of California



Preface

Surgery of the spine, with its twin osteoarticular and neural structure, comes
under two specialties, orthopedics and neurosurgery. Because of its axial posi-
tion in the body, the spine passes through such varied regions as the neck, tho-
rax, and abdomen; to gain access by the anterior approach most surgeons re-
quire the collaboration of a specialist in otorhinolaryngology or thoracic, gen-
eral, or even vascular surgery.

Can this state of affairs be considered the best possible solution to the prob-
lems of spinal surgery? The answer is certainly yes if surgical education retains
its classical teaching subdivisions. However, the answer would probably be no
if the development of surgeons could instead be oriented more toward spinal
surgery, leading to it becoming a full-fledged specialty. The theoretical and
practical teaching of this specialty would have to include the fundamentals of
orthopedics, neurosurgery, vascular surgery, and especially general surgery, all
applied to the cervical, thoracic and lumbosacral approaches to the spine.
During internship and assistant professorship from 1956-1965 my develop-
ment as a spinal surgeon was accomplished by a self-imposed education of
this type, which is at the moment the only way in which the technical independ-
ence of spinal surgery can be obtained. However, it should be possible to re-
duce the period of training by offering a consolidated teaching programme.
Indeed, the major aim of this book is to bring together the classical, modern,
and some personal notions of anatomy applied to the surgery of the spine.

The book has been divided into two parts. The first part deals with the funda-
mental aspects of development, morphology, dynamics, vascularization, and
neural systematization of the spine as a whole, and aims to give an understand-
ing of the main functions of the spine: statics, stability, dynamics, neural pro-
tection, vascular support, and radiculomedullary transmission. Investigation
of these functions is necessary in the evaluation of spinal lesions, and their
reestablishment should be the primary goal of therapy. The second part of the
book deals with the topographical features and surgical approaches in the dif-
ferent regions of the spine. Emphasis is placed on full discussion of regional
topography, as this element is basic to safety and efficacy in spinal surgery. To-
pographical varieties are described in detail, along with the main vasculoneu-
ral and visceral anomalies or malformations, which are a potential source of
risk if not recognized during surgery. The surgical approaches described rep-
resent the outcome of my long experience of constant application and refine-
ment. An effort has been made to identify the possible mishaps and complica-
tions of each technique clearly and to present the means of avoiding or treating
them. The various anterior and posterior approaches allow access to every part
of the spine with full security. Indeed, it is my opinion that the failure to recog-
nize the technical possibilities of these approaches “a la carte” to the spinal re-
gions prevents many surgeons to operating more directly and effectively. For
example, fracture of L1 with marked angulation of the vertebral body and an-
terior compression of the spinal cord would be treated by laminectomy and
posterior osteosynthesis if the surgeon were unfamiliar with the anterior ap-
proach. However, left thoracophrenolumbotomy would allow full reduction
of the angulation, anterior decompression of the spinal cord at the actual site
of compression, and stabilization by reconstitution of the anterior column of
the spine with intercorporeal grafting and osteosynthesis. The reliability of
such direct techniques and the quality of the results obtained should enable
the reader to broaden his technical capability regarding the approaches to the
spine.

A second book, now in the planning stage, will treat the “technical aspects” of
surgery of the spine as a function of the etiology of the lesions to be treated.
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Thus in any specific clinical situation, this book should allow selection of the
surgical approach while the second will help to identify the treatment proce-
dure based on etiology.

The material on which these books are based has been collected patiently since
1956 from my anatomical studies of radiculomedullary topography, the vascu-
lar topography of the spine, and vertebral and radiculospinal biodynamics.
My experience in surgery of the spine began in Marseilles in 1964, was pur-
sued in Dakar (Senegal) from 1966-1971, and has continued from 1971 on-
ward in the hospital service back in Marseilles, specializing in all aspects of
spinal surgery. As a result of this work, all the anatomical and surgical illustra-
tions were personally conceived and drawn, down to their finest details. The fi-
nal shading of the illustrations was done by my talented collaborator Wahed
Ghafar, a visiting fellow from Afghanistan to whom I wish to express my sin-
cere gratitude.

I would also like to thank all those who made this work possible, above all my
teachers and friends at the Marseille School of Anatomy: Professors M. Sal-
mon, J. Grisoli, J. Gambarelli, P. Bourret, and G. Guerinel. I am indebted to my
collaborators and the friends who contributed to my research: Professors
A.Manbrini, Y.Baille, D.Obounou-Akong, R.Ouminga, G.Salamon, J.Laf-
font, and C. Argenson, and Doctors S.Henry, C. Maresca, and P. Auteroche.
I express my gratitude to Mrs. V. Azria and Miss A.Orhan for their expert sec-
retarial assistance. Finally, my sincere thanks go to Doctor Gotze and his bril-
liant colleagues from Springer-Verlag for their interest in my work and the per-
fection they have brought to the publication of this book.

Marseille, July 1982 René Louis
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4 Normal and Pathological Development of the Spine: Introduction — Prenatal Development

L. Introduction

The appearance of the vertebral column in the animal king-
dom is of such great importance that the phylum Vertebrata,
in which Homo sapiens is the most evolved species, is defined
by the presence of this structure. At first simply represented
by the notochord, the axial skeleton is associated with the
vertebrae in the higher species, solidity thus being added to
the flexibility of the primitive spine. The vertebrate animals
are also characterized by the formation of a neural tube, de-
veloped on the posterior aspect of the notochord and envel-
oped by the vertebrae. Finally the phenomenon of metameri-
zation, beginning in the higher invertebrates, represents a
characteristic evolutionary trait of the vertebrates. The devel-
opment of the spine is a perfect illustration of metameriza-
tion.

Normal embryonic development occurs under the control of
chromosomal genes followed by a succession of chemical in-
ductors determining cellular differentiation and then cellular
organization. The chorda-mesoderm represents the primary
inductor of the vertebral column. Development of the corpo-
real form or morphogenesis precedes constitution of the or-
gans or organogenesis, the final step being histogenesis. Be-
cause of the successive nature of embryogenesis, the effect of
teratogenic agents is all the more severe during early embry-
onic development. Errors of morphogenesis lead to monstros-
ity, whereas abnormal organogenesis or histogenesis results
in malformation. Accordingly, after each main stage of verte-
bral development we shall describe the teratologic series ex-
tending from monstrosity to malformation which arises from
the more or less precocious and intense alteration of normal
embryonic phenomena. Full development of the spine is not
restricted to the prenatal period but continues into the first
years of postnatal life.

II. Prenatal Development

This period consists of four main stages.

A. Formation of the Primitive Streak

At the end of the second week of intrauterine life the embry-
onic disc is a bilaminar structure composed of ectoderm and
endoderm. The cells in the caudal region of the embryonic
disc migrate toward the midline to form the primitive streak
appearing as a narrow groove flanked by small bulgings with
a thickening at the cephalic end known as Hensen’s node.
The prochordal plate visible as a thickening in the cephalic
region of the endoderm along the axis of the primitive streak
is the inductor of the cephalic formations. The embryo thus
displays its axial orientation with the future situation of the
spine already determined.

Embryonic anomalies arising prior to this stage may lead to
symmetrical (gemellary) or asymmetrical (twin monsters) di-
vision of the embryo with two spines, either separate or
joined by a common region.

B. Formation of the Notochord

Beginning on the 15th day modified ectodermal cells move
toward the primitive streak, invaginate, and migrate between
the ectodermal and endodermal layers to form the third em-
bryonic layer or chorda-mesoderm. The invagination of cells
cranially from Hensen’s node along the midline forms the
notochord, which grows until it reaches the prochordal plate.
An orifice on the primitive streak, the primitive pit (blastopore),
extends into the notochordal process to form a lumen known
as the neurenteric canal. The floor of the notochord fuses with
the endoderm and by degeneration allows the neurenteric
canal temporarily to connect the yolk sac and amniotic cavity.
What remains of the notochord groups together to form a sol-
id midline rod separated from the endoderm, thus obliterat-
ing the neurenteric communication. On either side of the
notochord the lateral cells of the primitive streak give rise to
the paraxial mesoderm.

Abnormal development during this phase leads to a terato-
logical series known as notochordal dysraphia (Duhamel
1966) where the common denominator is a local defect in fu-
sion of the notochord. Major forms of dysraphia include
esophageal or colic hernia through a spinal fissure. A dorsal
enteric fistula arises when a digestive diverticulum passes
through the spine to open on the posterior wall of the trunk.
In most cases the fistula regresses before birth, leaving behind
only a dorsal remnant of the enteric fistula, i.e., pre- or intra-
spinal cyst, dermal sinus, and duplication of the digestive
tube. Anterior rachischisis due to sagittal fissuration of the
vertebral bodies and segmental duplication of the spinal cord
or diastematomyelia are also related to this series of malfor-
mations.
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Figure 14-H

Sagittal (left) and frontal (right)
sections through the human
embryo during the third week of
development

I embryonic disc 2 ectoderm 3 endoderm 4 primitive streak 8 paraxial mesoderm 9 neurenteric canal /0 primitive pit
5 Hensen’s node 6 prochordal plate 7 notochord (blastopore) 11 amniotic cavity 12 yolk sac
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C. Formation of the Neuraxis

At the beginning of the third week the ectoderm over the no-
tochord thickens from Hensen’s node up to the cephalic end
of the embryo to form the neural plate of the neurectoderm. A
few days later the lateral margins of the neural plate lift up
while the midline region depresses thus forming the neural
groove. The lateral folds of the neural groove continue toward
each other and fuse on the midline to create the neural tube.
Fusion begins in the region of the fourth somite and con-
tinues cranially and caudally with persistence of an orifice at
either end called the anterior and posterior neuropores. These
orifices allow communication between the neural tube and
the amniotic cavity up to the 23rd day (anterior neuropore)
and 25th day (posterior neuropore). During the process of
neural tube closure some ectodermal cells on the lateral edges
of the neural groove differentiate to form the neural crests.
Prior to dorsal fusion of the neural tube, the neural crests mi-
grate laterally, later giving rise to the spinal ganglions and
latero- and prevertebral vegetative ganglions.

The enlarged cranial end of the neural tube dilates to form
three primitive cerebral vesicles and evolves toward the for-
mation of the encephalon. The neural tube caudal to the
fourth somite gives rise to the future spinal cord. The inductor
of the neural plate and thus of the spinal cord would be Hen-
sen’s node or the primordial notochord. Similarly, the closure
of the neural tube constitutes an induction for the formation
and closure of the posterior envelopes of the spine. Posterior
to the neural tube the mesenchyme grows from the embryonic
mesoderm giving rise to the endomeninges (pia mater and
arachnoid membrane), ectomeninges (dura mater and poste-
rior arches of the vertebrae), and derm, which induces the
transformation of the ectoderm into epiblast and then epi-
derm with exoskeleton.

About the middle of the fourth week the cells of the neurecto-
derm differentiate to form three layers: the inner ependymal
layer, surrounding the lumen of the ependymal canal; the
middle mantle layer, formed of neuroblasts, which gives rise
to the gray matter of the spinal cord; and the outer marginal
layer, containing the nerve fibers, which gives rise to the white
matter of the spinal cord.

Up to the third month the spinal cord occupies the entire
length of the vertebral canal. However, thereafter the spine
grows more rapidly than the neural tube so that the caudal
end of the spinal cord apparently ascends within the vertebral
canal. According to Barson (1970) the caudal end of the spi-
nal cord lies near L4 at the ninth week and near the lower
margin of L2 at term.

As proposed by Duhamel (1966), errors of posterior closure
of the neuraxis can be termed encephalomyelodysraphia. The
most severe form is complete encephalomyeloaraphia or an-
encephaly, featuring arrested morphological development at
the neural groove stage but normal histological development
and nerves. This malformation involves the entire spine and
cranium. Less advanced forms include myelodysraphia or spi-
na bifida. Spina bifida aperta or myeloaraphia, most often lo-
cated in the lower lumbar region, is an exteriorization of the
neural plate or neural tube without overlying meninges, bone,
or skin. Meningocele is characterized by the protrusion of the

membranes of the spinal cord through a defect in the posteri-
or vertebral arch. A hernia also containing the spinal cord is
termed meningomyelocele. Minor forms of malformation in-
clude spina bifida occulta, featuring only the defective closure
of the posterior arch sometimes accompanied by a tuft of hair
on the skin overlying the defect, circumscribed cutaneous apla-
sia with a thin smooth integument, and dermal sinus, which
may be either a blind fistula or cystic cavity with an epider-
moid lining. Other anomalies can be likened to these malfor-
mations of the neuraxis: diastematomyelia, where a portion of
the spinal cord is divided into two hemicords separated by a
bony septum; hydromyelia and syringomyelia, featuring en-
domedullary cavities; and finally myelodysplasia, associating
histological abnormalities of the spinal cord with talipes ca-
vus, spina bifida occulta, and minor neurological disturb-
ances.
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Figure 24-J Cc

QWb Aawx

Neural groove

Neural tube

Caudal end of spinal cord flush with end of vertebral canal before
the third month

Spinal cord terminates at L2 at birth

Myeloaraphia at the neural groove stage

Myeloaraphia at the neural tube stage

Meningocele

H Spina bifida occulta
I Diastematomyelia
J Syringomyelia

I neural groove 2 neural crest 3 paraxial mesoderm 4 spinal cord
5 dorsal aorta 6 neural tube 7 somite & intermediate mesoderm
9 sclerotome
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D. Formation of the Sclerotome

On about the 18th day during the formation of the neuraxis,
the paraxial mesoderm begins to divide into symmetrical
paired cuboidal bodies, called somites, lying on either side of
the neural groove. The first pair of somites develops a short
distance caudal to the cranial end of the notochord and sub-
sequent pairs develop in a craniocaudal sequence yielding
eventually 42-44 pairs, i.e., 4 occipital, 8 cervical, 12 thoracic,
5 lumbar, 5 sacral, and 8-10 coccygeal pairs. The first occipi-
tal and final coccygeal somites eventually disappear. At the
end of the fourth week the somites divide into three cell co-
lonies: the dermatome, which migrates under the epiblast to
form the dermis and subcutaneous tissue; the myotome, giv-
ing rise to the musculature; and the sclerotome, which takes
on the histological aspect of mesenchyme and develops on
the right and left of the axial structures (notochord and neural
tube). Degeneration of the notochord is the inductor of scle-
rotome formation. The sclerotome is the initial tissue giving
rise to the future vertebral model. It is probable that the scle-
rotome is segmented like the somites, although Baur (1969)
observed at this stage only a homogeneous blastema without
metamerization. The developing vertebra is thus paired and
symmetrical, the two halves rapidly fusing around the cord
and neuraxis. This is the sclerotome stage with a precartilagi-
nous or membranous vertebra. Each sclerotome contains a
loosely packed cranial zone and a densely packed caudal
zone. The densely packed cells migrate opposite the center of
the myotome and give rise to the anulus fibrosus of the inter-
vertebral disc and the intervertebral ligaments. The loosely
packed cells spread out to occupy the spaces left by the mi-
grating densely packed cells, straddling two myotomes, where
they give rise to the precartilaginous vertebral bodies. The
notochord degenerates within the vertebral bodies but per-
sists in the intervertebral disc to form the nucleus pulposus.
The sclerotome contains two other cell colonies, one of which
migrates dorsally to form the model of the future posterior
arch. The other colony migrates ventrolaterally to constitute
the costal process. Although all the vertebrae present a bud-
ding costal process, only those of the thoracic vertebrae de-
velop to form ribs. In the other spinal regions, costal buds
take part in the formation of the transverse processes.
During the sixth week three pairs of chondrification centers
appear in each mesenchymal vertebra. One pair of centers
forms the cartilaginous centrum which gives rise to the verte-
bral body, one pair leads to formation of the posterior arch,
and the third gives rise to the costal or transverse processes.
This is the stage of the cartilaginous vertebra.

From the third month three primary ossification centers ap-
pear, thus announcing formation of the bony vertebra. There
is one ossification center in the centrum and one in each half
of the vertebral arch. The lateral primary centers in the verte-
bral arch are located in the zone of future attachment of the
transverse and articular processes. The ossification centers do
not appear simultaneously over the entire spine. The ossifica-
tion centers of the centrum first appear in the thoracolumbar
junction, whereas those of the vertebral arch are first seen in
the cervical region. The development of the primary ossifica-
tion centers allows rapid growth of the vertebrae by typical

enchondral ossification of the cranial and caudal surfaces
and of the dorsal junction with the posterior arch. The cranial
and caudal surfaces are the superior and inferior surfaces of
the vertebral body on which are inserted the fibers of the anu-
lus fibrosus. A cartilaginous zone known as Schmorl’s inter-
mediate cartilage is located between the primary centers of
the vertebral arch and centrum. The scheme of ossification is
slightly different at the two ends of the spine. The atlas pres-
ents only two primary ossification centers located in the pos-
terior arch, the third center in the anterior arch appearing as a
secondary center near birth. Conversely, in addition to the
standard three pairs of primary ossification centers, the axis
presents a supplementary pair of centers for the odontoid
process which thus appears as the centrum of the atlas at-
tached to the axis. The cartilage between the odontoid pro-
cess and the body of the axis is homologous to an interverte-
bral disc. The sacrum is constituted by the grouping together
of five vertebrae each having the standard ossification cen-
ters. The costal processes of the first three sacral vertebrae
fuse together to form the ala sacralis. The coccyx is limited to
the median primary centers of the centrum of a few vertebrae.
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Figure 34-G

A Left lateral view of a 22-day-old embryo I neural groove 2 somites 3 amnion (cut edge) 4 cut wall of the

B Left lateral view of a 34-day-old embryo yolksac 5 densely packed region of the sclerotome 6 loosely packed

C-E The three stages of formation of the sclerotome region of the sclerotome 7 myotome & notochord 9 nucleus

F The three parts of the sclerotome pulposus 10 metameric artery 1/ spinal nerve 12 hemicentrum

G The cartilaginous vertebra with its three primary ossification 13 bud of costal process 14 bud of posterior arch 15 median
centers primary ossification center of centrum 16 lateral primary ossification

center of posterior arch 17 Schmorl’s intermediate cartilage
18 central canal
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II1. Postnatal Development

The formation of the spine continues after birth. Spinal
growth and adaptation to the erect position are achieved in
the postnatal period.

A. Maturation and Growth of the Vertebrae

Schmorl’s intermediate cartilage evolves toward the fusion of
the median and lateral primary ossification centers and thus
disappears between the ages of 4 and 8 years, depending on
the subject. Fusion of the lateral primary ossification centers
occurs during the first year of postnatal life. Consequently,
full dehiscence of the vertebral arches of the spine exists at
birth. Fusion begins in the lower thoracic spine and extends
cranially and caudally to involve the entire spine at about the
age of 7 years. Thus the apparent radiological absence of fu-
sion of the posterior sacral arches should not be referred to as
spina bifida in a given child before the age of 8 years.

After birth, secondary ossification centers appear in the superi-
or and inferior surfaces of the vertebral bodies and in the
vertebral processes. The secondary centers of the vertebral
bodies are also known as the annular epiphyses or as cartilag-
inous and then osseous margins of Schmorl and Junghans. Up
to the age of 2 years the cranial and caudal surfaces of the
centrum or vertebral body are covered by cartilage with an
annular ridge seen on roentgenography as a notch on the
angles of the centrum, giving a steplike image. Islets of bone
appear in the annular ridge of the cartilaginous margin at
about the age of 2 years in the thoracolumbar region (T10 to
L1) and involve the entire spine at about the age of 10 years.
These secondary centers have often been considered as dis-
coid plates homologous to the epiphysis of the long bones of
the limbs and from which the spine grows. However, accord-
ing to Schmorl and Junghans each of these centers is an ossi-
fication anulus belonging to the intervertebral discs and form-
ing coupled units, i.e., cartilaginous disc-plates constituting a
mobile, elastic, shock-absorbing physiological entity, as op-
posed to the rigid vertebral bodies. The osseous margins are
seen as an opaque line, detached from the superior and inferi-
or surfaces of the vertebral bodies with an anterior thickening
near the angles of the vertebral bodies.

Fusion of these bony ridges occurs progressively, beginning
at the age of 14 years and terminating in the lumbar region no
later than the age of 17-18 years. The other secondary ossifi-
cation centers are located in the spinous processes (paired
centers in the cervical region), transverse processes, superior
and inferior articular processes, and lumbar mamillary pro-
cesses. These centers appear between the ages of 11 and
18 years and their fusion is complete when growth stops be-
tween the ages of 21 and 25 years. The atlas presents a secon-
dary ossification center in the anterior arch. The axis pos-
sesses a secondary center for the ossification of the odontoid
process, a center for the inferior surface of its vertebral body,
and a pair of ossification centers for its spinous process. The
seventh cervical vertebra displays a well- developed costal os-
sification center anterior to the transverse processes. Fusion
of the different sacral segments occurs in the caudocranial di-

rection but is complete only at the age of 30 years in most
adults, with the absence of definitive fusion persisting in
some cases.

B. Adaptation to the Erect Position

Study of the spinal column in the evolution of the vertebrate
animals shows that adaptation to quadrupedia is achieved by
the appearance of cervical lordosis and that adaptation to the
erect position in the higher anthropoid animals and man is re-
lated to the presence of lumbosacral lordosis. At birth cervical
lordosis is fully established, whereas in our opinion lumbo-
sacral lordosis is incomplete (Louis 1964). Despite the rapid
development in the fetus of a lumbosacral angle forming the
promontory at the level of the vertebral bodies, this angle
seems to be due to the progressive regression of the volume of
the sacral vertebral bodies rather than the existence of a true
angulation between the lumbar and sacral spine.

In large series of newborn infants and adults, we measured
the angles formed by the inferior articular column of L5 with
the posterior plane of the L5 vertebral body. The mean angle
was 168 ° at birth and 145° in adult Europeans (France) and
150° in adult black Africans (Senegal). It was deduced from
these results that lumbosacral lordosis undergoes completion
after birth and that the lumbosacral isthmic region (generally
LS, sometimes L4 or L3) displays a further average incurva-
tion of 18 °-23° during growth.
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Figure 44-K

A B

C
D
E F
G
H, I

J K

Primary and secondary ossification centers of the thoracic
vertebrae

Ossification of the lumbar vertebrae

Ossification of the atlas

Ossification of the axis

Ossification of the sacrum

The lumbosacral column and fifth lumbar vertebra of the
neonate

The lumbosacral column and fifth lumbar vertebra of the adult

I median primary ossification center 2 lateral primary center

3 Schmorl’s intermediate cartilage 4 secondary ossification center of
transverse process 5 secondary center of spinous process 6 vertebral
isthmus 7 secondary center of the anterior arch &8 marginal ridge or
annular epiphysis 9 primary ossification centers of the odontoid
process 10 secondary center of the odontoid process 11 primary
costal center 12 secondary center of mamillary process

13 lumbosacral isthmic angle 14 secondary ossification center
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Figure 5A-D. Embryos at the 30-35 mm stage

A Transverse section of the cervical spine at C1-C2
B Transverse section of the thoracic spine

C Paramedian sagittal section of the thoracic spine
D Transverse section of the lumbar spine
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Figure SE

Median sagittal section of a 35-mm embryo
(x6.5)
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IV. Malformations of the Vertebrae
A. Dysraphia of the Notochord

The persistence of the neurenteric canal or simply its replace-
ment by an adhesion of the digestive tube to the notochord
leads to the absence of fusion of the two halves of the sclero-
tome known as anterior rachischisis. In this malformation the
vertebral body is divided into left and right segments resem-
bling the wings of a butterfly. The reader should recall dia-
stematomyelia, where the spinal cord is divided into two seg-
ments by the mesodermal tissue and often by a bony septum
arising from the posterior surface of the vertebral bodies.

A very severe form of dysraphia is iniencephaly, a monstrosity
featuring anterior and posterior fissure of the cervical spine,
occipital bone, and upper thoracic vertebrae. The central cav-
ity is occupied by very abnormal posterior brain and spinal
cord with a digestive adhesion or fistula. The appearance of
iniencephaly is characteristic: the head is in retroflexion with
absence of the nuchal region and continuity of the scalp di-
rectly on the dorsal skin.

Vertebral dysmorphia or “mosaic spine” is a less severe form
of dysraphia of the notochord, although the morphological
aspect of a more or less large spinal segment is highly dis-
turbed by the existence of right and left compensated hemi-
vertebrae. These lesions can be accounted for by a defect in
the anterior fusion of the vertebral bodies causing a shift in
the level of fusion between the right and left hemisclerotomes.

B. Abnormal Segmentation of the Sclerotomes

The perichordal mesenchyme may present anomalies of seg-
mentation due to disturbed induction of the somites, leading
to numerical anomalies, transitional anomalies, or congenital
vertebral fusion.

Numerical anomalies can be regional and compensated, thus
resembling the transitional anomalies. These anomalies are
distinct from the true numerical anomalies represented by an
extra vertebra (sixth lumbar or eighth cervical vertebra) or a
missing segment (sacrum, coccyx, Klippel-Feil syndrome).

The transitional anomalies can be interpreted as the result of
an error involving the level of induction of the regional mor-
phology. For example, the pelvis phylogenically and onto-
genically ascends the spine, successively coming into contact
with the vertebrae lying higher up (Regalia 1880). According
to the level of arrest of the coxal bone, the sacral vertebrae
will develop more or less superiorly. The position of the coxal
bone relative to the spine induces the formation of the sac-
rum. The transitional anomalies vary greatly from the crani-
um to the coccyx. Occipitalization of the atlas features the
more or less complete fusion of the atlas to the base of the oc-
cipital bone. An exceptional finding is the occipital vertebra
where the occipital bone presents bony features resembling
the posterior arch of the atlas.

A uni- or bilateral cervical rib is a cervicothoracic transitional
anomaly resulting from the individualization and full devel-
opment of a costal ossification center in the seventh cervical
vertebra. In some cases the cervical rib is reduced to a posteri-
or bony portion with a thick band of fibroconjunctive tissue
extending anteriorly to the sternum. A lumbar rib is a com-
mon anomaly, presenting as a supernumerary ossicle or true
rib at the ossification center of the transverse processes of L1.
Lumbosacral transitional vertebrae correspond to either the
lumbalization of S1 or the sacralization of LS. This anomaly
is uni- or bilateral and occurs in about 7% of births. These
transitional vertebrae present a giant transverse process re-
sembling the ala sacralis and forming a neoarticulation with
the sacrum and sometimes the coxal bone. The underlying in-
tervertebral disc and the corresponding posterior articula-
tions are often atrophic. In some cases the transverse process
is fused to the ala sacralis. The sacrococcygeal region is a fre-
quent site of anomalies resulting from the uni- or bilateral
separation of the lowermost sacral segment or the fusion of
one or both sides of the sacrum to the coccyx. A “vertebral
tail” is a very rare anomaly due to lengthening and straight-
ness of the coccygeal segments.
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Figure 6 A-1

A The normal craniovertebral junction F Platyspondylia and spinous ossicle
B Os odontoideum G Spondylolysis of the axis

C Basilar impression H Cervical rib

D Klippel-Feil syndrome I Spondylolysis of C6

E Failure to close of the posterior arch of the atlas and bony anulus for

the vertebral artery
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Basilar impression, featuring the invagination of the upper
cervical spine into the foramen magnum, can be considered a
transitional anomaly, and occurs when the odontoid process
rises above Chamberlain’s line, drawn from the posterior
margin of the hard palate to the dorsum of the foramen mag-
num. This malformation is often accompanied by occipitali-
zation of the atlas, Klippel-Feil syndrome, atlantoaxial insta-
bility, and Arnold-Chiari syndrome (protrusion of the cere-
bellar tonsils and medulla oblongata below the foramen mag-
num).

Congenital vertebral fusion results from the absence of seg-
mentation of two or more sclerotomes with complete or par-
tial loss of the densely packed cells which normally form the
intervertebral disc. This anomaly can be found at all levels of
the spine. Congenital vertebral fusion is accompanied by the
complete or partial absence of the intervertebral disc. The fu-
sion may involve only the vertebral bodies, in which case ky-
phosis develops, or the vertebral bodies and posterior arches,
with axial shortening of the involved vertebral segment and
stenosis of the intervertebral foramina. Klippel-Feil syndrome
is a special case of vertebral fusion. Patients with this syn-
drome have a short neck, very low hairline, and rounded
back. The syndrome may be associated with pterygium colli
(mandibulothoracic web) or Sprengel’s deformity (congenital
elevation of the scapula). The several cervical vertebrae fused
into a single block are interrupted only by the vertebral canal
and stenotic intervertebral foramina. The absence of the inter-
vertebral discs and posterior articulations renders the in-
volved segment totally rigid.

C. Vertebral Hypoplasia and Agenesis

Destruction of the cells of part or all of the sclerotome which
is to form a given vertebral body can lead to its arrested devel-
opment, for example, agenesis of the odontoid process and
platyspondylia. Arrested development of the anterior or pos-
terior part of the loosely packed region of the sclerotome
leads respectively to the formation of a dorsal or ventral
hemivertebra, causing congenital kyphosis. In both cases the
over- and underlying intervertebral discs fuse in the missing
region of the vertebral body. A lateral noncompensated iso-
lated hemivertebra can only be accounted for by agenesis of
the left or right half of the sclerotome. This malformation re-
sults in congenital scoliosis. Complete or partial aplasia of a
posterior arch is an exceptional finding. Agenesis of the cau-
dal bud, situated at the caudal part of the primitive streak,
leads to a series of malformations involving not only the lum-
bosacral spine but also the lower limbs, urogenital organs,
and rectum. These malformations include agenesis of the sac-
rum, ectrosomia (congenital lack of the lower body segment),
and symmelia or sirenomelia (fusion of the lower limbs).

D. Abnormal Ossification

A malformation known as os odontoideum occurs when the
odontoid process remains separated from the body of the
axis. The ossification centers of the sacral crest may fuse with
the spinous process of L5, which undergoes hypertrophy to
form spina bifida occulta of S1 and S2. Ossicles result from
absence of fusion of the secondary ossification centers in the
tip of the spinous processes, the articular processes, and in the
anterior annular margin of the vertebral bodies. Certain mi-
nor malformations of the articular processes are due to apla-
sia, dysplasia, or malposition disturbing the orientation,
symmetry, and dynamic functional capacity of the articular
facets.

E. Abnormal Caliber of the Vertebral Canal

Caliber anomalies include stenosis of the vertical or lumbo-
sacral canal. The congenital form of stenosis is less frequent
than the acquired variety, due to arthrosis in particular. Wid-
ening of the canal is an exceptional finding; when accompa-
nied by dilatation of the conus medullaris, it sometimes in-
volves a sacral termination of the spinal cord. Diastemato-
myelia and vertebral dysmorphia are also associated with an
enlarged vertebral canal.

F. Congenital Spondylolysis and Spondylolisthesis

Although true congenital spondylolisthesis due to agenesis of
the articular facets of the sacrum does exist, spondylolysis is
no longer considered to be a congenital lesion. On the con-
trary, spondylolysis results from fatigue fracture related to
static conditions that are frequently transmitted hereditarily.
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Figure 74-1

movAamx

The mechanism producing vertebral dysmorphia

Lateral hemivertebra

Anterior rachischisis

Vertebral fusion

Articular ossicles and hypertrophy of the L5 spinous process with
spina bifida of S1 and S2

F Dorsal hemivertebra and defective fusion of the annular epiphysis
G Lumbosacral transitional anomaly

H Spondylolysis of L5

I Spondylolisthesis of LS due to agenesis of the sacral facets
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I. Cervical Spine

The cervical spine or cervical column extends from the crani-
um to the thorax. The seven cervical vertebrae are denoted C1
to C7 in descending order. The first and second cervical verte-
brae present special features regarding form, function, and
name: C1 is called the atlas and C2 the axis. In the erect ana-
tomical position the cervical spine presents a posterior con-
cavity (lordosis) that disappears on flexion and in certain sub-
jects with a flat or hollow back. The cervical spine is de-
scribed in terms of the different aspects shown in the plates.

A. Posterior Aspect

The cervical spine presents a deep concave posterior surface
between the occipital region and the thorax. The spinous
processes lying along the midline are its only palpable struc-
tures. The atlas, which is the only cervical vertebra lacking a
spinous process, has a posterior tubercle that cannot be pal-
pated since it lies in the depressed region subjacent to the oc-
cipital bone. The vertebrae C2 to C6 have bifid spinous pro-
cesses, whereas C7 displays a simple spinous process. The
spinous process of C2 is large and well developed. The spi-
nous process of C3 is practically hidden under that of C2. The
spinous processes increase in volume from C3 to C7, the lat-
ter being referred to as the vertebra prominens. In fact the spi-
nous processes of C6, C7, and T1 are difficult to distinguish
by palpation, since their dimensions are very similar. The line
of spinous processes is flanked on each side by two smooth
planes of bone, each presenting two surfaces. The first, lying
in the paramedian plane and composed of the successive
vertebral laminae with a slight lateral oblique slant, is trans-
versely interrupted by the narrow depression of the interlami-
nar spaces. Only the membranous spaces between the occipi-
tal bone and atlas and between the atlas and axis are larger
(from 3 mm in extension to 10 mm in flexion). The second
plane lies lateral to the first, and is constituted by the articular
pillars of the zygapophyses lying in the coronal plane with a
width of 15 mm. The articular interfaces are identified trans-
versely by their position flush with the interlaminar spaces.
The lateral margin of this bony plane is easily identified by its
steplike edge. The plane of the articular pillars is modified by
the posterior arch of the atlas passing horizontally through it,
creating a bony spicule lying between two depressions, i.e.,
the suprajacent depression or groove for the vertebral artery
and the subjacent groove over which passes the greater occip-
ital nerve (Arnold’s nerve).

B. Anterior Aspect

The cervical spine presents a convex anterior surface between
the base of the cranium and the thoracic inlet, the origin of
which at C3 is hidden by the mass of facial bone. The anterior
cervical spine can be divided into a central corporeal region
and two lateral transverse regions. The corporeal segment be-
gins under the basilar part of the occipital bone with the
transverse prominence of the anterior arch of the atlas cover-

ing the odontoid process or dens of the axis. The subsequent
vertebral bodies are aligned over each other, separated by the
intervertebral spaces with the intervertebral discs slightly pro-
truding anteriorly with respect to the central part of the verte-
bral bodies. This medial region, narrow at its summit (15 mm
wide) and progressively wider toward the lower cervical
vertebrae (25-30 mm wide at C7), presents an anterior con-
vexity in the vertical and horizontal planes. The lateral trans-
verse regions are flat and lie in the frontal plane, resembling
the rungs of a ladder at the level of the upper halves of the
vertebral bodies: these are the transverse processes, limited
laterally by their anterior tubercles. One of these, the carotid
tubercle of C6 (Chassaignac’s tubercle), is an excellent surgi-
cal landmark since it protrudes anteriorly with respect to that
of C7. Between the transverse processes are located the inter-
transverse sulci for the vertebral artery, its accompanying
veins and vegetative nerve, and the spinal nerve. At C1 and
C2 this lateral region widens laterally allowing the articular
pillars to extend the plane of the underlying transverse proc-
esses. Thus these lateral regions are narrowest at C5 (15 mm
wide) and wider at the two ends (35 mm at C1 and 25 mm at
C7).

C. Craniovertebral Articulations

The head rests on the cervical spine by articulating with the
occipital bone, the atlas, and the axis.

The atlantoccipital articulation joins the elliptic and convex
occipital condyles with the superior articular cavities of the
atlas (glenoid cavities). The articulation has a capsule and
three ligaments, i.e., the lateral ligament and the anterior and
posterior atlantooccipital membranes. The articular inter-
faces describe a transverse oval-shaped area.

The atlantoaxial articulation comprises three joints, one medi-
an and two lateral. The median joint is between the dens of
the axis and anterior arch of the atlas anteriorly and the trans-
verse ligament of the atlas posteriorly. This transverse or cru-
ciform ligament has two vertical bands which attach to the
anterior edge of the foramen magnum and the posterior sur-
face of the body of the axis. The articular interfaces form a
vertical cylinder. The lateral joints are between the inferior ar-
ticular facets of the atlas and the superior articular facets of
the axis. These articular surfaces are sligthly convex with an
interface describing a portion of a sphere. The joint is
strengthened by an articular capsule reinforced medially by
an inferior lateral ligament (Arnold’s ligament) and two ante-
rior and posterior atlantoaxial ligaments homologous to the
suprajacent atlantooccipital membranes.

The occipital bone is joined to the axis by powerful ligaments:
the membrana tectoria, extending from the anterior edge of
the foramen magnum to the posterior surface of the body of
the axis behind the cruciform ligament; the alar ligaments,
which join the occipital condyles to the tip of the dens of the
axis; and the apical ligament of the dens, which extends from
the tip of the process to the anterior margin of the foramen
magnum.
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Figure 8 A-D

A Posterior aspect of the cervical spine (columna cervicalis)
B Anterior aspect of the cervical spine

C Superior aspect of the atlas

D Posterior aspect of the craniovertebral articulations

I corpus vertebrae 2 spatium intervertebrale 3 uncus 4 dens axis
5 arcus ant., tuberculum anterius 6 massa lateralis 7 fovea
articularis sup. 8 arcus post., tuberculum post. 9 processus

transversus /0 tuberculum caroticum I/ lamina arcus vertebrae

12 processus spinosus 13 zygapophysis 14 sulcus arteriae vertebralis
15 foramen transversarium 16 foramen magnum 17 capsula
articularis articulationis atlanto-axialis lateralis 18 capsula

articularis articulationis atlanto-occipitalis 19 lig. cruciforme atlantis
20 lig. alaria 2] membrana tectoria 22 junctura zygapophysealis

23 foramen vertebrale
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D. Lateral Aspect

Seen in profile, the cervical spine presents two protruding col-
umns corresponding to the articular and transverse processes
aligned along the longitudinal axis of the spine and well sepa-
rated from C2 to T1 but superimposed from C2 to the occipi-
tal bone. From the inferior surface of the axis to the superior
surface of the first thoracic vertebra the articular processes,
resembling beveled cylinders, lie over one another to form the
posterior or zyapophyseal articulations. The resulting articu-
lar interfaces slant obliquely downward and posteriorly to
form a 30 °-50 ° angle with the horizontal plane. The articu-
lar pillar of C6 is distinguished from that of the other cervical
vertebrae by its bayonet-shaped region separating the superi-
or and inferior articular facets. Similarly, the articular pillar
of the axis differs by its wide region of fusion with the verte-
bral body and a markedly constricted bayonetlike region be-
tween the superior and inferior articular facets. Thus these
two vertebrae display a sort of isthmic region which is a possi-
ble site of spondylolysis. The transverse processes of C1 and
C2 lie flush with the articular pillars and present a single tu-
bercle, whereas the lower-lying transverse processes arise an-
terior to the articular pillars. The transverse processes from
C3 to C7 display anterior and posterior roots connecting the
process to the flank of the vertebral body and anterior part of
the articular pillar respectively. The foramen transversarium
lies between these roots and receives the vertebral artery, its
accompanying veins, and the vertebral nerve. These trans-
verse processes display two grooves, one anterior and one lat-
eral to the intervertebral foramen, and present an anterior and
posterior tubercle. The direction of the transverse processes
follows that of the spinal nerves and thus varies, i.e., the
upper processes have an oblique downward and lateral slant,
while the lower ones have a progressively more anterior direc-
tion.

E. Sagittal Section

The sagittal section reveals the presence of canals passing
through the cervical spine.

The vertebral canal, called the cervical canal in this region,
begins at the level of the foramen magnum and continues
downward by the juxtaposition of the vertebral foramina. In
the upper cervical spine the vertebral canal is oval-shaped
and large (35mm x 30 mm), but it becomes triangular and
smaller with an anterior base and rounded angles in the lower
thoracic spine (25mm x 16 mm). The anterior wall or base
corresponds to the posterior surface of the vertebral bodies
and intervertebral discs. The posterolateral walls are formed
by the laminae and ligamenta flava. The vertebral canal con-
tains the spinal cord, spinal nerves, their vessels, and menin-
geal structures. At each intervertebral space the cervical canal
communicates on the right and left with the intervertebral fo-
ramina. The latter, from C2 to T1, are bounded by the verte-
bral pedicles, posterior articulations, and intervertebral discs.
The intervertebral foramina lie in the anterolateral angles of
the vertebral canal. The first two foramina lie laterally and are
bounded by the atlantooccipital and atlantoaxial membranes,

the osseous ridge of the foramen magnum, the posterior arch
of the atlas, and the vertebral arch of the axis. The spinal
nerves and vessels pass through these foramina.

F. Articulations of the Inferior Cervical Vertebrae

The cervical vertebrae from C2 to T1 articulate with each
other by three joints at each level, i.e., the intervertebral disc
anteriorly and the two posterior or zygapophyseal joints.

The intervertebral discis inserted on the cartilaginous plates of
two adjacent cervical vertebrae, the upper and lower plates
being opposite in shape: the superior surface of the cervical
vertebral body is deeply concave transversely, due to the
characteristic semilunar ridges or uncus on the lateral mar-
gins, and the inferior surface is reciprocally convex, due to the
lateral indentations (lacinia lateralis). The inferior surface of
the vertebral body is concave anteroposteriorly since it has an
anterior lip or rostrum. The disc’s peripheral portion, the anu-
lus fibrosus, contains overlapping laminae; the fibers of con-
tiguous laminae lie at an oblique angle to each other. The cen-
tral zone of the disc is filled with a highly aqueous gel under
pressure between the last laminae of the anulus fibrosus, of-
ten taking on a nearly spherical shape: this central core is the
nucleus pulposus. The disc is surrounded anteriorly by an an-
terior longitudinal ligament and posteriorly by a posterior
longitudinal ligament; these ligaments are intimately bound
to the disc. After the age of 30 years the disc frequently fis-
sures between the uncus and lacinia lateralis, thus simulating
the articular cavity of an uncovertebral joint (Trolard).

The posterior articulations between the articular processes
have an interface at 30 °-50 ° to the horizontal plane; the in-
terface is ovoid in shape, with a transverse greater axis. Nu-
merous ligaments extend a greater or lesser distance from the
capsule. The intertransverse ligaments, between the trans-
verse processes, are rather loose scattered fibers in the cervi-
cal region. The strong ligamenta flava connect the middle of
the anterior surface of a lamina to the superior margin of the
subjacent lamina and extend transversely from the anterior
surface of one articular capsule to another, presenting a small
dehiscence on the midline. The interspinous and supraspi-
nous ligaments are reinforced in the cervical region by the
powerful ligamentum nuchae, a veritable median sagittal sep-
tum of the neck.
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Figure 9 A-E

Lateral aspect of the cervical spine (columna cervicalis)

Median sagittal section of the cervical spine

Superior aspect of a cervical vertebra (vertebra cervicalis)

Coronal section of the cervical intervertebral disc (discus interverte-
bralis cervicalis)

E Lateral aspect of the intervertebral joints

TAawx

I corpus vertebrae 2 discus intervertebralis: anulus fibrosus, nucleus
pulposus 3 uncus 4 densaxis 5 arcus ant., tuberculum ant.

6 massa lateralis 7 fovea articularis sup. &8 arcus post.,

tuberculum post. 9 processus transversus 10 tuberculum caroticum
11 lamina arcus vertebrae 12 processus spinosus I3 zygapophysis
14 sulcus arteriae vertebralis 15 foramen transversarium

16 foramen magnum 22 capsula articulationis zygapophysialis

23 lig. longitudinale ant. 24 lig. intertransversarium

25 lig. longitudinale post. 26 articulatio uncovertebralis 27 lig.
flavum 28 lig. interspinale 29 lig. supraspinale 30 lig. nuchae

31 foramen intervertebrale 32 foramen vertebrale, canalis cervicalis
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G. Radiology

The anterior aspect of the cervical spine is explored by antero-
posterior roentgenography with the mouth open for C1 and
C2 and by standard anteroposterior films to visualize C3 to
T1. Opening the mouth allows examination of the symmetry
of the craniovertebral articulations and the morphology of
the axis and dens and of the lateral masses of the atlas. The
anteroposterior view of the lower cervical spine shows the an-
terior column of the vertebral bodies and intervertebral discs
on the midline with clear visualization of the uncovertebral
articulations. On either side, the columns of the posterior arti-
culations appear as two uniform bands without an articular
interface and limited laterally by a regular undulated line.

The lateral aspect as seen on profile roentgenography allows
visualization of the curvature of the entire cervical spine, the
anterior discocorporeal column, the posterior articular col-
umns, and the successive spinous processes. The anterior col-
umn shows the rectangular shape of the vertebral bodies from
C3 to T1, the conic form of C2, and the flattened oval-shaped
anterior arch of the atlas. The intervertebral discs are seen as
biconvex structures slanting downward and anteriorly; their
height is equal to half that of a vertebral body. The posterior
columns appear superimposed to form a single image like a
stack of diamond shapes. The laminae are seen interposed be-
tween the articular pillars and the section of the spinous proc-
esses. Finally, profile films allow evaluation of the form and
caliber of the cervical canal between the posterior surface of
the vertebral bodies and the anterior margin of the laminae.

The oblique or three-quarter view is particularly instructive for
the study of the intervertebral foramina which normally pres-
ent a regular oval shape and are of constant size over the en-
tire cervical spine. These foramina are limited posteriorly by
the posterior articulations, anteriorly by the uncovertebral ar-
ticulations, and above and below by the vertebral pedicles.

Figure10 A, B
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Figure 10 C, D

A Anteroposterior X-ray of the axis and atlas with the mouth open
B Anteroposterior X-ray of the cervical spine

C Profile X-ray of the cervical spine

D Oblique (three-quarter) X-ray of the cervical spine

1 corpus vertebrae 2 spatium intervertebrale 3 uncus corporis

4 dens axis 5 arcus ant., tuberculum ant. 6 massa lateralis 8 arcus
post., tuberculum post. 9 processus transversalis 7/ lamina arcus
vertebrae 12 processus spinosus 13 zygapophysis 16 foramen
magnum 22 articulationes zygapophyseales 3/ foramen inter-
vertebrale
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II. Thoracic Spine

The thoracic spine is that part of the vertebral column sup-
porting the rib cage, and with the sternum forms the skeleton
of the thorax. It consists of twelve vertebrae denoted T1 to
T12. The whole of the thoracic spine has a posterior convexity
(kyphosis) which is more or less pronounced in different indi-
viduals and practically absent in subjects with a flat or hollow
back. It is described in terms of the different aspects shown in
the plates.

A. Posterior Aspect

The transition from the cervical to the thoracic spine occurs
through a change in curvature which causes the posterior sur-
face from T1 to T6 to slant obliquely toward the surface, pres-
enting a median crest and lateral grooves. The midline crest
of the spinous processes is palpable under the skin of the
back and thus can be used to identify the vertical axis of the
spine and the level of each vertebra. Congenital anomalies of
alignment of the spinous processes should not be mistaken
for vertebral rotation.

The spinous crest is thickened by the unituberous processes
in its superficial portion but is narrow in its middle region
with a “saw-tooth” appearance due to the triangular interspi-
nous spaces. The spinous crest widens at its base to continue
with the laminae or posterior arches. The mean height of the
spinous crest is 18-25 mm.

The frontal plane of the lateral grooves comprises three parts,
i.e., the laminar, articular, and transverse regions. The para-
median laminar region is constituted by the vertebral laminae
overlapping each other like tiles on a roof, the superior lami-
na being posterior to the inferior one. Accordingly, the inter-
laminar spaces are virtual and cannot be used as a route of
approach except to perform a spinal tap on or near the mid-
line with the needle slanted markedly upward. The laminar
region of the lateral grooves is barely 5 mm wide, rendering
hemilaminectomy difficult unless the procedure includes
suppression of the contiguous articular region lying lateral-
ly.

The position of the posterior or zygapophyseal articulations
can be identified by drawing a circle 1 cm in diameter with its
center at the inferolateral angle of the lamina. The third por-
tion of the lateral grooves is discontinuous since it is com-
posed of the transverse processes inserted between the zygap-
ophyseal articulations and slanting posteriorly and laterally
at a 40° angle. The length of the transverse processes and
thus the width of the lateral grooves are greater at T1, dimin-
ishing progressively to T12. Hence the overall width of the
thoracic spine in the adult decreases from a mean of 75 mm at
T1 to 55 mm at T12.

B. Anterior Aspect

When viewed in its anterior aspect, the thoracic spine is char-
acterized by the protrusion of the vertebral bodies in front of
the plane of the transverse processes. The juxtaposition of the
vertebral bodies separated by the intervertebral spaces forms
a sagittal column with an anterior concavity. The dimensions
of the thoracic spine vary from top to bottom. The anteropos-
terior depth of the vertebral bodies increases regularly from
T1 to T12 (from 15mm to 32 mm on average), whereas the
transverse width decreases from T1 to T4 (from 30 mm to
25 mm) and then increases to T12 (45 mm). Accordingly, the
transverse section from T1 to T3 is reniform with a greater
transverse axis, whereas the lower thoracic vertebrae display
a heart-shaped horizontal section just slightly larger trans-
versely than anteroposteriorly. The costal facets arise from
the posteroinferior and superior regions of the lateral surfaces
of the vertebral bodies. On each side the vertebral bodies bear
two costal demifacets, except T11 and T12 which have only
one pair.

Finally, except for T11 and T12, the tips of the transverse
processes have an anterolateral costal facet.
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Figure11 A, B

A Posterior aspect of the thoracic spine
B Anterior aspect of the thoracic spine
(columna thoracica)

1 corpus vertebrae 2spatium intervertebrale 3 fovea costalis sup., inf. articularis inf. 8 processus articularis sup. 9 lamina arcus vertebrae
5 processus transversus 6 fovea costalis transversalis 7 processus 10 processus spinosus
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C. Lateral Aspect

The anterior concavity of the thoracic spine is clearly visible
when viewed in profile. The juxtaposition of the correspond-
ing parts of the thoracic vertebrae forms vertical columns of
homologous structures. The anterior column comprising the
vertebral bodies and intervertebral spaces progressively wid-
ens toward the lower part of the thoracic spine. The costal
facets arise from the posterior part of the vertebral bodies on
each side of the intervertebral space. This anterior column is
transversely depressed in the middle region of the vertebral
bodies and widest at the intervertebral spaces, which are
about one quarter the height of the vertebral bodies. The
vertebral pedicles and intervertebral foramina are aligned
posterior to the anterior column. The vertebral pedicles arise
from the upper half of the vertebral bodies. The intervertebral
foramina are bounded by the pedicles, the posterior surface
of the intervertebral spaces, and the anterior surface of the zy-
gapophyseal articulations. The inferior part of the interverte-
bral foramina is occluded by the heads of the ribs. The left
and right posterior columns formed by the articular processes
lie posterior to the intervertebral foramina. The articular in-
terfaces display a pronounced obliquity, lying at about 65 ° to
the plane of the intervertebral spaces. The transverse proc-
esses project from the articular pillars between the superior
and inferior articular facets. The tip of each transverse proc-
ess from T1 to T10 bears an oval costal facet. The short trans-
verse processes of T11 and T12 do not articulate with the ribs.
Viewed in profile the region of the laminae is so narrow that
only the succession of the spinous processes merits descrip-
tion. The inferoposterior slant of the spinous processes in-
creases from T1 to T6 and then decreases down to T12. The
projection of the spinous processes on the vertebral bodies is
sufficiently constant to allow the following topographical
correlations:

— From T1 to T3 the tip of each spinous process projects over
the upper half of the underlying vertebra.

— From T4 to T6 the tip of each spinous process lies over the
lower half of the underlying vertebra.

— From T7 to T9 the tip of each spinous process projects over
the upper half of the subjacent vertebra.

— From T10 to T12 the tip of each spinous process is level
with the subjacent intervertebral space.

D. Sagittal Section

A sagittal paramedian section of the thoracic spine demon-
strates the intervertebral discs and ligaments uniting the verte-
bral segments. The entire anterior column is clearly visible
showing the alternate rectangular sections of the vertebral
bodies and intervertebral discs between the anterior and pos-
terior longitudinal ligaments. The anterior column with its
posterior convexity has a greater anteroposterior width in the
lower thoracic region. In each disc the nucleus pulposus lies
immediately behind the center of the anulus fibrosus. In the
illustration, the posterior arch has been sectioned flush with
the laminae and ligamenta flava. The laminae are shaped like
drops of water, pointed at the top and rounded at the bottom.
The ligamenta flava can be seen inserted on the anterior sur-
face and superior edge of the laminae. The interspinous and
supraspinous ligaments connect adjacent spinous processes.
The vertebral canal, called the thoracic canal in this region,
lies between the anterior column and posterior arches of the
vertebrae and presents a regular cylindrical shape with a
mean diameter of 16 mm. Between the vertebral pedicles the
vertebral canal communicates with the intervertebral foram-
ina, which are bounded anteriorly by the posterior surface of
the discs and posteriorly by the portion of the ligamentum fla-
vum lining the anterior surface of the posterior (zygapophy-
seal) articulation.
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Figurell C, D

C Lateral aspect of the thoracic spine -
(columna thoracica)
D Median sagittal section of the thoracic spine

1 corpus vertebrae 2 discus intervertebralis 3 fovea costalis sup., inf. 12 lig. longitudinale ant. I3 anulus fibrosus /4 nucleus pulposus
5 processus transversus 6 fovea costalis transversalis 7 processus 15 lig. longitudinale post. 16 foramen intervertebrale 17 lig. flavum
articularis inf. 8 processus articularis sup. 9 lamina arcus vertebrae 18 lig. interspinale 19 lig. supraspinale 24 canalis thoracicus

10 processus spinosus 1] pediculus arcus vertebrae
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E. Intervertebral Articulations

The vertebral bodies are joined together by the intervertebral
discs and longitudinal ligaments. The discs are biconvex in-
terosseous ligaments inserted on the cartilaginous plates
covering the superior and inferior surfaces of the vertebral
bodies. The outer part of each disc, called the anulus fibrosus,
is composed of laminae with oblique fibers; the fibers of two
contiguous laminae lie at an oblique angle to each other. The
deepest layers delineate an almost spherical central space
containing a gelatinous substance known as the nucleus pul-
posus, situated nearer to the posterior part of the disc. The an-
terior longitudinal ligament extends over the anterior and lat-
eral surfaces of the vertebral bodies and intervertebral discs
as a continuous longitudinal band. Surgical rasping of this
ligament is difficult since it adheres strongly to the interverte-
bral discs and neighboring part of the vertebral bodies. The
posterior longitudinal ligament lies on the posterior surface
of the vertebral bodies and intervertebral discs. The ligament
is crenate, being narrow and nonadherent at the center of the
vertebral bodies and widened and adherent in the region of
the intervertebral discs.

Between the articular (zygapophyseal) processes are arthrodiae
whose planar articular facets covered by cartilage are mark-
edly oblique (on average at 65 ° to the plane of the interverte-
bral discs). The articular facets are joined together by a fi-
brous capsule reinforced anteriorly by the ligamentum fla-
vum and posteriorly by a posterior ligament. A synovial mem-
brane lining the inner surface of the capsule presents folds
which have often been mistaken for a small intra-articular
meniscus on anatomical slices.

Ligaments connect the other parts of the posterior arches, i.e.,
the ligamenta flava between the laminae, the interspinous lig-
aments joining the spinous processes, the supraspinous liga-
ment lying along and adherent to the spinous processes, and
the intertransverse ligaments connecting the tip of the spinous
processes.

F. Costovertebral Articulations

The vertebrae and ribs articulate with one another through
two joints: the articulation with the head of the rib and the
costotransverse articulation.

The articulation of the head of the rib joins the head of the rib,
with its superior and inferior planar facets separated by the
anteroposterior crest, to the vertebral depression comprising
the two vertebral demifacets above and below the interverte-
bral disc which forms the base of the depressed vertebral re-
gion. The joint is reinforced by the articular capsule limited
anteriorly and posteriorly by the anterior and posterior radi-
ate ligaments. These fan-shaped ligaments extend from the
head of the rib to the two vertebral bodies and intervertebral
disc. The posterior radiate ligament extends to the anterior
surface of the suprajacent intervertebral foramen and to the
pedicle of the subjacent vertebra. An interosseous ligament,

also known as the intra-articular ligament of the head of the
rib, extends from the crest of the costal head to the interverte-
bral disc, thus dividing the joint into two secondary articula-
tions with two synovial compartments. In some cases the two
compartments communicate posteriorly. The head of the rib
represents a surgical landmark for identification of the inter-
vertebral disc.

The costotransverse articulation joins the articular part of the
tubercle of a rib to the tips of the transverse process. The artic-
ular facets involved in this joint are roughly circular, repre-
senting the segment of a cylinder with a greater horizontal
axis. The costal facet of the transverse process is concave, that
of the tubercle of the rib being reciprocally convex. The joint
is reinforced by a synovial lined capsule and by the superior
and lateral costotransverse ligaments. The superior ligament
is composed of three bands connecting the posterior surface
of the neck of the rib to the inferior margin of the transverse
process, the anterior surface of the transverse process, and the
inferior margin of the suprajacent transverse process. The lat-
eral ligament extends from the tip of the transverse process to
the superolateral ridge of the tubercle of the rib.

The eleventh and twelfth ribs differ from the others by the ab-
sence of the costotransverse articulations. The heads of the
first, eleventh, and twelfth ribs articulate with single vertebral
facets without insertion on the intervertebral disc.
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Figure 11 E-H

E Lateral aspect of the costovertebral articulations (articulationes
costovertebrales)

F Posterior aspect of the vertebral bodies

G Coronal section of the costovertebral articulations

H Superior aspect of the costovertebral articulations

1 corpus vertebrae 2 discus intervertebralis 3 fovea costalis sup.,
inf. 5 processus transversus 6 fovea costalis transversalis

7 processus articularis inf. 8 processus articularis sup. 9 lamina
arcus vertebrae 10 processus spinosus 11 pediculus 12 caput
costae 13 anulus fibrosus 14 nucleus pulposus 15 lig. longitudinale
post. 16 foramen intervertebrale 17 articulatio capitis costae

18 articulatio costotransversaria 19 lig. capitis costae radiatum

20 lig. costotransversaria sup. 21 lig. capitis costae interarticulare

22 lig. costotransversaria lateralis 23 tuberculum costae

24 foramen vertebrale canalis thoracicus 25 lig. intertransversarium
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G. Radiology

The anteroposterior and profile views are the two essential ra-
diological positions for the examination of the thoracic spine.

1. Anteroposterior View

Although all the elements of the thoracic vertebrae can be
seen on anteroposterior films, the vertebral bodies are easier
to identify than the posterior arches.

The vertebral bodies appear as rectangular structures decreas-
ing in size from T1 to T3 and increasing in size from T4 to
T12. The superior and inferior surfaces of the vertebral bodies
are linear and horizontal. When the X-rays are directed ob-
liquely, the surfaces no longer form a single line but two lines
corresponding to the anterior and posterior hemicircumfer-
ences of the vertebral body. The concave lateral margins of
the vertebral bodies near the upper and lower surface give in-
sertion to the heads of the ribs straddling the intervertebral
spaces. The column formed by the vertebral bodies is normal-
ly symmetrical and rectilinear without protrusion of any of its
component.

The multiple contours of the posterior arches can be identified
through the image of the vertebral bodies. The pedicles and
spinous processes are the least difficult to identify. The X-
rays project the section of the pedicles onto the superior
angles of the vertebral bodies, and the pedicles thus appear as
oval structures with a lateral depression in the region of the
costovertebral articulation. The tubercle of the spinous pro-
cess is seen on the midline near the inferior surface of the
vertebral body, and the transverse process is also easy to
identify, since it extends lateral to the upper half of the verte-
bral body. The costotransverse joint is clearly visible as two
oblique lines corresponding to the articular facets. The articu-
lar processes and laminae are more difficult to identify. The
superior articular processes extend above the shadow of the
pedicles, and the inferior processes project below the pedicles
in the lower angle of the vertebral bodies. The laminae are
found between the spinous and articular processes.

2. Lateral View

The lateral view gives the most information about the thoracic
spine, except that the left and right halves of the vertebrae
cannot be distinguished. Lateral roentgenograms should be
examined from the vertebral bodies toward the spinous proc-
esses.

The vertebral bodies appear as rectangular structures with
concave superior, inferior, and anterior margins.

The posterior arches, although slightly camouflaged by the
ribs, can be identified in the region of the posterior surface of
the vertebral bodies. The pedicles extend out from the superi-
or half of the posterior margin of the vertebral bodies. The ar-

ticular processes are located above and below the posterior
end of the pedicles and form a small posterior column. The
sections of the laminae continue inferiorly and posteriorly
with the spinous processes.

The mobile segments of the thoracic spine are clearly visible
on lateral X-rays. The oval intervertebral foramen and the
posterior articulation lie posterior to the narrow intervertebral
space.

The vertebral canal is also clearly seen on lateral films. The
anterior wall of the canal is represented by the posterior mar-
gin of the vertebral bodies, slightly camouflaged by the root
of the pedicles. The posterior wall is delineated by the anteri-
or margin of the section of the laminae extended by the spi-
nous processes.
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Figure12 A, B

A Anteroposterior X-ray of the thoracic spine
B Lateral X-ray of the thoracic spine from an autopsy specimen with
dearticulation of the ribs

I corpus vertebrae 2 pediculus arcus vertebrae 3 processus spina-
lis 4 processus transversus 5 os costale 6 processus articularis sup.
7 processus articularis inf. 8 lamina arcus vertebrae 9 discus
intervertebralis 10 foramen intervertebrale 1] articulationes
zygapophyseales 12 canalis vertebralis
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II1. Lumbosacral Spine

The segment of the vertebral column subjacent to the thoracic
cage and inserting into the pelvic girdle to support the ab-
dominopelvic cavity is called the lumbosacral spine. This spi-
nal segment comprises the five lumbar vertebrae denoted L1
to LS, followed by the five sacral vertebrae fused to form a
single unit, the sacrum, and finally the coccyx. The lumbo-
sacral spine is described in terms of the different aspects
shown in the plates.

A. Posterior Aspect

Three parts of the lumbosacral spine can be described from
top to bottom: the polyarticulated lumbar column with a pos-
terior concavity (lordosis), the fused sacrum displaying a pos-
terior convexity (kyphosis), and the appendicular coccyx ex-
tending down from the sacrum.

The lumbar column has larger dimensions than the spinal seg-
ments lying above. A median region and three lateral regions
on each side can be described. On the midline, the crest of
spinous processes lies in the median sagittal plane and dis-
plays a narrow (3—4 mm) middle region with a base on the
vertebral arch and a thick free tip (8-10 mm). The spinous
processes have slightly greater dimensions in the horizontal
plane than in the vertical plane (about 25 mm and 20 mm res-
pectively). In some subjects the lumbar spinous processes are
unusually long, thus decreasing the dimensions of the inter-
spinous spaces, which are shieldlike in shape with two recti-
linear margins and a V-shaped base. The spaces open on lum-
bar flexion and become virtual on extension or hyperlordosis.
The grooves formed by laminae, lying on each side of the spi-
nous crest, are bounded laterally by the posterior (zygapo-
physeal) articulations. The interlaminar spaces, which are
normally occupied by the thick ligamenta flava, are of greater
height than in the other regions of the spine. These spaces are
largest (8-15 mm) on flexion or kyphosis and smallest on ex-
tension. The transverse width of the laminae is about 8 mm,
thus allowing hemilaminectomy. The L5-S1 interlaminar
space displays the largest transverse and craniocaudal dimen-
sions, which decrease progressively between the subjacent
vertebrae. The laminar groove is connected laterally to the
posterior columns comprising the articular processes and the
interarticular zones, also known as the isthmic regions. This
lateral part of the vertebral arches is composed of a series of
oval structures, the posterior or zygapophyseal articulations,
between which are the depressions corresponding to the isth-
mic regions. The pronounced mamillary processes lie just lat-
eral to the posterior articular interfaces. Finally, the posterior
surface of the lumbar spine is extended laterally by the deeper
plane of the transverse processes. The successive transverse
processes form a steplike bony plane extending about 10 mm
lateral to the posterior pillars. The transverse processes arise
between the isthmus and the superior articular facet. At the
limit separating the isthmus and transverse process is a small
bony outgrowth called the accessory process. The articular
facets ware 10-12 mm high in the craniocaudal direction and

10-15 mm wide transversely. The transverse processes of L4
are the smallest, thus allowing identification of a transitional
vertebra.

The sacrum is distinguished from the lumbar column by the
absence of interlaminar spaces and zygapophyseal articula-
tions, by its oblique slant posteriorly, and by its domed shape.
The median sacral crest lying on the midline prolongs the
lumbar spinous crest. The sacral crest bifurcates at the sacral
hiatus at the level of S4. The sacral grooves, transversely flat
and convex in the craniocaudal direction, are widest (20 mm)
at the upper sacrum, narrowing to 10 mm in the region of the
sacral cornua. The four sacral foramina constitute the lateral
boundary of the sacral grooves. The sacral foramina are
flanked laterally on each side by the alae sacrales.

The coccyx, a flat bone in the shape of a triangle with a superi-
or base, is the most caudal part of the spine.

B. Anterior Aspect

Viewed from in front, the lumbosacral spine resembles a cone
whose base rests on that of an inverted quadrangular pyra-
mid. The region of the bases at the L5-S1 intervertebral space
forms the sacral promontory. Above the promontory the lum-
bar spine displays an anterior convexity, whereas below, the
anterior surface of the sacrum presents an anterior concavity.

The lumbar spine is formed by the successive vertebral bodies,
appearing reniform on transverse section. When viewed head
on, the vertebral bodies resemble posteriorly flattened cylin-
ders increasing in size from L1 to L5. The mean dimensions
of L1 are height 25mm and width 40 mm, whereas LS is
28 mm by 50 mm. The intervertebral spaces are about one
third the height of the vertebral bodies.

The anterior surface of the sacrum is concave. The middle re-
gion, flanked by the sacral foramina, is flat. Transverse crests
arise between the four vertically aligned foramina on each
side. The lateral surfaces of the sacrum correspond to the alae
sacrales.

The flat triangular coccyx extends down from the tip of the
sacral concavity.
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Figure13 A, B

A Posterior aspect of the lumbar spine (columna lumbalis) accessorius 9 isthmus 70 lamina arcus vertebrae 1/ processus

B Anterior aspect of the lumbar spine spinosus 12 pars lateralis ossis sacri 13 crista sacralis mediana
14 foramina sacralia dorsalia, pelvinia 15 hiatus sacralis

1 corpus vertebrae 2 spatium intervertebrale 3 basis ossis sacri 16 linea transversa 17 processus articularis sup.

(promontorium) 4 processus costarius 5 processus articularis inf. 18 facies auricularis ossis sacri 19 os coccygis 20 cornu sacrale

6 processus articularis sup. 7 processus mamillaris &8 processus
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C. Lateral Aspect

Viewed in profile the lumbosacral spine is clearly S-shaped
with an anterior lumbar convexity and anterior sacral concav-
ity. The transition occurs in the region of the promontory.

In the lumbar region the vertebral bodies are circularly and
horizontally depressed in their center, and their diameter in-
creases at the superior and inferior surfaces. Thus the inter-
vertebral spaces containing the intervertebral discs are easy to
identify by sight and especially on palpation. The interverte-
bral spaces are narrower posteriorly due to the lumbar lordo-
sis, and this must be taken into account when exploring the
discs or manipulating the lumbar vertebral bodies. The inter-
vertebral foramina separated by the pedicles are aligned pos-
terior to the anterior column. Thus the intervertebral forami-
na are limited above and below by the pedicles, anteriorly by
the posterior surface of the discs, and posteriorly by the zy-
gapophyseal articulation. These foramina are larger (18 mm
x 8 mm) than those in the upper segments of the spine. How-
ever, the two final foramina at L4-L5 and L5-S1 are slightly
smaller, although their corresponding spinal nerve roots are
larger. The posterior columns formed by the successive arti-
cular processes and isthmic regions lie posterior to the inter-
vertebral foramina. The overall direction of the posterior col-
umns is one of posterior concavity, according to the degree of
regional lordosis, but on close inspection these columns are in
fact sinusoidal. They give rise laterally to the transverse proc-
esses, displaying a slight posterior tilt with respect to the co-
ronal plane, and posteriorly to the mamillary and accessory
processes. The lumbosacral profile is limited posteriorly by
the spinous processes. The interspinous spaces can be iden-
tified by palpation and thus give the horizontal level of the
corresponding disc and zygapophyseal articulations.

In the sacral region, the lateral view of the spine demonstrates
the anterior protrusion of the sacral plate slanting downward
and forward. The lateral part of the sacrum, known as the ala
sacralis, lies below the sacral plate and presents an articular
facet participating in the sacroiliac articulation. In continuity
with the anterior lumbar column the body of the sacrum pro-
gressively tapers and is terminated by the coccyx. The zygap-
ophyseal articulation of L5-S1 continues the posterior col-
umns of the lumbar spine. This articulation presents an angu-
lation equivalent to that of the promontory on the pelvic side
of the sacrum. The successive posterolateral sacral tubercles
are homologous to fused posterior articulations. The posteri-
or profile of the sacrum is terminated by the sacral crest.

D. Sagittal Section

A sagittal section of the lumbosacral spine to the left of the
spinous processes shows the osteofibrous continuity of the
different segments.

The anterior column is formed by the successive rectangular
vertebral bodies of L1 to L4, the trapezoidal body of LS, and
the inverted and curved cone of the sacral body. The inter-
vertebral discs, present only above the sacrum, are biconvex
in their middle region near the nucleus pulposus. The anulus
fibrosus is tapered on the concave side of the sacrum and
thickest on the convex side. The angular lumbosacral junc-
tion forms the promontory, a veritable keystone of the lumbo-
sacral curvature. The degree to which the components of this
angle are wedge-shaped varies from subject to subject, but
generally involves the body of LS5, the L5-S1 disc, and the in-
clination of the sacral plate. The promontory forms a mean
angle of 118° in women and 126 ° in men (Bleicher and
Beau).

The vertebral canal, referred to as the lumbosacral canal in
this region, is triangular on section with an anterior base. The
canal widens from L1 to the L5-S1 intervertebral disc and
then narrows again down to the sacral hiatus. The interverte-
bral and sacral foramina form porthole-shaped communica-
tions with the anterolateral angles of the vertebral canal. The
posterior plane of the canal is constituted by the alternate
laminae and ligamenta flava, backed by the spinous processes
and interspinous spaces containing the interspinous liga-
ments. The interspinous and interlaminar spaces can be used
as the route of access to the vertebral canal during spinal
puncture by directing the needle horizontally parallel to the
greater axis of the spinous processes.
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Figure13 C, D

C Lateral aspect of the lumbar spine (columna lumbalis) lateralis ossis sacri 13 crista sacralis mediana /4 foramina sacralia
D Median sagittal section of the lumbar spine dorsalia, pelvinia 15 hiatus sacralis 16 linea transversa

17 processus articularis sup. I8 facies auricularis ossis sacri
1 corpus vertebrae 2 spatium intervertebrale 3 pediculus 4 pro- 19 os coccygis 20 discus intervertebralis: anulus fibrosus
cessus costarius 5 processus articularis inf. 6 processus articularis 21 discus intervertebralis: nucleus pulposus 22 foramen interverte-
sup. 7 processus mamillaris 8 processus accessorius 9 isthmus brale 23 lig. flavam 24 lig. interspinale 25 lig. supraspinale

10 lamina arcus vertebrae 11 processus spinosis 2 pars 26 canalis lumbalis 27 canalis sacralis
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E. Lumbosacral Articulations

The lumbar vertebrae articulate with each other and the
sacrum by means of the intervertebral discs and zygapophy-
seal joints. The sacrum articulates with the coxal bones at the
sacroiliac joints and with the coccyx at the sacrococcygeal
joint.

The intervertebral discs of the lumbosacral region are the larg-
est of the entire spine. In the adult these discs attain
10-15mm in height and their base measures 50 mm X
30 mm. The discs are inserted by their anulus fibrosus on the
reniform cartilaginous plates of two adjacent vertebrae. Ante-
riorly and posteriorly lie the anterior and posterior longitudi-
nal ligaments. The anulus fibrosus containing overlapping
laminae like the layers of an onion is particularly strong, since
the fibers of contiguous laminae lie obliquely to each other.
The innermost laminae delineate a spherical central cavity
containing the highly hydrophilic nucleus pulposus, com-
posed of mucopolysaccharides and collagen fibrils. Between
the nucleus pulposus and anulus fibrosus there is no smooth
surface, but a histological transition zone, so that in this re-
gion the nucleus pulposus cannot be described as a sort of
ball bearing sealed within the anulus fibrosus. The nucleus is
located posterior to the geometric center of the intervertebral
disc.

The zygapophyseal articulations are of the trochoid type, as
the upper facets are hollow segments of a vertical cylinder
whereas the lower facets are slightly convex. The facets are
covered by cartilage, and the superior and inferior facets oc-
cupy the anterolateral and posteromedial parts of the articu-
lation respectively. The articular interface is vertical in the
craniocaudal direction, but curved with its center near the
base of the spinous processes in the horizontal plane. The fac-
ets of the posterior articulation at L5-S1 are less curved than
the suprajacent articulations. The interface of the L5-S1 pos-
terior joint displays a posterior concavity lying at a 45 ° angle
to the coronal and sagittal planes. The zygapophyseal articu-
lations are reinforced by a synovial lined capsule, the liga-
mentum flavum anterior to the articulation, a posterior liga-
ment strengthening the capsule from behind, and other liga-
ments inserting on these articulations. The latter include the
interspinous and supraspinous ligaments and the intertrans-
verse ligaments between the accessory processes.

The sacroiliac joints articulate the auricular facets of the
sacrum with the coxal bone. These articulations are curved
around a geometric center located near the posterolateral tu-
bercles of the sacrum. The articular surface of the sacrum is a
concave groove and that of the coxal bone is reciprocally con-
vex to fit perfectly with the former.

In addition to a capsule and synovial membrane the sacro-
iliac articulations present plurifascicular ligaments, i.e., the
ventral sacroiliac ligaments anteriorly and the interosseous
and dorsal sacroiliac ligaments posterior to the joint. These
ligaments are bilaminar, having deep and superficial layers.
Ligaments at some distance from the articulation consolidate
the union between the lumbosacral spine and coxal bones.

These ligaments include the iliolumbar ligaments, extending
from the transverse processes of L4 and LS to the iliac crest,
and the sacrosciatic ligaments. The dorsal sacrosciatic liga-
ment connects the posterior iliac spines and the lateral mar-
gins of the sacrum and coccyx to the tuberosity of the ischium
and the ischial ramus. The ventral sacrosciatic ligament, ante-
rior to the dorsal ligament, extends from the lateral margins
of the sacrum and coccyx to the sciatic spine.

The sacrococcygeal joint comprises a pseudodisc reinforced
by anterior, posterior, and lateral ligaments.
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Figure 13 E-G

E Anterior aspect of the lumbosacral and sacroiliac articulations 20 discus intervertebralis: anulus fibrosus 21 discus intervertebralis:
(ligamenta pelvis) nucleus pulposus 23 lig. flavum 25 lig. supraspinale

F Posterior aspect of the lumbosacral and sacroiliac articulation 26 lig. longitudinale ant. 27 lig. iliolumbale 28 lig. sacroiliacum

G Horizontal section of an intervertebral space (spatium interverte- ventrale 29 lig. sacrospinale 30 lig. sacrotuberale
brale) 31 capsula articulationis zygapophysealis 32 lig. longitudinale post.

33 lig. sacroiliacum dorsale 34 lig. intertransversarium
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F. Radiology

The main planes of examination of the lumbosacral spine are
anteroposterior, lateral, and oblique (three-quarter) roentgen-
ographic views, discography, and axial sections (computer-
ized axial tomography and standard axial tomography).

1. Anteroposterior View

On anteroposterior films the numerical correspondence of
each vertebra should first be sought in order to identify a
transitional anomaly. In the region of the sacrum the superior
plate, anterior sacral foramina, and sacroiliac joints can be
seen.

The bodies of the lumbar vertebrae appear as rectangular
structures with concave lateral margins. The superior and in-
ferior surfaces of the vertebral bodies are seen as a single hor-
izontal line when the X-rays are parallel to them, but as two
liplike lines when the X-rays are oblique.

The component structures of the vertebral arch are visible
through the transparent shadow of the vertebral bodies. The
pedicles are projected at the level of the superior angles of the
vertebral bodies, and are oval vertical structures above L4 but
triangular at L4 and L5. On each side of the vertebral bodies
the transverse processes are projected onto the lateral surface
of the pedicles. The posterior tubercle of the spinous process
is visible in the region of the inferior surface of the vertebral
body. The articular processes and laminae form a characteris-
tic X-shaped image. The superior angles or superior articular
processes are projected above the pedicles and the inferior
angles or inferior articular processes can be identified below
the inferior margin of the vertebral bodies. The center of the
X is located over the spinous process with the laminae lying
on each side.

The mobile vertebral segment can be identified by the inter-
vertebral spaces corresponding to the intervertebral discs and
by the posterior zygapophyseal articulations. The interlami-
nar space is clearly visible between the spinous processes.

2. Lateral View

The lumbosacral curvature should first be examined on profile
films. The direction of the sacrum with respect to a vertical
line gives a good estimation of the degree of lumbosacral lor-
dosis, e.g., a nearly horizontal sacrum reflects hyperlordosis.

The sacrum, in addition to its tilt and curvature, presents
traces of the intersacral spaces and sacral plate on lateral X-
rays. It is continued downward by the coccyx, with a variable
sacrococcygeal angle.

The vertebral bodies appear as quadrangular structures with
concave sides. The vertebral body of L5 is often trapezoidal,
corresponding to the keystone of the lumbosacral lordosis.

The superior and inferior surfaces of the vertebral bodies ap-
pear as two lemniscuslike lines.

The posterior arches begin at the pedicles arising from the
upper half of the posterior margin of the vertebral bodies. The
superior and inferior articular processes occupy the superior
and inferior angles of the posterior edge of the pedicles, con-
stituting a vertical pillar whose middle region corresponds to
the isthmus. The laminae appear superimposed over the im-
ages of the isthmus. The spinous processes extend horizontal-
ly behind the articular pillar at the level of the inferior surface
of the vertebral body.

The mobile segments of the lumbosacral spine are easily iden-
tifiable by the intervertebral spaces corresponding to the in-
tervertebral discs and by the posterior articulations lying in
the same horizontal plane.

The semilunar intervertebral foramina project between the
pedicles, the posterior margin of the intervertebral spaces,
and the posterior articulations.

The vertebral canal is relatively easy to identify between the
posterior margin of the vertebral bodies and the anterior edge
of the laminae, whose section is projected above the isthmus.
The distance between these two structures yields the caliber
of the canal.

3. Lumbar Discography

Opacification of the nucleus pulposus gives highly useful in-
formation. In normal young subjects, the aspect of the nu-
cleus is variable: a regular solid sphere, a sphere with ampu-
tation in its anterior half near the equator (shirt-button im-
age), or a quadrangular structure. In older individuals with-
out an apparent vertebral anomaly, certain nuclei are re-
placed by an irregularly laminated cavity (Rabischong).
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I corpus vertebrae 2 extremitas cranealis and extremitas caudalis

Figure14 A, B
3 pediculus arcus vertebrae 4 processus articularis sup. 5 processus
A Anteroposterior X-ray (anatomical specimen with discography) articularis inf. 6 lamina arcus vertebrae 7 processus spinalis
8 processus transversalis 9 nucleus pulposus 0 canalis vertebralis

B Lateral X-ray (anatomical specimen with discography)
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4. Oblique View

Right or left oblique films are particularly indicated for the
study of the isthmus (pars interarticularis) and the posterior
articulations.

The isthmus, the narrow part of the vertebral arch between the
articular processes and lamina, appears at the inferior and
medial margin of the pedicle. The image of the posterior arch
in fact resembles that of a little dog on oblique films. The
snout corresponds to the transverse process, the ear to the su-
perior articular process, the eye to the pedicle, the collar to
the isthmus and the forelimb to the inferior articular process.
In the absence of spondylolysis of the isthmus the supra- and
subjacent articular interfaces are parallel, but do not lie along
the same line.

The posterior articulations clearly show their interface due to
the posterolateral obliquity of the joints. Degenerative or
traumatic alterations of these articulations can thus be iden-
tified, since the articular interface is normally 2-3 mm wide
and the articular facets, bordered by a thin cortical line, lie
perfectly opposite each other without translation or overlap-

ping.
5. Axial View
Viewed transversely, the lumbar vertebrae clearly display the

vertebral bodies and posterior arches comprising the pedicles,
the laminae, and the articular, spinous, and transverse proc-

esses. The presence of a vertebral tumor can be confirmed

and perfectly localized by axial roentgenography. The cross
section of the vertebral canal can be measured in the antero-
posterior, transverse, and oblique directions. Finally, the pos-
terior articulations are well visualized, allowing identification
of eventual osteophytes impinging on the vertebral canal or
intervertebral foramina.

6. Structure of the Vertebrae

Like all skeletal structures, the vertebrae are adapted to the
constraints imposed by their function. The vertebrae are com-
pact bones, consisting of cancellous tissue surrounded by thin
cortical bone.

Study of the trabecular structure of the cancellous bone
shows the presence of laminar systems with fixed orientation.
One vertical trabecular system traversing the vertebral body
from the superior to the inferior surface displays a slight con-
vexity toward the periphery, and is intersected by a second,
horizontal system. The horizontal trabeculae extend from the
vertebral arch (laminae and spinous and transverse proc-
esses), funnel through the pedicles, and spread out fanlike to
the walls of the vertebral body. The third system is composed
of two bundles of oblique trabeculae. The superior bundle,
spread out on the superior plate of the body, passes through
the pedicle to fan out toward the walls of the inferior articular
process. The inferior trabecular bundle extends from the low-

er plate of the vertebral body to the superior articular process.
The fourth, horizontal arciform system is contained within
the vertebral arch, passing through the laminae to connect the
two transverse processes. Finally, the fifth system comprises
vertical arciform trabeculae localized within the pillars of the
articular processes. The structure of the vertebrae thus con-
firms the existence of three vertical columns (vertebral body
and articular processes) with a system of intersecting trabecu-
lae passing through the pedicles. There is thus a functional
synergy among the three vertical columns, as the constraints
on each merge to produce a force acting on all three. The an-
terior part of the vertebral bodies presents a weak area be-
tween the two oblique trabecular bundles, thus facilitating
wedge compression of the bodies during trauma.
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Figure 15 A-D

A Oblique X-ray of the lumbosacral spine showing the little dog I corpus vertebrae 2 extremitas cranialis and extremitas caudalis
image 3 pediculus arcus vertebrae 4 processus articularis sup. 5 processus

B Horizontal section through the L4-L5 intervertebral disc after articularis inf. 6 lamina arcus vertebrae 7 processus spinalis
opacification of the nucleus pulposus 8 processus transversalis 9 nucleus pulposus 10 canalis vertebralis

C, D Schematic illustration of vertebral structure 11 lig. flavum 12 isthmus (pars interarticularis) I3 structura

zygapophysealis
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IV. Spinal Myology

Full understanding of the vertebral muscles is necessary not
only for the comprehension of spinal statics and dynamics
but also for the elaboration of a coherent plan of functional
rehabilitation. Furthermore, during operation the surgeon
must not alter the quality of these muscles, in order to avoid
postoperative syndromes which may be invalidating. The
vertebral muscles are arranged in two layers, i.e., the posteri-
or layer of extensor muscles and the anterolateral layer of es-
sentially flexor muscles.

A. Posterior Muscles

The posterior muscles are found in three spinal segments, the
nuchal region, the trunk, and the pelvic region.

1. Nuchal Muscles

The nuchal muscles lie in four layers from the superficial to
the deep regions.

Trapezius. The trapezius extends from the external occipital
protuberance to the spinous process of T12, the lateral third
of the clavicle, and the acromion and spine of the scapula.
This muscle is involved in the movements of extension and
rotation.

Splenius and Levator Scapulae. The splenius extends from the
ligamentum nuchae and the spinous processes of C7 to T5 to
the mastoid (splenius capitis) and the transverse processes of
C1 to C3 (splenius colli). The levator scapulae joins the supe-
romedial angle of the scapula to the transverse processes of
C1 to C5. These muscles are involved in extension and lateral
flexion.

Complexus Muscles. The greater complexus (semispinalis ca-
pitis) has its origin on the transverse processes of T6 to C4
and the spinous process of C7 and inserts on the occipital
bone. The lesser complexus (longissimus capitis) connects the
transverse processes of T1 through C3 to the mastoid. The
longissimus cervicis extends from the transverse processes of
T5 to T1 to those of C7 to C3. The cervical part of the sacro-
lumbar muscle (iliocostalis cervicis) originates on the posteri-
or arches of C7 to C3. All these muscles participate in the
movements of lateral extension and flexion.

Deep Muscles. The rectus capitis posterior minor extends
from the posterior tubercle of C1 to the occipital bone, and
the rectus capitis posterior major joins the spinous process of
C2 to the occipital bone. The obliquus capitis inferior origi-
nates on the spinous process of C2 and inserts on the trans-
verse process of C1. The tubercle of the atlas is connected to
the occipital bone by the obliquus capitis superior. The trans-
versus spinalis extends from the sacrum to C2 between the
transverse processes and the four suprajacent spinous proc-
esses. Finally, the interspinalis cervicis inserts on the spinous

processes extending upward from the sacrum to the atlas. All
the deep muscles are involved in extension. The rectus capitis
posterior major and the obliquus capitis inferior and superior
also participate in the movements of rotation.

2. Muscles of the Trunk
These muscles of the trunk are also arranged in four layers.

Latissimus Dorsi. The origin of the latissimus dorsi is on the
posterior third of the iliac crest, the sacral crest, and the spi-
nous processes of L5 to T6. The muscle joins the lumbar
aponeurosis (fascia thoracolumbalis) and inserts on the bicip-
ital groove of the humerus. It is the elevator of the trunk.

Rhomboideus. The rhomboideus muscle originates on the spi-
nous processes of C7 to T4 and inserts on the spinal margin of
the scapula.

Serratus Posterior. The serratus posterior superior originates
on the spinous processes of C7 to T3 and inserts on the first
three ribs. The serratus posterior inferior extends from the
spinous processes of C3 to T11 and inserts on the last four
ribs. An intermediate fascia lies between these two muscles,
which are involved in respiration.

Erector Spinae. Five muscle bodies form the erector spinae
extending from the spinous processes to the ribs:

1. The interspinalis thoracis and lumborum.

2. The spinalis thoracis and lumborum, originating on the spi-
nous processes of L2 to T11 and inserting on those of T10
to T1.

3. The transversospinalis.

4. The longissismus lumborum and thoracis, which originates
as part of the common mass of the transversospinalis and
iliocostalis extending from the lumbar spinous processes,
sacral crest, sacral groove, and coxal bone to insert on the
posterior arches of the ribs and the transverse processes of
the thoracic and lumbar vertebrae.

5. The iliocostalis lumborum and thoracis, extending from the
common mass of muscle to insert on the lumbar transverse
processes and the last ten ribs.

The components of the erector spinae are extensor muscles.

3. Extensor Muscles of the Pelvic Region

Acting on the sacrum by the intermediary of the pelvis, the
gluteal muscles (gluteus maximus, medius, and minimus) and
posterior femoral muscles (semitendinus, semimembranosus,
and biceps femoris) are extensors.
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Figure 16 A-C

A,B The deep posterior extensor muscles of the spine
C  The superficial posterior extensor muscles of the spine

1 m. trapezius 2 m. splenius capitis 3 m. splenius cervicis

4 m. levator scapulae 5 m. semispinalis capitis 6 m. longissismus
capitis 7 m. longissimus cervicis 8 m. iliocostalis cervicis 9 m. rectus
capitis post. minor 10 m. rectus capitis post. major 1 m. obliquus
capitis sup. 12 m. obliquus capitis inf. 13 m. transversospinalis

14 m. latissimus dorsi /5 m. rhomboideus major and minor

16 m. serratus post. sup. 17 m. serratus post. inf. 18 m. interspinales
19 m. spinalis thoracis 20 m. longissimus lumborum and thoracis

2] m. iliocostalis lumborum and thoracis 22 m. glutaeus maximus
23 post. femoral muscles (semitendinus, semimbranosus, and biceps
femoris) 24 mm. intertransversarii laterales lumborum and posteriores
cervicis 25 mm. levatores costarum breves
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B. Anterolateral Muscles

The anterolateral muscles of the spine lie in the neck, the tho-
rax, and abdominal region.

1. Muscles of the Neck
The neck muscles form a superficial and a deep layer.

Superficial Layer. The sternocleidomastoideus originates on
the sternum and medial end of the clavicle and inserts on the
mastoid. This muscle participates in the flexion, lateroflexion,
and rotation of the head.

Deep Layer. The scaleni muscles extend from the cervical
tranverse processes to the first two ribs. The scalenus anterior
originates on the transverse processes of C3 to C6 and inserts
on Lisfranc’s tubercle of the first rib. The scalenus medius
joins the transverse processes of C2 through C7 to the superi-
or surface of the first rib. The scalenus posterior, originating
on the transverse processes of C4 to C6, is attached to the lat-
eral surface of the second rib. The scaleni muscles participate
in lateroflexion and rotation. The rectus capitis anterior and
lateralis extend from the atlas to the base of the cranium. The
longus colli originating from C1 to T3 extends to the lateral
parts of the vertebrae, the vertebral bodies and transverse
processes. The longus capitis originates on the transverse
processes and extends from C6 to the base of the occipital
bone. These muscles make possible the movements of flexion
and lateroflexion. The deep neck muscles also include the in-
tertransversarius.

2. Muscles of the Thorax

The three layers of intercostal muscles occlude the intercostal
spaces. These muscles include the intercostalis externus,
which is continued posteriorly by the levator costarum; the
intercostalis internus; and the intercostalis intimus, which
blends posteriorly with the subcostalis.

The diaphragm comprises three bundles according to their
site of insertion. The pars sternalis inserts on the xiphoid ap-
pendix, the pars costalis is inserted on the last six ribs and
their costal cartilage, and the pars lumbalis, arising from the
lumbocostal arches and the diaphragmatic pillars, inserts on
the spine and twelfth rib. The right and left medial pillars
(crus mediale, dextrum and sinistrum) form the boundaries of
the aortic hiatus (hiatus aorticus). The lateral pillars (crus la-
terale) form the arches of the psoas muscle (arcus lumboco-
stalis medialis) and quadratus lumborum (arcus lumbocosta-
lis lateralis). Diaphragmatic muscle fibers are also inserted on
the centrum tendineum. In addition to its respiratory func-
tion, the diaphragm lends support to the spine by intra-ab-
dominal pressure.

3. Muscles of the Abdomen
The abdominal muscles lie in two layers.

Anterolateral Muscles. The rectus abdominis extends along
the midline from the pubis to the anteroinferior part of the
thorax. In its lower portion the rectus abdominis is doubled
by the pyramidalis. The lateral muscles of the abdomen lie on
each side of the midline; from the superficial to the deep re-
gions they include the obliquus externus abdominis, the obli-
quus internus abdominis, and the transversus abdominis. The
terminal aponeuroses of these muscles form a sheath around
the rectus abdominis (vagina musculi recti abdominis). These
long muscles extend from the anterior arch of the last eight
ribs toward the iliac crest, the pubis, and ligamentum ingui-
nale. The anterolateral muscles contribute to increase the in-
tra-abdominal pressure and to flex the thoracolumbar spine
by applying a movement of rotation, i.e., unilateral contrac-
tion pulls the anterior surface of the trunk toward the side of
the contracted muscle.

Posterior Iliolumbar Muscles. This muscle group comprises
the intertransversarii laterales, mediales lumborum, the
quadratus lumborum, and the iliopsoas. The quadratus lum-
borum originates on the iliac crest and transverse processes of
the lower lumbar vertebrae and inserts on the twelfth rib and
transverse processes of the upper lumbar vertebrae. The ilio-
psoas descends from the dihedral angle formed by the trans-
verse processes and bodies of the lumbar vertebrae and from
the internal iliac fossa, passes through the crural arch (liga-
mentum inguinale), and inserts on the lesser trochanter. The
quadratus lumborum inclines the spine on the side of muscle
contraction, whereas the iliopsoas flexes the lumbar spine by
inducing rotation toward the side opposite the muscle con-
traction.
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Figure 17 A-D

A Anterior aspect of the spinal muscles

B Horizontal section through the muscles of the neck

C Horizontal section through the thoracolumbar muscles
D Horizontal section through the lumbar muscles

I m. sternocleidomastoideus 2-4 m. scalenus ant., medius, post.
5 m. rectus capitis ant. 6 m. rectus capitis lateralis 7 m. longus capitis
8 m. longus colli 9 m. intercostales externi /0 m. intercostales interni

11 m. intercostales intimi /2 m. rectus abdominis /3 m. obliquus
externus abdominis /4 m. obliquus internus abdominis 15 m. trans-
versus abdominis /7 m. iliopsoas 19 m. diaphragma 20 m. trapezius
21 m. splenius capitis 22 m. splenius cervicis 23 m. levator scapulae
24 m. semispinalis capitis 25 m. longissismus capitis 26 m. latissimus
dorsi 27 m. serratus post. inf. 28 m. iliocostalis 29 m. longissimus
30 m. transversospinalis 32 m. spinalis thoracis
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I. Normal Spinal Curvatures

The static function of the spine is that by which the spine par-
ticipates in the equilibrium of the trunk and head by means of
the spinal curvatures.

A. Theories on the Formation of Spinal Curvatures

Phylogenic Theory. The comparative anatomy of the verte-
brates allows us to reconstruct the various stages in the evolu-
tion of the spine. In this respect, three major periods can be
distinguished, corresponding to three different groups of
vertebrates, i.e., the fish, the tetrapods, and the anthropoids
including man. The spine of fish is simple and uniform, with a
ventral concavity. As the tetrapods began to walk on dry land
the various segments of their spine underwent progressive
modifications. The disappearance of the ribs from the first
vertebra posterior to the head formed the cervical region and
thus allowed greater mobility of the head, which had to ex-
tend on the neck to face horizontally. In this way the cervical
curvature appeared with its posterior concavity. The disap-
pearance of the ribs caudal to the thoracic region created the
lumbar segment. The vertical erection of the body in the an-
thropoids and man to allow the standing position and bipedal
locomotion required modification of the lumbar curvature,
which became concave posteriorly.

Ontogenic Theory. Study of vertebral development in the hu-
man from the embryo to childhood allows us to retrace the
major phylogenic stages. The aquatic conditions of intrauter-
ine development are associated with a single ventral concavi-
ty of the spine. In the first year of postnatal life the cervical
spine is bent back upward when the child is seated or crawl-
ing on all four limbs. When the child begins to take its first
steps the lumbar curvature changes to lordosis.

Mechanical Theory. The different spinal curvatures seen in
profile can be accounted for by the mobility or fixity of the
vertebral segments in question. The two more or less fixed re-
gions of the spine, i.e., the thoracic and pelvic regions, retain
their primitive curvature with anterior concavity. Conversely,
holding the head and trunk upright modifies the two mobile
regions, i.e., the cervical and the lumbar spine, so that the
spine lies posterior to the center of gravity of the body. The
spinal curvature with its posterior concavity in the cervical
and lumbar regions allows the powerful spinal muscles to
counterbalance the anterior forces of gravity.

B. Features of the Curvatures

The fully developed spine does not display a curvature in the
coronal plane except in some cases where there is a small left
concavity at the level of the aortic arch. Four curvatures alter-
nate in the sagittal plane, i.e., lordosis of the cervical spine
(posterior concavity), kyphosis of the thoracic spine (posteri-
or convexity), lumbar lordosis, and sacrococcygeal kyphosis.
The transitions between the first three curvatures are regular

and smooth whereas the lumbosacral junction displays a
prominent anterior angle known as the lumbosacral angle of
the promontory (120 °-130 ©). In the upright position the ver-
tical line drawn up from the center of the polygonal base of
equipoise passes through the bodies of the cervical vertebrae,
the body of T12, the posterior surface of the body of L3, and
the sacral plate. Hyperflexion causes the cervical and lumbar
lordoses to disappear. The spinal curvatures become more ac-
centuated with age and lumbar lordosis is more pronounced
in women.

Finally, by physical calculation it can be shown that a column
with four alternate curvatures is 17 times more resistant to
stress than a rectilinear column (R = C? + 1).

C. Influence of the Pelvis

Given the state of equilibrium of the pelvis and thus of the
spine on the two femoral heads, there exists a relation be-
tween the lumbar curvature and the position of the hips. In
collaboration with Henry we studied (1978) this relation by
examination of the femorolumbosacral angle in 500 subjects.
This angle, formed by the posterior edge of the sacral plate
and the vertical line passing through the tip of the acetabu-
lum, varies from —7° to +55 ° with a mean of 21 °. A nega-
tive angle corresponds to hyperlordosis. In the supine posi-
tion, elevation of the outstretched lower limbs initially in-
duces lumbar hyperlordosis and then kyphosis.
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Figure 18 A-H

MY A WA

The fetal spine showing a single curvature with anterior concavity
The neonatal spine showing the appearance of the first lordosis
involving the cervical spine induced by erection of the head

The spine with its four definitive curvatures after induction of
lumbar lordosis by the erect position

The normal sagittal curvatures of the spine

Absence of a coronal curvature in the normal spine

F The lumbar spine in the quadrupedal position with the femurs at
90 ° to the spinal axis and disappearance of lumbar lordosis

G The femorolumbosacral angle (o) showing the position of the hips
relative to the lumbosacral junction

H Different lumbar curvatures according to the position of the
lumbosacral junction relative to the hips
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IL. Variations of the Spinal Curvatures

In addition to the normal pattern of the spinal curvatures, a
certain number of congenital or acquired variations with or
without accompanying pathological phenomena can be de-
scribed. Delmas and Raou described a spinal index by which
one aspect of these modifications of curvature can be quanti-
fied. The index (I)is computed by measuring the lenght (L) of
the anterior surface of the spine from the atlas to the sacral
plate and the height (H) of the spine in a straight line from the
atlas to the sacral plate. The index is then I = H x 100/ L.
Normally the index is close to 95 (£ 1). An increased index
signifies that the spine is practically linear whereas a de-
creased index reflects the accentuation of the spinal curva-
tures. Rectilinear spines are less mobile than those with pro-
nounced curvatures, which are more dynamic. However, clin-
ical and radiological features of the spine also allow the char-
acterization of a certain number of variations in the sagittal
and coronal planes.

A. Sagittal Variations

Thoracic hyperkyphosis or round back features the exaggera-
tion of the posterior convexity of the thoracic region near T7.
This postural attitude corresponds to hyperflexion of the
thoracic spine.

Lumbar hyperlordosis creates an overly hollow lumbar region
with anterior projection of the abdomen. This postural atti-
tude reflects the existence of lumbar hyperextension.

Kypholordosis corresponds to the simultaneous exaggeration
of thoracic kyphosis and lumbar lordosis, thus decreasing the
height of the spine. In such cases the index of Delmas is less
than 93. This type of spine is highly dynamic, but deteriora-
tions, due to extreme positions of all the spinal joints, arise
sooner than would otherwise be the case.

Anterior projection of the neck, often accompanying thoracic
hyperkyphosis, can also be an isolated finding. In the latter
case it is probably caused by a poor postural attitude, main-
taining the face toward the ground rather than toward the
horizon. This produces fatigue of the cervicothoracic junc-
tion.

Hollow back corresponds to an attitude of very slight lordosis
of the thoracic segment contrasting with the normal kyphosis
in this region. From the dynamic standpoint forced flexion of
the cervical spine is difficult in subjects with hollow back.
This postural attitude rapidly leads to cervical sprain syn-
drome.

Flat back is similar to the preceding variation in that the tho-
racic spine has lost its normal kyphosis and the other spinal
curvatures are diminished. Patients with flat back display an
index of Delmas greater than 97. This postural attitude often
evolves toward the cervicothoracic sprain syndrome.

Total kyphosis of the spine is reminiscent of the fetal curva-
tures lacking cervical and lumbar lordosis, but where the
spine is almost entirely convex posteriorly. This deformity is
compensated by retroversion of the pelvis.

Total lordosis, as opposed to total kyphosis, features lordosis
extending from the lumbar region to the cervicothoracic junc-
tion with the site of maximum curvature in the region of the
inferior thoracic spine.

Vertebral inversion is a rare deformity where the normal sites
of lordosis are replaced by kyphosis. The curvatures are in
opposition to the dynamic characteristics of the different re-
gions of the spine and thus rapidly lead to pathological over-
exertion with deterioration of the osteoarticular structures.

B. Coronal Variations

Poor postural attitudes during growth in normal subjects can
lead to lateral deviation of the spine in the coronal plane. This
deformity is postural scoliosis, which can however evolve
toward fixation and thus true structural scoliosis. The main
types of scoliosis are the following:

Thoracic scoliosis generally presents with a single right-sided
convexity from T4 to T12. A small compensatory lumbar
curve in the opposite direction, called the minor curve, is
found below. The deformity is often accompanied by a pro-
nounced costal gibbosity on the side of the thoracic convexity
due to vertebral rotation.

Figure 19 A-N

Physiological sagittal curvature
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Thoracolumbar scoliosis
Combined thoracic and lumbar scoliosis
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Figure 19 A-N
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Lumbar scoliosis presents as a main primary convexity on one
side of the lumbar spine with a suprajacent minor com-
pensatory curve. This type of scoliosis is only a small deform-
ity but after the age of 40 years evolves toward painful syn-
dromes.

Thoracolumbar scoliosis presents with a main convexity cen-
tered at T10. Two minor compensatory curves exist above
and below the major convexity. This deformity often leads to
vertebral disequilibrium, i.e., a vertical line passing through
the center of gravity of the head no longer intersects the sacral
plate, thus leading to overexertion of the muscle groups op-
posing the disequilibrium. The final result is damage due to
excessive pressure on the articular surfaces on the inside of
the curvature.

Combined thoracic and lumbar scoliosis with two major curves
presents as two reciprocal convexities in the thoracic and
lumbar regions. Since the two curves are generally of the
same magnitude, the resulting disequilibrium is of minor im-
portance and the deformity is less apparent. Conversely, the
shortening of the trunk is pronounced.

Cervicothoracic scoliosis is relatively rare. The deformity is un-
aesthetic, since the head no longer lies in the axial prolonga-
tion of the trunk.

Good static function thus corresponds to a well equilibrated
spine with physiological curvatures, i.e., within normal limits.
Orthopedic therapy should be aimed at the best and earliest
possible reduction of the spinal deviations in order to avoid
the often unaesthetic and painful or disruptive consequences
involving the major cardiovascular and dynamic vertebral
functions.
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I. Vertical Stability

Stability of the spine is that quality by which the vertebral
structures maintain their cohesion in all physiological posi-
tions of the body.

Instability, or loss of stability, is a pathological process which
can lead to displacement of vertebrae beyond their normal
physiological limits. The factors influencing stability differ
according to whether the spine is studied vertically along its
major axis or horizontally, perpendicular to the major axis.

A. Elementary Structure of the Vertebrae

From the atlas to the sacrum it is possible to identify those
structures in the complex morphology of the vertebrae that
support the forces of gravity. The atlas (C1) can be likened to
two lateral masses joined by two arches. The axis (C2) can be
reduced to three pillars, a vertical conical pillar lying medially
and anteriorly (dens and body) and two lateral oblique pillars
in the form of parallelepipeds. These three pillars are fused
above in the body of C2 and diverge below. With respect to
stability the axis does not have true pedicles and the struc-
tures referred to as such are actually isthmuses since they are
interarticular structures. The structural features of C3 to L4
are analogous to those of the axis, i.e., these vertebrae are
composed of three pillars: the anterior pillar formed by the
vertebral body and the two pillars formed by the articular
processes lying posteriorly. The three pillars are reinforced by
horizontal bars, namely the pedicles and laminae. A similar
configuration is found at LS except that the vertebral body is
cuneiform and the posterior pillars are angled at the isthmic
zones. The sacrum provides three points of support for the
three pillars, i.e., the sacral plate and two sacral facets. The
gravitational forces are then transferred from the sacrum to
the pelvic girdle by the two auricular facets.

B. Overall Stability of the Spine

The juxtaposition of the various vertebral structures makes it
possible to follow the lines of gravitational force from the cra-
nium to the pelvis. The cranium transfers its weight to the
spine through two pillars lying in the same coronal plane. The
two pillars become three columns in the body of the axis,
which is thus a veritable carrefour for the transmission of the
forces. The forces are then transferred down the three col-
umns, which are arranged in a triangle with an anterior apex.
The more voluminous anterior column takes on the aspect of
a quadrangular pyramid formed by the alternating vertebral
bodies and intervertebral discs down to the sacral plate. The
two posterior columns lying in a coronal plane are composed
of the successive articular processes. At C2 and L5 these col-
umns present an isthmic angulation facilitating spondyloly-
sis. The sacrum also constitutes a carrefour of the descending
forces, since it receives them at three points but transmits
them to the pelvis and lower limbs through two lateral points.
This vertical system of columns is reinforced by horizontal

struts which, at the level of each vertebra, solidly join the col-
umns to each other. The struts are the two arches of C1, the
posterior arch of C2, and the pedicles and laminae of the
vertebrae lying below C2. The spinous and transverse proc-
esses do not participate in the system of spinal stability.
Under static and dynamic conditions the spinal curvatures
modify the axis of the vertical columns but in no way change
the principles of axial stability. Understanding of this system
finds application in vertebral trauma and surgical stabiliza-
tion of the spine. The instability due to spinal trauma is pro-
portional to the number of ruptured columns. Surgical stabili-
zation subsequent to vertebral excision or fracture-disloca-
tion requires the reconstruction of one to three columns, de-
pending on the lesion.
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Figure20 A, B

A Elementary structure of the
vertebrae
B Opverall structure of the spine

I massa lateralis 2 arcus ant. 3 arcus post. 4 dens 5 isthmus transversus 12 processus spinosus 13 facies auricularis 14 basis
6 foramen vertebrale 7 corpus vertebrae 8 pediculus arcus vertebrae ossis sacri 15 columna ant. 16 columna post. 17 discus interverte-
9 processus articularis /0 lamina arcus vertebrae 1] processus bralis
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I1. Horizontal Stability

When the spine is submitted to forces perpendicular to its
greater axis, the points of weakness are located in the mobile,
articular zones. It is of interest to consider the elements which
stabilize the vertebrae during the movements of flexion-ex-
tension and rotation-inclination. Differences in the constitu-
tion of the intervertebral articulations call for the cranioverte-
bral joints to be considered separately from the other verte-
bral joints.

A. Craniovertebral Articulations

During forced flexion of the head, the anterior surface of the
odontoid process butts against the anterior arch of the atlas.
The excess anterior displacement of the atlas is resisted by the
ligamentum cruciforme atlantis, the membrana tectoria, and
the ligamenta alaria. During extension the odontoid process
acts as a buttress preventing posterior sliding of the atlas.
Similary, contact between the posterior margin of the fo-
ramen magnum, the posterior arch of the atlas, and the spi-
nous process of the axis limits extension of the head. The
membrana atlanto-occipitalis anterior and the ligamentum
transversum stretch during extension. During rotation of the
atlas on the axis the ligamenta alaria, the lateral parts of the
membrana tectoria, the articular capsules, and the ligamenta
flava act as brakes. Lateral inclination is limited by the con-
tact between the articular facets on the side of inclination and
by the tension of the capsules, intertransverse ligaments, and
the lateral part of the membrana tectoria on the opposite side.
In summary, the means of vertebral stability in the horizontal
articular plane are the bony buttresses and ligamentous
brakes.

B. Other Vertebral Articulations

From C2-C3 to L5-S1 the same mechanisms of horizontal sta-
bility exist. These are envisaged below by study of the ex-
treme elementary movements of the vertebrae.

Flexion. During flexion, stability is ensured by the coupled ac-
tion of the osteoligamentous articular buttresses and the liga-
mentous brakes. The ligaments acting as a brake to extreme
vertebral flexion are those located posterior to the nucleus
pulposus, i.e., the posterior part of the anulus fibrosus, the
ligamentum longitudinale posterior, the articular capsule, the
ligamentum flavum, the ligamentum interspinale, and the lig-
amentum supraspinale. The buttresses of flexion are the artic-
ular processes whose facets oppose the horizontal sliding.
Thus, vertebral instability on flexion can occur only after
fracture of the articular process or rupture of the ligamentous
brakes, which may lead to luxation.

From our laboratory experiments on fresh cadavers we con-
clude that all the ligaments posterior to the nucleus pulposus
must be ruptured to produce abnormal vertebral displace-
ment. Partial rupture of these ligaments is not sufficient to
create instability.

The coexistence of two structures, the articular buttresses and
ligamentous brakes, constitutes an efficacious system of mo-
bility with stability. The oblique planes of the articular facets
allow sliding, which leads to angulation between two verte-
brae, but the limit of elasticity of the ligaments prohibits luxa-
tion of the articular facets.
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Figure21 A-H

Flexion of C1 and C2
Extension of C1 and C2
Rotation of C1 and C2
Lateral inclination of
C1and C2

Inferior cervical flexion
Cervical articular buttress
Thoracic articular buttress
Lumbar articular buttress
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1 dens 2 lig. transversum and cruciforme atlantis 3 membrana tec-
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13 lig. supraspinale
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Extension. During forced extension the bony buttresses and
ligamentous brakes are again brought into play. In contrast to
flexion, the ligamentous brakes involved in extension are
those situated anterior to the nucleus pulposus, i.e., the ante-
rior longitudinal ligament and the anterior part of the anulus
fibrosus. The bony buttresses limiting extension lie at the
three angles of a triangle with an anterior base, i.e., the most
posterior parts of the articular and spinous processes come
into contact with each other in full extension of the cervical,
thoracic, or lumbar spine. The zones of posterior contact can
be evidenced on both X-rays and autopsy specimens. A neo-
facet lacking articular cartilage often appears on the postero-
inferior part of the upper articular processes (in the isthmic
region), reflecting excess extension or lordosis, especially of
the lumbar spine. Similarly, the margins of adjacent spinous
processes reciprocally fit together, the upper process resem-
bling an inverted V over the lower process.

Rotation and Inclination. The movements of rotation and lat-
eral inclination almost always occur in coupled fashion. Incli-
nation of the articular facets at 45 °-80 ° with respect to the
plane of the intervertebral space imposes simultaneous slid-
ing and rotation. When the lower right articular facet ad-
vances upward and forward, the left articular facet slides
downward and backward. Practically all the structures par-
ticipating in vertebral union are involved in checking the
movements of rotation and inclination. The oblique fibers of
the laminae of the anulus fibrosus stretch to limit rotation and
inclination. Once again, the bony buttresses limiting these
movements are the articular processes, especially those in the
lumbar region. In the thoracic and cervical regions other
bony structures have this function. In the thoracic spine later-
al inclination and rotation are considerably limited by the
costovertebral joints, despite the facility of such movement
afforded by the circular orientation of the articular facets in
this region. In the cervical spine the vertebral unci and trans-
verse processes limit these movements. Bony contact of the
uncovertebral pseudoarticulations is the first phenomenon
which occurs to limit rotation and lateral inclination. Other
reciprocal pseudoarticulations between the lower surface of
the cervical transverse processes and upper articular pro-
cesses limit the amplitude of inclination and rotation. To our
knowledge only one other report in the literature (Veleanu
1971) has referred to this particular anatomical phenomenon.
These transversoarticular pseudojoints are characterized by
the inverted V shape of the posteroinferior surface of the
transverse processes which fits over the anterosuperior mar-
gin of the upper articular processes from C2 to T1.

In conclusion, vertebral stability brings into play practically
all the bony and ligamentous components of the spine. Ac-
cordingly, theories of spinal stability giving emphasis to only
one component in preference to the others appear to us to be
oversimplifications, which may limit both the understanding
of the pathophysiological mechanisms of spinal instability
and their management. Such theories include the theory of
the posterior wall comprising the vertebral bodies and inter-
vertebral discs (Rieuneau and Decoulx), the posterior liga-
mentous complex of Holsworth, and the role of the articular

processes (Ramadier) and of the middle segment, i.e., the
posterior discocorporeal wall, vertebral pedicles, and articu-
lar processes (Roy-Camille).
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Figure 22 A-1
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1. Articular Mechanics

The spine, owing to its polyarticulated structure, possesses a
great dynamic potential. Its structure, comprising different ar-
ticular stages or mobile segments of Schmorl and Junghans,
can be divided into two distinct vertebral regions, namely the
craniovertebral junction, without a disc, and the subjacent
spine, with intervertebral discs.

A. Craniovertebral Junction

The head rests on the cervical spine in an unstable manner,
since its center of gravity lies in front of the spine. Balance is
reestablished by the predominance of the extensor over the
flexor muscles in the nuchal region.

The first mobile segment comprises the two atlanto-occipital
joints which are transversely aligned and whose facets are
shaped like shoe soles, with the greater axis slanting anterior-
ly and medially. The geometric volume that can be perfectly
inscribed between the articular interfaces is an ovoid with a
greater horizontal axis and a lesser sagittal axis. The articular
facets represent sections through this volume. Thus, the mo-
bility of these joints occurs essentially by flexion-extension
about the transverse axis. Minor movements of lateral incli-
nation and rotation are also possible. The geometric center of
these movements is located at the level of the anterior quarter
of the foramen magnum.

The second mobile segment, between C1 and C2, consists of
two groups of articulations, the median and lateral atlantoax-
ial joints. The cylindrical median articulations between the
odontoid process on the one hand and the osteofibrous anu-
lus of the anterior arch and the transverse ligament on the
other hand form a trochoid articulation allowing rotation
around a vertical axis passing through the tip of the dens.
Very small movements of elongation and shortening along
the vertical axis and minute adaptive displacement to flexion-
extension are also possible. The lateral articulations are in-
scribed on a portion of a sphere whose geometric center, lo-
cated below the superior surface of C3, lies on the prolonga-
tion of the axis of the odontoid process. The articulations
function synchronously with the median joints to allow what
is essentially rotation. During this movement helicoidal dis-
placement occurs, since the atlas moves from its zenith at the
top of the segment of the sphere at zero rotation to its lowest
position when fully rotated.

The base of the odontoid process is the embrylological equiv-
alent of the C1-C2 intervertebral disc. Accordingly, trauma
of the upper cervical spine in flexion or extension facilitates
rupture of the odontoid process in the horizontal plane of
flexion-extension between the two lateral atlantoaxial joints.

B. Intervertebral Discs

The mechanical qualities of the 23 intervertebral discs are de-
rived from their structure. Sealed between the upper and low-
er surfaces of two adjacent vertebrae, the discs consist of
three parts: the anulus fibrosus, the nucleus pulposus, and
cartilaginous plates. The anulus fibrosus is composed of a
laminar mass whose circular layers lie in the horizontal plane.
The fibers in a given layer lie in the same direction whereas
those of two contiguous layers lie obliquely to each other. The
nucleus pulposus occupies the central core of the anulus fi-
brosus and although spherical, does not resemble a solid
structure like a ball bearing sealed within the disc, as has been
too often described. The contents of the nucleus are highly
hydrophilic (about 85% water) and the internal resting pres-
sure, ranging from 1.5 kg/cm? when recumbent to 10 kg/cm?
when standing (Nachemson), forces the walls of the deepest
laminae of the anulus fibrosus into their spherical shape. In
fact, the nucleus pulposus also displays a loosely packed fi-
brillar structure continuous with that of the anulus fibrosus,
without a clear boundary between the two. The cartilaginous
plates represent a zone of transition between the disc and
body of the vertebra, allowing the insertion of the fibrils of
the anulus fibrosus and the diffusion of fluids from the verte-
bral vascular bed to nourish or fill the nucleus pulposus. The
discs have no vascular supply after birth. When submitted to
prolonged compression the pressure within the nucleus pul-
posus increases, thus inducing an identical counterpressure in
the anulus fibrosus and a slight decrease in the height of the
disc due to fluid leakage. Conversely, at rest the height of the
discs increases owing to maximum filling of the nucleus pul-
posus. Accordingly, a given individual is taller after a long
rest than after a long period of effort. The mechanical pro-
perties of the disc allow movements of compression when
loaded, stretching when distended, rotation about the nuc-
leus, lateral inclination, and translation. However, although
an isolated disc allows a wide range of movements between
two vertebrae, the presence of the posterior zygapophyseal ar-
ticulations limits these movements to a spatial sector proper
to each region of the spine.
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Figure 23 A-G
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Anterior aspect of the craniovertebral junction

Sagittal section of the craniovertebral junction
Superior aspect of the median atlantoaxial articulation
Sagittal section of the intervertebral disc

Inclination of the disc

F Translation of the disc
G Rotation of the disc

I articulatio atlantooccipitalis 2 articulatio atlantoaxialis lateralis
3 articulatio atlantoaxialis mediana 4 anulus fibrosus 5 nucleus
pulposus 6 lamina cartilaginosa
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The articular mechanics of the vertebrae with discs from C3
to S1 are dependent upon the coexistence of three joints in
each mobile segment, i.e., the intervertebral disc and the two
zygapophyseal articulations. The two types of associated
movements, flexion-extension and inclination-rotation, dis-
play special regional features in the cervical, thoracic, and
lumbar segments of the spine.

C. Flexion-Extension

The movements of flexion and extension are the resultant of
the elementary movements between pairs of adjacent verte-
brae, and occur in the sagittal plane. The most common con-
cept that is proposed to explain the mechanism of these
movements is the assimilation of flexion-extension to rotation
around a transverse axis passing through the center of the
nucleus pulposus. Overlay tracings of dynamic roentgeno-
grams are sufficient to illustrate the erroneous nature of this
concept. Using two cervical vertebrae as an example, three
explanatory mechanisms can be envisaged. Sagittal move-
ments of these vertebrae could occur by translation (sliding)
along the slope of the articular facets. However, it is obvious
that this type of movement would lead to variation in the
height of the intervertebral space that would not be allowed
by the intervertebral disc. A second hypothesis would be to
imagine a rolling (seesaw) movement of the upper vertebra on
the superior surface of the nucleus pulposus. However, in this
situation the coaptation of the articular facets would be per-
turbed beyond physiological limits. Thus a third hypothesis
must be advanced to account for the mechanical conditions
of the disc and the zygapophyseal articulations. The displace-
ment of flexion-extension is indeed a circular movement
about a transverse axis, but the axis is not situated at the level
of the nucleus pulposus but lies below, in the body of the low-
er vertebra. The cartilage-lined articular facets produce an ar-
ticular interface inscribed on the arc of a circle with the same
center. The superior surface of the disc is also inscribed on an
arc with the same center. The movement of the upper vertebra
thus describes an arc with arcuate sliding of the articular fac-
ets and pendulous displacement of the disc about the same
geometric center. Our studies based on tracings of roentgeno-
grams from 15 postmortem spines in flexion and the then ex-
tension confirmed this mechanical theory. Our conclusions
are thus in agreement with earlier studies by Fick (1911),
Strasser (1913), Penning (1968) and Lysell (1969), who also
described an axis of rotation in the body of the vertebra sub-
jacent to the intervertebral disc. This contradicts the more
classical and widely held opinion of Exner (1954) and Hjorts-
jo (1959) according to which the center of movement is in the
nucleus pulposus. Many authors have proposed that the cen-
ter varies during a given movement and describe an area com-
prising the different instantaneous centers of rotation (Gonon
1978).

In our studies we observed this same articular mechanism
throughout the spine, but the location of the centers of move-
ment varied according to the region of the spine. In the case
of the C2-C3 articulation the center of movement is the low-
est, i.e., in the body of C4. Below the C2-C3 intervertebral

joint, the center of each cervical intervertebral articulation lies
in the inferior part of the lower vertebra. In the thoracic and
lumbar regions the center of movement is located in the cen-
tral part of the superior surface of the lower vertebra. One
consequence of this low position of the centers of flexion-ex-
tension is the anterior sliding or antelisthesis during hyper-
flexion of one vertebra on the subjacent vertebra. At the
C2-C3 joint, physiological displacement is 2.5-3.5 mm; from
C4to C7itis 1.5-2mm; and from T1 to LS5 it is 0.5-1.5 mm.
Thus reference can be made to pathological displacement (in-
stability) only when the displacement exceeds these physio-
logical limits.

D. Inclination-Rotation

Lateral inclination is simultaneously accompanied by rota-
tion (and vice versa) owing to the pronounced obliquity of the
posterior articular facets. When a vertebra inclines to one
side, the inferior articular facet on that side moves backward
and slides downward to the bottom of the articular interface,
whereas the inferior articular facet on the opposite side glides
upward and forward, thus producing the accompanying rota-
tion. The center of inclination is located midway between the
right and left articular facets. The features of rotation vary ac-
cording to the regions of the spine. Rotation of the cervical
spine does not describe an arc of a circle but rather a segment
of an ellipse.



Flexion-Extension — Inclination-Rotation 67

Figure 24 A-J

Flexion-extension at C2-C3: angulation and translation (sliding)
Flexion-extension at C5-C6: angulation and translation (sliding)
B Spinal movement around a spherical nucleus pulposus Flexion-extension at D8-D9

(erroneous theory) Flexion-extension at L4-L5-S1
C Arcuate spinal movement around a transverse axis whose center lies H-J Cervical inclination and rotation

well below the intervertebral disc (correct theory)

A Spinal movement by sliding along the articular facets (erroneous
theory)
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In the thoracic region inclination of the vertebrae is accom-
panied by rotation and vice versa. This dynamic synergy is the
result of two combined mechanisms. On the one hand, as in
the case of the cervical spine, the inclination of the articular
facets (at 75°-85° to the horizontal) triggers rotation during
the angulation, since the articular facet that glides upward
moves forward while the facet that slides downward moves
backward. On the other hand, the powerful vertical and ob-
lique costotransverse and intertransverse ligaments create a
phenomenon of simultaneous inclination and rotation due to
the interplay of asymmetrical tensions. Lateral inclination al-
so produces a component of extension. This mechanism, ac-
companied by the progressive cuneiformity of the vertebrae
as their size increases craniocaudally, produces the associa-
tion of lateral inclination, rotation, and extension in scoliosis.
In the thoracic spine, the axis of rotation in the horizontal
plane is inscribed on the arc of a circle whose center is located
in the middle of the superior surface of the vertebra.

In the lumbar region the orientation of the articular facets dif-
fers greatly from that of the upper segments of the spine.
Lateral inclination is made possible by a rolling movement
between the vertical rail-like superior articular facets. Rota-
tion is greatly restricted since in the horizontal plane the arti-
cular facets are inscribed on a posteriorly open parabolic
curve. The axis of rotation runs through the spinous pro-
cesses, thus imposing on the intervertebral disc a movement
of oscillation with shearing.

E. Orientation of the Articular Facets

Consideration of the different types of articular facet relative
to just the horizontal plane reveals a striking continuous se-
ries of geometric figures on which the facets are inscribed, re-
flecting their capacities to allow rotation.

The odontoaxial articular facets are inscribed on a perfect cir-
cle passing through the vertical axis of the odontoid process.
This configuration is the most adapted to rotation.

The thoracic facets are also inscribed on the arc of a circle
whose center is located below the nucleus pulposus. This con-
figuration also facilitates rotation.

The upper cervical facets are inscribed on the arc of a circle but
its center lies well in front of the vertebrae, allowing fairly am-
ple rotation.

The lower cervical facets lie in the coronal plane and thus af-
ford greater extension-flexion than inclination-rotation.

The facets of the lumbar vertebrae are inscribed on parabolic
curves with a posterior opening and thus resemble a segment
of the groove of a pulley. This configuration is the least adapt-
ed to rotational movements.

The lumbosacral facets, however, are inscribed on a more
open curve and thus are less inhibitory to rotation than those
of the upper lumbar vertebrae.
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Figure 25 A-E
A Lateral inclination of the thoracic vertebrae D Rotation of the lumbar vertebrae
B Rotation of the thoracic vertebrae E The series of geometric orientations of the vertebral articular facets

C Lateral inclination of the lumbar vertebrae
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II. Regional Amplitude

Each mobile segment composed of two adjacent vertebrae is
capable of only low-amplitude movements. The summation
of these movements yields the amplitude of displacement of
the cervical, thoracic, and lumbar regions. The combined
range of movements of the three spinal regions corresponds
to the overall amplitude of spinal mobility in flexion-exten-
sion, axial rotation, and lateral inclination.

A. Flexion-Extension

1. Cervical Spine

Occipital bone-C1: 20° C4-C5:20°
C1-C2: 0° C5-C6:22°
C2-C3: 15° C6-C7: 18°
C3-C4: 15° C7-T1: 10°

Total flexion: 45° ; total extension: 75°;
total flexion-extension: 120°

2. Thoracic Spine

Total flexion: 30° ; total extension: 20°;
total flexion-extension: 50°

3. Lumbar Spine

L1-L2:11° L4-L5:24°
L2-13:12° L5-S1:18°
L3-LA4: 18°

Total flexion: 53°; total extension: 30°;
total flexion-extension: 83°

4. Amplitude of the Entire Spine
Total flexion: 128°; total extension: 130°;
total flexion-extension: 258°

B. Axial Rotation

1. Cervical Spine

Right and left rotations:

Occipital bone-Cl: 2 x 12° = 24°
C1-C2: 2 x23°= 46°
C2-C3: 2x 6°= 12°
C3-C4: 2x 6°= 12°
C4-C5: 2x 7°= 14°
C5-Cé: 2x 6°= 12°
C6-C7: 2x 6°= 12°
C7-T1: 2x 6°= 12°

Total rotation: 2 x 72° =144°

2. Thoracic Spine

T1-T2: 6° T5-Té6: 6° T9-T10 : 4°
T2-T3:6° T6-T7: 8° T10-T11: 6°
T3-T4: 6° T7-T8: 4° T11-T12: 4°
T4-T5:6° T8-T9: 4° T12-L1 :10°

Total rotation: 2 x 35° = 70°

3. Lumbar Spine

L1-L2:2° L3-14:3° L5-S1:4°
L2-L3:3° L4-L5:4°

Total rotation: 2 x 8° = 16°

4. Amplitude of the Entire Spine
Total rotation: 2 x 115° = 230°

C. Lateral Flexion

Right and left lateral flexions:
1. Cervical Spine

Occipital bone-C1: 2 x 3° = 6° C4-C5:2x6° =12°
C1-C2: 0° C5-C6:2x4° = 8°
C2-C3: 2x5°=10° C6-C7:2x4.5°= 9°
C3-C4: 2x6°=12° C7-T1:2x5° =10°

Total lateral flexion: 2 x 33.5° = 67°

2. Thoracic Spine
Total lateral flexion: 2 x 20° = 40°

3. Lumbar Spine
Total lateral flexion: 2 x 20° = 40°

4. Amplitude of the Entire Spine
Total lateral flexion: 2 x 73.5° = 147°

These data are mean values. Certain subjects possess a more
flexible spine than others owing to constitutional factors,
physical training, or age. The data were derived in part from
the studies of Lysell, David and Allbrook, Tanz, Gregersen
and Lucas, and Kapandji.
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Figure 26 A-C

A Amplitudes of flexion-extension
B Amplitudes of axial rotation
C Amplitudes of lateral flexion
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III. Adaptation of the Spine to Effort

With the human body in different positions the spine is sub-
mitted to gravitational and muscular forces, and also exterior
forces when the body acts on the outside world. The complex-

"ity of the mechanical phenomena brought into play leaves
many unanswered questions at present. Our approach will
therefore be to consider the theoretical aspects, then laborato-
ry data, and finally anatomoclinical observations.

A. Theoretical Aspects
1. The “Spinal Lever”

The theories of levers are classically applied to estimate the
physical constraints to which the spinal structures are submit-
ted. According to Brueger and Kapandji the spine can be
likened to two pillars, i.e., the anterior pillar formed by the
vertebral bodies, which is passive, and the pillar formed by
the posterior arches, which is active owing to the insertions of
the spinal muscles. The fulcrum of the lever would be the pos-
terior articulations. This system of leverage would act as a
damping device sparing the intervertebral disc when submit-
ted to the axial forces of gravity. Another type of lever is more
often proposed to estimate the physical constraints of the
spine. In this case, the fulcrum would be at the nucleus pulpo-
sus with a short posterior arm on which the forces of the spi-
nal muscles (M)would act and a longer anterior arm receiving
the gravitational forces (P). By computation, with the body in
the erect position at rest, the force Pacting on the L5-S1 joint
would be 45 kg, M would be 90 kg and the total pressure on
the intervertebral disc would be P + M = 135kg. With the
body bent forward and the knees extended, a 10-kg weight
applied to the arms yields a total pressure of 250 kg acting on
the disc; with the trunk erect and the knees flexed this total
pressure would be 145 kg. However, this model rapidly be-
comes unrealistic if computation is made when an 80-kg
weight is to be lifted, i.e., the disc would be submitted to a
force of 1 ton, which exceeds the resistance of this struc-
ture. Despite these considerations, lifting a weight with the
knees flexed and the trunk erect affords the greatest sparing
of the anatomical structures of the spine and that is therefore
the recommended position. To arrive at more plausible esti-
mated forces the role of intra-abdominal pressure has had to
be invoked. During an intense effort the abdomen does in-
deed act like an inflated structure absorbing a large part of
the forces transmitted by the trunk, thus reducing the forces
acting on the spine by 30%-50% (Kapandji).

2. Theory of Articular Triangulation

Our conception of the spine as being composed of three verti-
cal columns leads us to consider the synergy of three joints in
each mobile segment during effort. These three joints are the
intervertebral disc and the two zygapophyseal articulations.
With the exception of the biarticular atlantoaxial segment, all
the mobile spinal segments are triarticular. At each level the

posterior articulations lie in a plane nearly perpendicular to
that of the disc. This notion also applies to C1-C2 where the
odontoatlantoid articulations are perpendicular to the atlan-
toaxial joints. This configuration creates an orthogonal arti-
cular system whose mode of participation during effort dif-
fers according to the orientation of the axis of the spine relative
to the forces acting upon it. In the vertical position the forces
of gravity and weight-bearing coupled with opposing muscu-
lar forces produce a compressive effect on the discs and a
shearing effect on the posterior articulations. Conversely,
when lifting a weight with the trunk in the horizontal position
the different forces produce essentially compression of the
posterior articulations and a shearing effect on the discs, al-
though the required rigidity of the spine is nevertheless ac-
companied by an accessory effect of axial compression of
muscular origin. Consequently, during the movements and
efforts exerted by the spine the posterior articulations share
with the discs in bearing the constraints applied to the verte-
brae. Thus there exists a modulated system of leverage involv-
ing these different structures. Accordingly, the total area of
the discal and zygapophyseal articular surfaces in each mo-
bile segment increases in the craniocaudal direction to meet
the increasing physical constraints. We calculated the mean
total articular surface area at different spinal levels as fol-
lows: C1, 3.8cm?; C7, 4.1cm?; T6, 7cm?; L1, 12cm?; S1,
18 cm?. Furthermore, the caliber of the flexor and extensor
muscles of the trunk similarly increases caudally down to the
gluteal muscles. This concept of triangulation allows better
understanding of the role of the articular processes and their
pathological alterations. They should not be considered
merely as being involved in the orientation of spinal move-
ments, but also as weight-bearing structures subject to the
pathological alterations of effort (sprain, arthrosis).



The Theories of the “Spinal Lever” and Articular Triangulation 73

Figure27 A-G

A Spinal architecture comprising three columns with articular
triangulation at each level. The numbers indicate the articular
surface area at each level

B The spinal lever. O, balance; P, resultant gravitational force;
M, resultant spinal muscular forces

SN

Damping lever (according to Kapandji)

Efforts of lifting and maintaining a load

Forces acting at the articulations between vertebrae in flexion,
upright stance, and the intermediate position, according to

the triangulation concept
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B. Experimental Data

Many studies have been devoted to determining the resist-
ance of the spinal structures and the pressures to which they
are submitted.

1. Resistance of the Spinal Structures

The data given below are those of Evans (1969), based on lab-
oratory studies of anatomical specimens. In the erect position
the lumbosacral spine ruptures under a mean axial load of
300 kg in preserved anatomical specimens and 180 kg in fresh
postmortem specimens. Rupture of the lumbosacral spine al-
so occurs when a transverse force causing flexion attains
135 kg. The lumbar intervertebral discs will rupture under a
compressive force ranging from 265 to 540 kg/cm? We per-
sonally tested the resistance of intervertebral union in 15 fresh
anatomical specimens. When the disc is sectioned the posteri-
or-union between two vertebrae ruptures under a horizontal
force in flexion or extension of 35-45 kg. The resistance of the
intervertebral discs varies as a function of age and the pres-
ence or absence of degenerative lesions. In young subjects,
the tearing force required to rupture the intervertebral disc in
flexion or extension exceeds 120 kg, whereas in older subjects
with degenerative lesions of the disc rupture occurs at a force
of 25 kg (cervical spine) to 50 kg (lumbosacral spine).

2. Intradiscal Pressures

Studies by Nachemson performed in vivo have given much
valuable data in this domain. In the cadaver, as in the recum-
bent relaxed subject, the pressure within the intervertebral
disc is 1.5 kg/cm?. In the seated position, the intradiscal pres-
sure at L3-L4 is 10-15kg/cm? with a tangential component
of 60-80kg/cm? acting on the posterior part of the disc. In
the standing position these pressures are 30% lower than in
the seated position. Bearing a load obviously increases the
intradiscal pressure, e.g., a 20-kg load increases the intradiscal
pressure from the resting value of 15kg/cm? to 20kg/cm?
Multiplication of these pressures by the surface area of the
discs yields a true weight of 135 kg for the L3-L4 disc when
seated, which attains 200 kg under a 20-kg load. Tension of
the abdominal cavity by Valsalva’s maneuver (forced expira-
tion against the closed glottis) increases the intradiscal pres-
sure by 5%-35%. Wearing a corset brace reduces this pressure
by 25% and solid posterior fusion causes a 30% decrease. Ac-
cording to our theory of articular triangulation, one can con-
ceive of the importance of the constraints to which the poste-
rior articulations are submitted when a share of the load of
the discs is transferred to them with the trunk in flexion or ex-
tension.

C. Anatomoclinical Observations

Aging of the vertebral structures is reflected on roentgenogra-
phy by the well-known signs of discarthrosis and degenera-
tive lesions of the posterior articulations. Since there often
exists a direct relation with the efforts allowed by the spine,
the study of the site of the lesions of arthrosis gives a precise
idea of the vertebral constraints.

1. Hyperflexion and Hyperkyphosis

Vertebral hyperflexion increases the load on the anterior part
of the intervertebral discs, the horizontal surfaces of the verte-
bral bodies, and the superior part of the articular facets. The
same mechanical conditions induce the static disturbances of
hyperkyphosis with production of anterior osteophytes of the
discs and anterosuperior osteophytes of the posterior articu-
lations.

2. Hyperextension and Hyperlordosis

Hyperextension transfers forces toward the posterior arch
and accessorily to the posterior part of the intervertebral disc.
Thus, in cases of hyperlordosis, it is not surprising to observe
signs of age-related arthrosis localized essentially on the pos-
terior articulations with zones of neocontact between normal-
ly distant structures, i.e., between the spinous processes, be-
tween the inferior part of the articular facets and the subja-
cent laminae, and between the superior part of the articular
facets and the pedicular or isthmic regions.

3. Rotation, Lateral Flexion, and Scoliosis

Lateral flexion with rotation increases the load on the lateral
part of the discs, the uncovertebral pseudoarticulation and
the homolateral posterior articulation, with neocontact be-
tween the cervical transverse process and the tip of the superi-
or articular facet. At an advanced age, the deformity of scolio-
sis shows signs of arthrosis at the level of the abnormal spinal
concavity with dislocation due to shearing of the most hori-
zontally inclined disc and arthrosis of the posterior articula-
tion. Cervical uncarthrosis reflects overworking of the cervi-
cal vertebrae in lateral flexion and rotation.
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Figure 28 A-C

C Spinal constraints in lateral flexion and rotation with signs of

A Spinal constraints in hyperflexion and signs of arthrosis in hyper-
arthrosis in scoliosis and uncarthrosis

kyphosis
B Spinal constraints in hyperextension and signs of arthrosis in hyper-

lordosis
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I. Vertebral Canal

In addition to its locomotor functions (statics, stability, and
dynamics) the spine ensures the passage and protection of the
neural elements and their annexes by the vertebral canal and
intervertebral foramina. The vertebral canal is a veritable tun-
nel lying along the greater axis of the spine, formed by the
successive vertebral foramina alternating with the fibrous
structures of intervertebral union from the foramen magnum
to the sacral hiatus.

A. Walls

The anterior and posterior walls of the vertebral canal are
separated from each other by the lateral angles. The anterior
wall of the canal is a plane surface comprising the posterior
surface of the vertebral bodies and intervertebral discs and
the posterior longitudinal ligament. The height of the posteri-
or surface of the vertebral bodies increases regularly from C3
to LS to form a continuous wall at the sacral level. Similarly,
the posterior surface of the discs increases from 2 mm at C2 to
8 mm at S1 (23 discs). The flat posterior edge of the disc in
young subjects forms a more or less protruding ridge with ad-
vancing age. The internal and ventral venous plexuses of the
vertebrae run longitudinally on each side of the posterior lon-
gitudinal ligament, forming transverse anastomoses between
the middle of the vertebral bodies and the posterior longitudi-
nal ligament. The anterior wall of the vertebral canal consti-
tutes a risk of compression of the neural structures (spinal
cord and nerve roots) in cases of trauma, tumor, or Pott’s dis-
ease due to angular kyphosis, bony splinters, tumor invasion,
or abscess. The posterior wall of the canal, forming a dihedral
angle or anteriorly open groove, is composed of the alternat-
ing laminae and ligamenta flava. Access to the spinal canal is
easiest via the posterior wall by laminectomy, the interlami-
nar approach, or spinal puncture. The interlaminar spaces,
narrow in the cervical region (median or lateral occipital
puncture) and practically blind in the thoracic region owing
to the overlapping of the laminae, can easily be used as a
route of surgical approach only in the lower lumbar spine (L3
to S1). The right and left lateral angles of the vertebral canal
are formed by the pedicles and intervertebral foramina. The
angle on each side is dihedral, referred to as an “interdiscoli-
gamentous defile” by Latarjet and Magnin, since it is suffi-
ciently narrow for the spinal nerve root contained within to
be compressed by a prolapsed disc or arthrosis (uncarthrosis
and arthrosis of the zygapophyseal joints). Such compression
occurs between the posterior wall of the disc and the anterior
surface of the posterior articulations lined by the ligamentum
flavum. These angles are also occupied by the internal longi-
tudinal venous plexuses, which must be avoided or cauterized
in surgery of the vertebral canal.

B. Lumen

The vertebral canal and its lumen obviously fit perfectly with
the spinal curvatures in the sagittal plane (cervical and lum-
bar lordosis and thoracic and sacral kyphosis). The mean sac-
rovertebral angle at the lumbosacral junction is 120° in men
and 128° in women (Bleicher and Beau). The inner form of
the vertebral canal varies according to the spinal region and
the plane of section. In the horizontal plane the vertebral can-
al has an oval cross section (35 mm x 30 mm) in the region of
the foramen magnum; a triangular section with rounded
angles (23 mm x 14 mm) in the cervical region; a circular sec-
tion (16 mm) in the thoracic segment; and a triangular section
flattened in the anteroposterior direction (26 mm X 17 mm at
L5-S1) in the lumbosacral region. The lumen of the vertebral
canal has three enlarged zones, the occipitocervical junction,
the lower cervical segment, and the lumbosacral region, and
three narrow zones, the upper cervical, middle thoracic, and
sacral regions. The zones of enlargement correspond to the
spinal regions with the greatest mobility, where the contents
of the vertebral canal must consequently display a certain de-
gree of dynamic flexibility. In the narrowest segments of the
vertebral canal the neural components are more frequently
exposed to traumatic, infectious, or tumoral compression
(i.e., in the thoracic and sacral regions). In the course of flex-
ion-extension of the spine the length of the vertebral canal
(mean length: 70 cm) changes. Forced extension shortens the
canal by decreasing the interlaminar spaces and compressing
the posterior part of the intervertebral spaces. Conversely, hy-
perflexion increases the length of the vertebral canal by the
same mechanism operating in the opposite direction. Our
measurements have shown that between these two extreme
positions the length of the vertebral canal can vary by 5-9 cm,
depending on the flexibility of the individual’s spine.

The normal range of individual variation in the caliber of the
vertebral canal, especially in the cervical and lumbar regions,
must be known in order to interpret pathological vertebral
stenosis correctly. The following table is reproduced from the
studies of Delmas and Pineau:

Spinal Transverse diameter Anteroposterior diameter
level Mean Range Mean Range
(mm) (mm) (mm) (mm)
C1 289 24-36 30.7 25-29
C2 233 19-26 16.3 13-22
C3 233 19-28 14.5 10-19
C4 239 20-29 13.9 11-18
Cs 24.7 21-29 13.9 9-19
Cé6 25 21-29 13.8 10-18
C7 24.2 21-29 13.9 11-18
T1 20.8 18-25 14.8 12-18
L1 229 19-27 17.3 13-22
L2 229 20-28 16.3 12-21
L3 22.8 19-28 15.9 11-20
L4 231 18-29 159 9-21
L5 259 20-35 171 10-24
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Figure 29 A-C

A Sagittal section of the vertebral canal
B Coronal section of the vertebral canal
C Horizontal sections of the vertebral canal A B c
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I1.The Intervertebral Foramina

Along with the vertebral canal the intervertebral foramina
provide passage and protection for the spinal nerves and their
accompanying vertebral blood vessels. Although the term in-
tervertebral foramen refers to any spinal orifice or canal
through which a spinal nerve passes, it should be underlined
that there exists a common type of foramen from C2 to S1,
i.e., 23 paired foramina at the 23 intervertebral discs, and two
variant types, one at each extremity of the spine. The inter-
vertebral foramina are arranged in symmetrical pairs at each
metameric level. Five sectors can be distinguished when
studying the orifices giving passage to the spinal nerves.

A.Upper Cervical Region (Occipital Bone to C2)

The first two pairs of cervical nerves, contrary to the other spi-
nal nerves, do not run through completely osteoarticular fo-
ramina, but rather through partly osteoarticular and partly fi-
brous orifices. The first cervical nerve (C1), along with the
vertebral artery, passes through an orifice in the atlantooccip-
ital membrane on the posterior surface of the atlantooccipital
joint. The passage of the second cervical nerve (C2) is by an
orifice on the posterior surface of the atlantoaxial joint
through the atlantoaxial membrane. These orifices are influ-
enced by the articular movements in this region and thus e-
longation of the nerves can occur during extreme movements.

B. Lower Cervical Region (C2 to C7)

The intervertebral foramina from the axis to the seventh cer-
vical vertebra are of a common type. They are limited superi-
orly and inferiorly by the pedicles, anteriorly by the postero-
inferior half of the vertebral body and the posterolateral sur-
face of the intervertebral disc with its uncovertebral pseudo-
articulation, and posteriorly by the zygapophyseal joints ac-
companied by the ligamentum flavum on their anterior
aspect. In fact, the bony margins of each foramen are suffi-
ciently dense for it to be considered as a canal. Each inter-
vertebral foramen opens internally at the level of the lateral
angles of the vertebral canal and externally in the zone flush
with the transverse foramen, and is thus extended by the
spoutlike transverse process. Each foramen resembles the
sole of a shoe, the inferior part representing the heel. The
mean dimensions of the foramina are 12 mm in height and
6 mm in width. The length of the foramina ranges from 6 mm
to 8 mm with a slightly oblique downward, forward, and la-
teral slant. The cervical intervertebral foramina are modified
by spinal movements, i.¢., opening on anterior flexion, and la-
teral flexion and rotation towards the side opposite the for-
amina; narrowing on extension, and lateral flexion and rota-
tion towards the homolateral side. The foramina may be
pathologically narrowed by discal lesions (prolapse), osteoar-
ticular lesions (arthrosis, fracture-luxation) of the zygapophy-
seal or uncovertebral articulations, and by tumors of the bone
or neural tissue. Lesions involving the cervical intervertebral
foramina, veritable topographical crossroads, thus give rise

symptoms which can be osteoarticular, radicular, and vascu-
lar (the vertebral artery and its radiculomedullary branches).

C. Thoracic Region (C7 to T12)

The thoracic intervertebral foramina display common fea-
tures due to the presence of the ribs from C7-T1 to T11-T12.
The vertebral pedicles form the upper and lower boundaries
of each foramen. The anterior margin is constituted by the
lower half of the vertebral body and the posterior surface of
the intervertebral disc. The posterior limits correspond to the
zygapophyseal joints and the ligamentum flavum. The fo-
ramina present an oblique oval form with mean dimensions
of 12 mm by 7 mm. However, the presence of the rib head at
the inferior part of each foramen narrows the size by one
third. The length of the foramina corresponds to the thickness
of the pedicles, i.e. 6 mm on average. The foramina lie horiz-
ontally and thus a transverse straight line can be drawn from
the right to the left foramen at each level. The spinal nerve
occupies only one fifth of the volume of its foramen.

D. Lumbar Region (T12 to S1)

The lumbar intervertebral foramina have the same limits as
those in the thoracic region but are larger and lack a rib at the
outlet. In the lumbar region the foramina resemble the auricle
of the ear, with mean dimensions of 18 mm by 13 mm. The
L5-S1 intervertebral foramen is slightly smaller despite the
fact that the fifth lumbar nerve contained therein is larger
than the other spinal nerves. The length of the lumbar forami-
na (more closely resembling canals) corresponds to the thick-
ness of the pedicles (8-15 mm). The foramina slant obliquely
downward and outward in the coronal plane. Extreme flex-
ion and hyperextension cause the foramina to enlarge and
narrow respectively. Their internal opening on the lateral
angles of the vertebral canal corresponds to the interdiscoli-
gamentous defile of Latarjet and Magnin. Pathological ste-
nosis is most apt to produce radicular lesions in this region.
Anterior radicular lesions result from prolapse of the inter-
vertebral disc or tumors of the vertebral body, whereas poste-
rior lesions are produced by arthrosis of the posterior articu-
lations or spondylolysis of the isthmic regions with or without
spondylolisthesis.

E. Sacral Region

The fusion of the sacral segments results in transformation of
the intervertebral foramina into four pairs of sacral foramina,
each foramen resembling a T-shaped tunnel with an internal
orifice at the lateral angles of the sacral canal and two exter-
nal orifices, one on the ventral and one on the dorsal aspect of
the sacrum. The foramina decrease in size from S1 to S4
(from 13 mm to 4 mm on average). The sacral hiatus fulfils the
function of the last foramen, giving passage to the fifth sacral
and the coccygeal nerve roots.
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Figure 30 A-D

A Cervical intervertebral foramina

B Thoracic intervertebral foramina

C Lumbar intervertebral foramina on hyperflexion
D Lumbar intervertebral foramina on hyperextension
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II1. Vertebral Pedicles

From the anatomical standpoint the vertebral pedicles do not
represent special structures for the protection of the intraspi-
nal neural formations. However, since the pedicles are used
in surgery to receive posterior screws it is necessary to under-
stand their morphology and topography fully. The different
regional types of pedicle are described below in craniocaudal
order.

A. Pedicles of the Axis (C2)

The pedicles of the axis correspond in reality to interarticular
isthmic regions, forming two small anteroposterior columns
slanting slightly upward and forward. If they are extended
posteriorly they project above the inferior facet of the axis,
forming a horizontal oval area measuring 12mm x 6 mm.
The best direction for driving a bone screw into the pedicle,
from a point of entry 10 mm above the center of the inferior
articular facet, is 20° upward and 20° medially. The depth of
penetration into the bone should be 25-30 mm.

B. Lower Cervical Pedicles (C3 to C7)

The cervical pedicles slant obliquely forward and medially at
a 30° angle. Their posterior projection forms a 10 mm by
7 mm oval area. Screw penetration should be initiated at a
point 3-4 mm above the center of the superior articular facet.
When penetration is to extend to the body of the vertebra, the
screw should be directed inward at a 20° angle in the horizon-
tal plane perpendicular to the axis of the articular pillar. In
fact, the risk of injury to the spinal nerve or vertebral artery is
so great that pedicular screwing should not extend beyond
the anterior plane of the articular bone mass, i.e., mean pene-
tration of 14 mm in a strictly sagittal plane.

C. Upper Thoracic Pedicles (T1 to T3)

The pedicles of the the upper thoracic vertebrae display a ver-
tical oval section. Like the cervical pedicles, they are located
in the space between the superior and inferior articular facets
and extend upward to the level of the inferior quarter of the
superior facet. They slant obliquely inward at 20°-30° and
downwards at 15°. Their thickness, greater at T1 than T3,
ranges from 10 mm to 6 mm. Penetration by a pedicular screw
should be from a point 3 mm below the center of the superior
articular facet with an oblique direction 20° inward and 10°
downward, and should be to a depth of 25-30 mm.

D. Middle Thoracic Pedicles (T4 to T10)

The pedicles in the middle thoracic region lie in a practically
sagittal plane, slanting 10° inward and 10° downward. When
extended posteriorly, their projection forms a vertical oval
area on the articular pillar between the superior and inferior
facets and overlaps part of the superior facet. An easy way to
identify the articular facets is to inscribe a 10-mm diameter
circle on the posterior arch of the thoracic vertebra in the
angle formed by the inferior margins of the transverse process
and the lamina. The thoracic pedicles are only 4-6 mm thick.
The point for screw penetration is 3 mm below the center of

the superior articular facet, i.e., on the horizontal ridge of the
lamina which extends the posterosuperior margin of the
transverse process (often presenting a small fossa due to hy-
perextension). The screw should be directed in a strictly sagit-
tal plane perpendicular to the plane of the lamina, with pene-
tration of 30-40 mm.

E. Thoracolumbar Pedicles (T11 to L2)

These pedicles are larger (8 mm on average) and lie in the sag-
ittal plane without slanting laterally. They present a slight tilt
of 5° with respect to the horizontal plane. Their projection
forms a vertical oval area on the vertebral arch midway be-
tween the upper and lower articular facets. The site for screw
penetration is the same as that of the middle thoracic pedi-
cles. The thoracolumbar pedicles present a landmark of the
lumbar type, i.e., an isthmic zone limited laterally by a semi-
circular notch which corresponds to the posteroinferior mar-
gin of the pedicle. Bone screws should always enter the pedi-
cle 3-4 mm above and medial to this point. It is appropriate
to use 35-45-mm screws.

F. Lower Lumbar Pedicles (L3 to L5)

The lower lumbar pedicles lie in a strictly sagittal plane per-
pendicular to the axis of the vertebral canal, and thus fan out
like the spokes of a wheel due to the presence of lumbosacral
lordosis. Their coronal section is triangular with an outer sag-
ittal edge and an inner hypotenuse slanting downward and
outward. The spinal nerves run along the inner and outer
edges. The thickness of the pedicles ranges from 10 mm to
20 mm, being greatest in the lower vertebrae. The point of
penetration of a pedicular screw is located at the intersection
of two lines; the vertical line passing through the sagittal part
of the articular interface above the pedicle and the horizontal
line passing through the inferior end of the articular interface.
Another landmark is the outer isthmic notch. Screw penetra-
tion should begin 3—-4 mm above this point in a sagittal plane
without inclination relative to the horizontal plane at L3 and
L4 and at 5°-10° downward at LS. The depth of penetration
should be 38-48 mm.

G. Sacral Pedicles

The pedicle of S1 is by itself sufficiently thick to take a bone
screw, as it is extended on its outer surface by the ala sacralis.
The inferior limit of the S1 pedicle corresponds to the first
sacral foramen. To avoid injury to the S1 nerve root, which
runs from the medial half of the L5-S1 posterior articulation
to the outer margin of the first sacral foramen, the following
procedure should be used: The screws should be driven into
the ala sacralis from a point in the region lateral to the L5-S1
articulation and first sacral foramen and above the second
sacral foramen; their direction should be 45° laterally and
45° inferiorly. In order not to penetrate beyond the sacroiliac
articulation the screws must be 45-55 mm long.
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Figure 31 -G
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The pedicles of C2

The pedicles of the lower
cervical vertebrae

The upper thoracic pedicles
The middle thoracic pedicles
The thoracolumbar pedicles
The lumbosacral pedicles
The ala sacralis
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I. Radiculomedullary Morphology

The spinal cord (medulla spinalis) and spinal nerve roots (ra-
dices nervorum spinalium) are those parts of the nervous sys-
tem protected by the vertebral canal.

The spinal cord forms a long cylindrical cord whose caliber
varies due to the presence of two enlarged zones in the cervi-
cal and lumbar regions (intumescentia cervicalis and lumba-
lis) corresponding to the nerves of the upper and lower limbs.
The mean length of the spinal cord is 45 cm, to which must be
added the 25 cm of the filum terminale, and its mean weight is
30g. It is of friable consistency, hence its fragility to trauma
including surgery. It follows the spinal curvatures exactly and
terminates in most cases at the level of the L1-L2 interverte-
bral disc. Its mean caliber of 10 mm allows considerable room
in the enlarged regions of the vertebral canal, but at the level
of the thoracic spine narrowing of the canal by one third suf-
fices to compress the cord. The external surface of the cord is
marked by six longitudinal sulci, i.e., the anterior median fis-
sure (fissura mediana anterior), deep enough to accommo-
date the anterior spinal artery; the median posterior sulcus
(sulcus medianus posterior), much shallower; and two lateral
sulci (sulcus lateralis posterior and anterior) on each side,
through which emerge the rootlets of the spinal nerves (fila
radicularia).

Each medullary segment, known as a myelomere, gives off
nerve rootlets which in turn give rise to the spinal nerve roots.
The spinal cord consists of 31 myelomeres and thus gives rise
to 31 pairs of spinal nerve roots: eight cervical, twelve thorac-
ic, five lumbar, five sacral, and one coccygeal. The spinal
nerve roots display an enlargement, the spinal ganglion, after
which the dorsal and ventral roots (radix dorsalis and radix
ventralis) fuse to form the spinal nerve (nervus spinalis). The
spinal ganglion and the origin of the spinal nerve lie in the in-
tervertebral foramina. Due to the apparent ascension of the
spinal cord within the vertebral canal (resulting from unequal
growth of these two structures), the direction and length of
the spinal nerve roots vary according to their level of emer-
gence. In the cervical region the nerve roots are short and
practically horizontal with evenly spaced fila radicularia. In
the thoracic region the nerve roots run obliquely downward
and are longer (equivalent in length to the height of one to
two vertebral bodies), the inferior fila radicularia implanting
on the superior filum. The lumbosacral region displays verti-
cal nerve roots increasing in length down to the filum termi-
nale with short joined fila radicularia. On emergence from the
intervertebral foramina the spinal nerves divide into a large
ventral ramus and small dorsal ramus, which are anasto-
mosed to the vegetative ganglions by the communicating rami
(rami communicantes). Caudal to the conus medullaris the
spinal nerve roots group together to form the cauda equina.

Macroscopically, the spinal cord is divided into two distinct
parts, the peripheral white matter (substantia alba) and the
central gray matter (substantia grisea). The center of the gray
matter is traversed by a canal extending the entire length of
the spinal cord, the ependymal or central canal (canalis cen-
tralis). The gray matter is arranged in the form of the letter H
with an intermediate zone (pars intermedia) and two ventral
and dorsal horns (cornu ventrale, cornu dorsale). The pars in-
termedia gives rise to a lateral horn (cornu laterale) in the re-
gion between the T2 and L2 nerve roots. The central canal di-
vides the pars intermedia into two anterior and posterior gray
commissures (commissura grisea). The superficial sulci and
horns of the gray matter segment the white matter into three
pairs of columns, known as the ventral, lateral, and dorsal fu-
niculi (funiculi anteriores, laterales, and posteriores). The left
and right halves of the white matter are connected at the base
of the anterior median fissure by the white commissure (com-
missura alba), whereas posterior to the pars intermedia the
white matter is separated by the median dorsal septum (sep-
tum dorsale medium).
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Figure 32 A-E

Lateral view of the spinal cord in the vertebral canal

Posterior view of the spinal cord and spinal nerve roots in the verte-
bral canal and intervertebral foramina

Cervical myelomere and cervical spinal nerve

Thoracic myelomere and thoracic spinal nerve

Lumbar myelomere and lumbar spinal nerve

moa wa

1 medulla spinalis 2 radices nervorum spinalium 3 intumescentia
cervicalis 4 intumescentia lumbalis 5 filum terminale 6 fissura

mediana ant. 7 sulcus medianus post. 8 sulcus lateralis post.

9 sulcus lateralis ant. 10 fila radicularia I ganglion spinale

12 radix dorsalis 13 radix ventralis 14 n. spinalis 15 ramus ventralis
16 ramus dorsalis 17 rami communicantes /8 substantia alba

19 substantia grisea 20 ependyma, canalis centralis 21 pars
intermedia 22 cornu ventrale 23 cornu dorsale 24 cornu laterale
25 commissura grisea 26 funiculus ant. 27 funiculus lateralis

28 funiculus post. 29 commissura alba 30 septum dorsale medium
31 ganglia autonomica 32 cauda equina
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II. Morphology and Topography of the Spinal Meninges

The meninges are the envelopes of the central nervous system
and afford protection and nourishment. They form a fully
closed covering around the brain and spinal cord within the
cranium and vertebral canal. Classically, three meninges are
described: the pia mater, intimately lining the external sur-
face of the neural strutures; the dura mater, covering the deep
surface of the cranial bones and vertebrae; and the arachnoid
membrane (arachnoidea), interposed between them in the
form of large transparent sheets delimiting spaces filled with
cerebrospinal fluid (CSF: liquor cerebrospinalis). In fact
modern descriptions refer to two meninges, the soft meninx
(leptomeninx) and hard meninx (dura mater), which are de-
rived from different embryological structures. The leptome-
ninx corresponds to the association of the pia mater and
arachnoidea and presents a very loose alveolar structure con-
stituting the subarachnoid spaces (cavum subarachnoidale)
containing the CSF. The epidural space (cavum epidurale)
lies between the deep surface of the bone and dura mater; it
may be the site of fluid collection (hematoma, purulent fluid),
and can be used to introduce anesthetics (epidural anesthe-
sia). Normally, there exists between the dura mater and
arachnoidea a virtual space, the subdural space (cavum sub-
durale), which can be used surgically to open the dura mater
without causing leakage of the CSF. Meningeal hemorrhage
develops in the subarachnoid spaces.

Iodated contrast material can be introduced into these spaces
by needle puncture, thus allowing myelography between the
foramen magnum and conus medullaris and lower down, ra-
diography of the cauda equina (saccoradiculography). At the
level of the lateral columns of the spinal cord the leptomeninx
forms the denticulate ligament (ligamentum denticulum),
which is a coronal septum with one margin adherent to the
spinal cord along its entire length and a crenated margin in-
serting on the dura mater midway between the orifices of em-
ergence of the spinal nerve roots. This ligament stabilizes the
spinal cord within the sleeve of dura mater. The emergence of
the spinal roots through the dura mater constitutes another
means of stabilization of the spinal cord. The site of emer-
gence is on the lateral part of the dura mater and forms a
fixed point of the nerve roots due to their adherence to these
structures. The emergence of the nerve roots resembles a
double-barrelled funnel for the dorsal and ventral roots with
an arcuate fold at the inferior margin. The spinal ganglion
and spinal nerve are enveloped in the same sheath of dura
mater which is extended out of the spine by the neuro-
lemma.

The dura mater sheath, continuous with the cranial dura ma-
ter, originates at the level of the foramen magnum and de-
scends the vertebral canal to terminate below the conus me-
dullaris. The anterior surface of the dural envelope is loosely
adherent to the posterior longitudinal ligament and is ex-
tended below the conus medullaris by the coccygeal ligament
containing the filum terminale, which is attached caudally to
the posterior surface of the fourth sacral segment.

The termination of the dural envelope varies according to in-
dividuals. Our study of 115 anatomical specimens (1961) al-
lowed identification of four types of termination relative to
the sacral intervertebral spaces:

Termination at S1-S2: 43%
Termination at the center of S2: 32%
Termination at S2-S3: 23%
Termination at S3-S4: 2%

This topographical distribution by orthogonal projection on-
to the walls of the vertebral canal differs from the radiological
topography.
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Figure 33 A-E

A Posterior aspect of the spinal cord after opening of the dura mater I meninges 2 dura mater spinalis 3 pia mater spinalis 4 arachnoi-
B Horizontal section of the cervical canal dea spinalis 5 cavum subarachnoidale 6 cavum subdurale 7 cavum
C Posterior aspect of the cauda equina after opening of the dura mater epidurale 8 liquor cerebrospinalis 9 lig. denticulatum 0 medulla
D Horizontal section of the vertebral canal through the L5-S1 disc spinalis 7/ ganglion spinale 12 radix dorsalis 13 radix ventralis

E The four topographical types of termination of the dural envelope 14 n.spinalis 15 cauda equina 6 filum terminale
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III. Vertebromedullary Topography

Knowledge of vertebromedullary topography is based on the
works of Chipault (dating back to 1893), who used the spi-
nous processes as points of reference. However, spinal pa-
thology and surgery require more precise description. Accor-
dingly, the descriptions given below are derived from 115 an-
atomical specimens and based on the geometric projection of
the myelomeres on the intervertebral discs, vertebral bodies,
and laminae. The topography of the myelomeres is depend-
ent upon the level of termination of the spinal cord.

A. Spinal Cord Termination

The cone-shaped termination of the spinal cord is identified
by the origin of the filum terminale and is located between the
T12-L1 and L2-L3 intervertebral discs. Schematically, five
common types of spinal cord termination can be described:

(1) the T12-L1 disc, (2) the center of the body of L1, (3) the
L1-L2 disc, (4) the center of the body of L2, and (5) the
L2-L3 disc.

We encountered two exceptional sites of spinal cord termina-
tion, at L4 and S4. The latter was an operative finding in a 50-
year-old woman whose spinal cord had retained its embryon-
ic horizontal metameric position. In Europeans the most fre-
quent site of termination is at the center of the body of L1
(44%), whereas in Africans the most common level of termi-
nation is lower by half a vertebral body, i.e., at the L1-L2 in-
tervertebral disc (52%). The mean level of termination in these
two populations is at the center of the L1-L2 disc (36%). No
relation exists between the level of spinal cord termination
and age, sex, or height.

Topography of spinal cord termination

Subjects T12-L1 Center L1-L2 Center L2-L3

disc of L1 disc of L2  disc
Adult Europeans (%) 16 44 20 16 4
Adult Africans (%) 8 8 52 24 8
Total (%) 12 26 36 20 6
Children 4 5 6

B. Myelomeres

Given the importance of individual variations, the mean to-
pography corresponding to the most frequent site of termina-
tion will be described first, i.e., individuals presenting a spinal
cord ending at the L1-L2 intervertebral disc. Thereafter, dis-
cussion will be devoted to the means of determining the ex-
treme topography of the less frequent types, based on the
mean topography, which is as follows:

- C1: foramen magnum and atlantooccipital space

— C2: odontoid process and atlas

- C3to T11 (except C8): these myelomeres are located at the
level of the vertebral immediately cranial to their numerical
equivalent

— C8 and T12: intervertebral disc above the vertebra above
that numerically corresponding to the myelomere; the
C6-C7 disc for the C8 myelomere and the T10-T11 disc
for the T12 myelomere

— L1, L3, and S1: center of the body of T11, T12, and L1 re-
spectively

- L2: T11-T12 disc

- L4, L5: straddling the T12-L1 disc

— S2 to S5: lower third of the L1 vertebral body

— Spinal cord termination (coccygeal root): L1-L2 disc

Extreme Topography. Certain differences between Europeans
and Africans can be noted. In Africans the cervical and upper
thoracic myelomeres display a more variable position, often
lying higher up than in Europeans; one vertebra higher for
the lower four cervical myelomeres and half a vertebra higher
for the upper cervical and upper thoracic myelomeres. The
lower thoracic and lumbosacral myelomeres present the same
variations in Europeans and Africans, although the lowest
myelomeric sites are more frequent in the latter. The extreme
variations of the myelomeres (corresponding to about 25% of
spines) can be deduced from the mean topography (75% of
spines) by adding or substracting half a vertebra for the cervi-
cal myelomeres (£ 0.5 cm) and dorsal myelomeres (£ 1cm)
and one vertebra for the lumbar and sacral myelomeres
(£ 2.5cm).

C. Topographical Types

Comparative studies of the termination of the spinal cord and
dural envelope according to subjects led us to identify differ-
ent types of spine. In general, it can be stated that the lowest
site of termination of the dural envelope is accompanied by
the lowest site of spinal cord termination.

Although by no means absolute, this is a useful guide in cal-
culating the type of medullary termination when radiological
opacification of the dural termination is available. The two
most frequent topographical varieties are the L1-S1 type (ter-
mination of the spinal cord above the L1-L2 intervertebral
disc and termination of the dural envelope above the S1-S2
disc), more frequent in Europeans, and the L2-S2 type (spi-
nal cord termination below the L1-L2 disc and dural termi-
nation below the S1-S2 disc), more common in Africans. The
other varieties of termination are the L1-S2, L.2-S1, and
L3-S3 types.
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Vertebromedullary topography
on a median saggital section

of the spine

Vertebromedullary topography
as seen by transparency through
the posterior aspect of the spine
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IV. Vertebroradicular Topography

Three zones allow determination of the topography of the
spinal nerve roots: their medullary origin on the myelomeres,
their point of passage through the dura mater, and their posi-
tion in the corresponding intervertebral foramen.

A. Dural Emergence of the Nerve Roots

The level at which each spinal nerve root traverses the dural
envelope is dependent upon the type of dural termination,
and thus the level of emergence of each root can be deduced
for a given type of dural termination. This topographical
point is fairly reliable. Furthermore, at the level of dural em-
ergence of the nerve root the two rami are clearly separate, the
anterior corresponding to the motor and the posterior the sen-
sory nerve root. Accordingly, this landmark can be used to
achieve a selective sensory radicotomy, especially in the lum-
bosacral region. If the point of reference of dural emergence
is taken as the intervertebral disc corresponding to the inter-
vertebral foramen from which the nerve root escapes, then
two main types of dural emergence can be described, accord-
ing to the level of dural termination at S1-S2 (S1 type) or
S2-S3 (S2 type).

The S1 type of dural termination has the following features:

- Roots C1 to C7 emerge below the plane of the correspond-
ing disc, i.e., 1-2 mm below the inferior edge of the disc.

— The emergence of C8 is exactly in the plane of the corre-
sponding C7-T1 disc.

- Roots T1 to T12 emerge above the plane of the correspond-
ing disc: the lower the nerve root the higher its point of
emergence, i.e., half a vertebra above the disc at the bottom
of the thoracic spine.

— The L1 root emerges at the level of the center of the body of
L1, the L2 root above the center of the body of L2, the L3
root at the level of the upper third of L3, the L4 root at the
level of the upper quarter of L4, and the L5 root at the level
of the upper fifth of the body of L5.

— The dural emergence of the S1 root is immediately above
the level of the L5-S1 disc, i.e., more than one vertebra
above its intervertebral foramen. The most caudal nerve
roots, S2, S3, S4, S5, and the coccygeal (CO), traverse the
dural envelope in very close proximity to each other at the
level of the dural termination, i.e., at the posterior surface
of the body of S1.

The S2 type of dural termination displays these features:

— Roots C1 to C3 traverse the dural envelope below the
corresponding disc.

— Roots C4 to C6 emerge at the level of the corresponding
discs.

- Roots C7 to T5 emerge above the corresponding discs near
the center of the suprajacent vertebral body.

— Roots T6 to L3 traverse the dural envelope at the level of
the center of the vertebral body above the corresponding
disc.

— The L4 root emerges at the level of the upper third of the
L4 body; the L5 root traverses the dural envelope at the le-
vel of the upper quarter of LS.

— The S1 root traverses the dural envelope at the level of the
lower edge of the L5-S1 disc.

— The S2 root emerges from the dural envelope at the level of
the lower part of S1; roots S3 and S4 emerge above and be-
low the level of the middle third of S2.

These topographical relations vary a few millimeters accord-
ing to the degree of spinal flexion and in certain operative po-
sitions.

B. Nerve Roots in the Intervertebral Foramina

Cervical Region. The intervertebral foramina are lacking for
the first two pairs of cervical nerves, which emerge from the
spine through an osteofibrous orifice lying medial to the pos-
terior articulations. The five remaining cervical pairs (C3 to
C8) escape through their corresponding intervertebral fo-
ramina (75% occluded by the nerve root) with a very slight ob-
lique slant downward and forward, except C8 which runs
horizontally.

Thoracic Region. The small-caliber thoracic nerve roots oc-
cupy only one fifth the volume of their intervertebral forami-
na. They run in contact with the upper pedicle of the forami-
na, above the level of the intervertebral disc. The upper tho-
racic nerves display a practically recurrent ascending course.
The middle thoracic nerves lie horizontal in the intervertebral
foramina, and the lower thoracic nerves display a clearly des-
cending course in the upper part of the foramina.

Lumbar Region. Although large, the lumbar spinal nerves oc-
cupy only one third the volume of their intervertebral forami-
na, which they traverse diagonally from the medial surface of
the superior pedicle to the lateral surface of the inferior pedi-
cle.

Sacral Region. The sacral nerve roots form a “chicken-foot”
structure in the sacral canal. The ventral rami emerge through
the anterior sacral foramina and the dorsal rami through the
posterior sacral foramina. The coccygeal roots and fifth pair
of sacral nerve roots escape through the sacral hiatus.

A fairly rare type of radicular emergence is the existence of a
common trunk for roots L5 and S1 in the region where they
traverse the dural envelope, although the spinal nerves sepa-
rate and run through their respective intervertebral foramina.
The modifications of neural topography resulting from pre-
cise spinal movements are discussed later in the section de-
voted to neuromeningeal dynamics. In the lateral recesses of
the spinal canal the spinal nerve roots are exposed to com-
pression by a prolapsed intervertebral disc and in the inter-
vertebral foramina may be compressed anteriorly and poste-
riorly by degenerative uncovertebral and zygapophyseal le-
sions respectively.
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Figure 354, B

A Posterior aspect of the radiculomedullary topography in the L1-S1 B Posterior aspect of the radiculomedullary topography in the L2-S2
type type
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V. Neuromeningeal Roentgenography
A. Cervical Myelography

Opacification of the cervical subarachnoid space (cavum sub-
arachnoidale) with modern iodated products of reduced tox-
icity for the neural tissue yields remarkably clear images of
the neuromeningeal structures, incomparably better than
those obtained by air myelography. Four radiological views,
profile, anteroposterior, and right and left oblique, are neces-
sary to view the full circumference of the vertebral canal and
its contents.

Profile. The opaque column of CSF, limited by the dura ma-
ter, follows perfectly the form of the vertebral canal with the
smooth curved margins of the cervical lordosis. In many nor-
mal subjects over 35years of age this opaque column is
marked by slight notches at the level of the posterior margin
of the intervertebral discs and anterior margin of the ligamen-
ta flava between the laminae. The spinal cord can be identi-
fied within the opaque column as a lighter band separated by
2-3 mm CSF in front and behind.

Anteroposterior and Oblique. These two views give practically
the same image except that the oblique films give a better pic-
ture of the emergence of the nerve roots on one side. The
opaque column of the subarachnoid space displays crenated
lateral contours facing each intervertebral foramen due to the
emergence of the spinal nerve roots (transfictio radicularia
durae matris). The anterior and posterior roots of each spinal
nerve traverse the dura mater through two contiguous but dis-
tinct orifices, thus displacing the dura mater and subarach-
noid space 4-7 mm outward. Distal to the site of dural emer-
gence, a narrow sleeve of subarachnoid space accompanies
the nerve roots and spinal ganglion out to the origin of the
spinal nerve near the outlet of the intervertebral foramen.
This arachnoid sheath common to the nerve roots (vagina
arachnoidealis communis radicarum) is very lightly opacified
on myelography. Within the opaque column it is easy to
identify the lighter band corresponding to the cervical cord
and its swelling separated from the lateral walls of the dura
mater by a right and left band of CSF 4-6 mm wide. The lat-
ticelike clarity of the fila radicularia is clearly identifiable
through these lateral columns and can be seen to run towards
the arachnoid sleeve common to the nerve roots.
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Figure 36 A-C I medulla spinalis 2 cavum subarachnoideale 3 fila radicularia

4 transfictio radicularia durae matris 5 vagina arachnoidealis commu-
A Profile myelography (metrizamide) nis radicorum 6 canalis vertebralis 7 discus intervertebralis
B Left oblique myelography 8 lig. flavum 9 foramen intervertebrale

C Anteroposterior myelography
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B. Thoracic and Lumbosacral Myelography

Todate opacification of the subarachnoid space (cavum sub-
arachnoideale) in the thoracic and lumbosacral regions gives
images very similar to those obtained in the cervical spine.

The spinal cord appears as a light band at the anterior part of
the opaque column. The spinal cord is separated from the an-
terior wall of the vertebral canal by only a thin opaque band
of CSF, whereas posteriorly the layer of CSF is 6-8 mm thick.
The termination of the spinal cord is clearly visible near the
L1-L2 intervertebral disc.

The lumbosacral nerve roots group together below the spinal
cord termination to form the cauda equina, thus yielding a
vertically striated image. Seen in profile the opacified column
perfectly follows the form of the vertebral canal down to L5,
but below this level the dura mater terminates in the form of a
cone so the opaque column occupies only the posterior part
of the sacral canal. A prolapsed L5-S1 intervertebral disc can
thus protude into this dead space without altering the image
of the opaque column. When the dural termination is lower
(S2 or S3), the dead space is no longer situated at L5-S1 but
below. The margins of the opaque column are crenated by the
dural emergence of the nerve roots (transfictio radicularia du-
rae matris), prolonged by the arachnoid sheath common to
the nerve roots (vagina arachnoidealis communis radicorum).
Each point of dural emergence of the nerve root forms two
contiguous orifices. At their base the funnel-like dura mater
and subarachnoid space are radiologically subdivided by the
passage of the anterior and posterior nerve roots to form
small supra- and subradicular fossae (Salamon and Louis).
The supraradicular fossa is a regular narrow opaque line
above the translucent intermingled nerve roots. The subra-
dicular fossa appears as an opaque triangle lying below the
nerve roots. The disappearance of these fossae or the com-
mon arachnoid sheath is the earliest and most subtle sign of
radicular compression due to a prolapsed intervertebral disc.

Figure 37 A, B
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Figure 37 C, D

A Profile thoracic myelography (metrizamide) 1 medulla spinalis 2 cavum subarachnoideale 3 cauda equina

B Profile lumbosacral radiography of the cauda equina (metrizamide) 4 transfictio radicularia durae matris 5 vagina arachnoidealis com-
C Anteroposterior radiography of the cauda equina munis radicorum 6 fossa radicularia sup. 7 fossa radicularia inf.

D Oblique (three-quarter) radiography of the cauda equina
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C. Axial Tomography of Dural Envelope
and Spinal Nerve Roots

1. Myelography. Myelography allows identification of a rela-
tively infrequent anomaly of radicular emergence leading to
radicalgia due to minor protrusion of the intervertebral disc.
This anomaly is the common trunk of the L5 and S1 nerve
roots, about 1 cm in length outside the dural envelope and di-
viding at the entrance to the L5-S1 intervertebral foramen to
give rise in to its two branches, the L5 and S1 spinal nerves,
which run through their respective intervertebral foramina.

2. Horizontal Sections. Horizontal sections of the opacified
envelope in the lumbosacral spine give a normal and reliable
picture by computerized axial tomography subsequent to ra-
diography of the cauda equina.

The section at L2—L3 shows that the nerve roots in the cauda
equina are not arranged haphazardly but in a precise order,
i.e., a row of roots in the coronal plane with an anterior con-
cavity and the coccygeal nerve root in the center. The nerve
roots emerging highest from the canal lie the farthest from the
center. This slice clearly shows the narrowness of the lateral
recess of the vertebral canal, which is thus a common site of
radicular compression due to a discal lesion or degenerative
lesion of the posterior articulation.

The section at L3—L4 also demonstrates the orderly arrange-
ment of the cauda equina within the dural envelope. The L3
nerve root has traversed the dural envelope and can be seen
to lie in the intervertebral foramen, whereas the 14 root, still
within the dural envelope, is the most external of the intradu-
ral nerve roots, i.e., the first to be exposed to lateral prolapse
of the intervertebral disc. The L3 root is free in the interverte-
bral foramen and can escape anterior to the hernia, but the L4
root is blocked in the dural envelope and cannot escape the
compression.

The section at L4—L5, similar to the preceding one, shows the
dural emergence of the suprajacent nerve root (L4), which is
free in the intervertebral foramen. The L5 nerve root, emerg-
ing below, is still blocked in the outer part of the dural enve-
lope.

The section at L5-S1 shows the high termination of the dura
mater, since the conus medullaris of the subarachnoid space
is narrow and lies posteriorly against the ligamentum flavum.
A large dead space exists between the posterior surface of the
L5-S1 intervertebral disc and the dural termination and thus
a prolapsed disc can impinge on this space without modifying
the opacified image of the subarachnoid space. This finding
explains the lack of reliability of radiography of the cauda
equina in the identification of a herniated L5-S1 disc in cases
of a superior termination of the dural envelope (Louis 1961,
1966). This section also shows the special anterolateral direc-
tion of emergence of the S1 nerve root, whereas the supraja-
cent roots emerge laterally. This anterior course of the S1 root
brings it near the L5-S1 intervertebral disc, whereas initial
emergence behind the other roots would have led to consider-
ing this root less prone to minor discal prolapse.

Figure 38 A-E

moa = A

Posterior aspect of an anatomical specimen after laminectomy,
showing the common trunk of L5 and S1

Horizontal section at L2-L3 with opacification of the subarachnoid
space

Horizontal section at L3-14

Horizontal section at L4-L5

Horizontal section at L5-S1
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Figure 38 B-E
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V1. Systematization of the Spinal Cord

The gray matter corresponds to the neuronal cell bodies
grouped together in the center of the spinal cord, while the
white matter is formed by the cell processes (dendrites and
axons) lying in the peripheral part of the cord. Systematiza-
tion of the medulla spinalis thus corresponds to the study of
the functional sectors of the gray and white matter.

A. Gray Matter

The functional distribution of the gray matter can be ex-
plained by the embryological development of the spinal cord.
The lamina alaris gives rise to the neurons relaying afferent
somatosensory impulses, the lamina basalis to efferent soma-
tomotor impulses, and the sulcus limitans to visceromotor
and viscerosensory impulses.

1. Dorsal Horn or Somatesensory Zone

At this level the following structures can be successively de-

scribed:

- The dorsolateral fasciculus (Lissauer’s tract) which is the
zone of passage of the sensory fibers of the dorsal spinal
root towards the dorsal horn.

— The nucleus of the apical column (Waldeyer).

- The nucleus of the substantia gelatinosa (gelatinous sub-
stance of Rolando).

— The nucleus of the central posterior column (Crosby’s dor-
sal funicular nucleus).

- Bekhterev’s nucleus and the thoracic nucleus (Clark’s
column) occupy the isthmic zone (neck of the posterior
horn). As opposed to the preceding nuclei, the thoracic
nucleus is present in only that part of the spinal cord ex-
tending from C8 to L3.

2. Intermediate or Visceral Zone

The sulcus limitans gives rise to the intermediate zone of the
gray matter displaying a vegetative visceral function. The dor-
sal sector of this zone is viscerosensory and the ventral sector
visceromotor. Two nuclei can be identified in this zone:

- The intermediomedial nucleus extending the entire length
of the spinal cord.

- The more external intermediolateral nucleus, which is dis-

continuous and cannot be found in the spinal cord swell-
ings (appendiculer zones) corresponding to the nerves of
the limbs (appendices).
Numerous transverse anastomoses connect these two nuc-
lei. Laruelle has described a partially vegetative and par-
tially somatic column in the sacral spinal cord, i.e., the tor-
sade column (nucleus dracuncularis), which is purportedly
involved in the functions of child birth.

3. Ventral or Somatomotor Horn

According to Crosby and Kappers, the ventral horn contains
several nuclei corresponding to different muscle groups:

The median nuclei correspond to the axial muscles; the me-
diodorsal nucleus for the extensor muscles of the spine and
the medioventral nucleus for the flexor muscles of the head
and trunk.

The lateral nuclei control the muscles of the shoulder and pel-
vic girdles and their respective limbs: the lateroventral nu-
cleus for the proximal muscles of the girdles; the laterodorsal
nucleus for the distal muscles of the forearms, hands, legs,
and feet; and the retrodorsolateral nucleus for the small in-
trinsic muscles of the fingers and toes. It has been proposed
that the neurons controlling extension and flexion lie in the
anterior and posterior parts of the nuclei respectively.

The central column in each appendicular zone corresponds to
the nuclei of the thoracoabdominal diaphragm and pelvic
muscles (the phrenic nucleus from C3 to C7 and the lumbo-
sacral nucleus from L2 to S2).

In the cervical spinal cord the spinal nucleus of the accessory
nerve lies in contact with the medioventral nucleus from C1
to Cé6.

This heterogeneous distribution of the motor nuclei explains
the topography of paralysis in acute anterior poliomyelitis
due to viral infection of the ventral horns.
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Figure 39A-D

A Functional sectors of the gray matter

B Cellular structure of the thoracic gray matter

C Cellular structure of the gray matter in the appendicular,
cervical, and lumbosacral sectors

D Parasagittal section of the spinal cord through the columns of
the gray matter

1 lamina alaris, sensory 2 lamina basalis, motor 3 somatosensory
zone 4 viscerosensory zone 5 somatomotor zone 6 visceromotor

zone 7 fasciculus dorsolateralis 8 nucleus apicalis columnae

9 nucleus substantiae gelatinosae 10 nucleus centralis columnae
post. 11 nucleus thoracicus 12 nucleus Bekhterevi 13 nucleus
intermediolateralis /4 nucleus intermediomedialis 5 nucleus retro-
laterodorsalis /6 nucleus laterodorsalis 17 nucleus lateroventralis
18 nucleus phrenicis and nucleus lumbosacralis /9 nucleus medio-
dorsalis 20 nucleus medioventralis 2/ nucleus spinalis n.
accessorii 22 nucleus Laruelli dracuncularis
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The gray matter also contains reflex somatic and vegetative
centers.

4. Reflex Somatic Centers

At each metameric level the spinal cord contains somatic re-
flex centers comprising reflex arcs between two neurons (one
sensory and one motor neuron) and reflex arcs between three
Or more neurons (one sensory neuron, one or more associa-
tive or internuncial neurons, and one motor neuron). These
reflexes react to percussion, stretching, or cutaneous stimula-
tion and participate in the regulation of muscle tonus (myo-
tatic or proprioceptive reflex) and defense reflex. An abnor-
mal reflex on clinical examination signifies a lesion of the
corresponding myelomere.

5. Vegetative Spinal Centers

Nerve supply to the viscera is ensured by the antagonistic
sympathetic and parasympathetic systems. The centers of the
parasympathetic system are located in the brain stem and sac-
ral spinal cord. The sympathetic centers are found only in the
thoracolumbar spinal cord (C8 to L4). These two systems
function in similar fashion. Sensory afferents from the viscer-
al organs and blood vessels display their cell body in the spi-
nal ganglion and a relay in the viscerosensory zone of the
neuraxis. The efferent impulses are transmitted by two neu-
rons. The first, the preganglionic neuron, has its cell body in
the neuraxis (the visceromotor zone in the spinal cord) and
synapses with the second, postganglionic neuron, whose cell
body is located in a vegetative ganglion (plexus autonomica)
of the laterovertebral or prevertebral plexus. The second neu-
ron terminates on a visceral muscle wall, in the secretory cells,
or on the muscle wall of a blood vessel.

A series of sympathetic and parasympathetic centers can be
identified in the intermediomedial and lateral columns of the
intermediate zone of the gray matter. Knowledge of these
centers affords better understanding of the vegetative syn-
dromes due to spinal cord lesions and of the effects of rachi-
anesthesia.

Sympathetic centers include:

- Budge’s ciliospinal center (C8 to T3), involved in iridodila-
tion, and the cardioaccelerator center (T1 to T4)

— Pilomotor, sudorific, and vasomotor centers (C8 to L2), in-
volved in thermoregulation

— The bronchopulmonary center (T3 to T5), acting on the
caliber and secretion of the bronchi

— The abdominal splanchnic center (T6 to L2), acting on the
supramesocolic viscera, colon, and small bowel

- The center of anorectal and bladder continence (L2 to L4)

- The ejaculation center (L1 to L3)

Parasympathetic centers include:

- The center of anorectal expulsion or defecation (S1 to S2)
— The center of bladder expulsion or micturition (S3 to S4)

— The erection center (S2)

B. White Matter

The white matter is made up of three categories of nerve fi-
bers; the radicular fibers, the associative fibers, and the fibers
of projection. The different functions of the white matter can
be ascribed to these types of fiber.

1. Radicular Fibers and the Reflex Spinal Cord

The sensory and motor neurons running through the spinal
nerves and nerve roots and constituting reflex arcs between
two or more neurons at each myelomere support the most ele-
mentary function of the spinal cord, the reflex. In fact, each
radicular fiber articulates with two or three contiguous mye-
lomeres. The human body can thus be divided into motor,
sensory, and reflex metameric bands under the control of in-
dependent spinal segments.

2. Associative Fibers and the Spinal Cord
as an Anatomical Unit

The connection between the reflex units and their horizontal
radicular fibers is achieved by longitudinal associative fibers.
Those displaying a vegetative function run through the gray
matter, while others having a somatic function run through
the white matter. There are both short and long fibers. The
long descending and ascending fibers between distant myelo-
meres lie in the fasculi proprii of the posterior funiculi. The
descending fibers form the fasciculus semilunaris (comma-
shaped tract of Schultze) the fasciculus septomarginalis (oval
tract of Flechsig), and the fasciculus triangularis (of Gom-
bault and Philippe). The ascending fibers from the fasciculus
proprius posterior (cornucommissural zone of Marie). The
short descending and ascending associative fibers lie in the
deep parts of the anterior and posterior funiculi to form the
fasciculus proprius anterior and lateralis (the juxtagray
zones). The associative fibers which link the 31 myelomeres
with their reflex functions afford the creation of a spinal enti-
ty, a true anatomical and functional unit.
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Figure 40 A-C

A Tllustration of the medullary reflexes and associative and vegetative 10 ramus communicans albus 1/ ramus communicans griseus
tracts 12 plexus autonomica I3 preganglionic neuron 14 postganglionic

B The main somatic reflexes neuron 15 pilomotor, sudorific, and vasomotor centers
C The vegetative centers of the spinal cord 16 Budge’s ciliospinal center 17 cardioaccelerator center
18 bronchopulmonary center 19 abdominal splanchnic center
1 sensory neuron 2 motor neuron 3 associative neuron 20 ejaculation center 21 center of bladder and anorectal continence
4 fasciculi proprii (semilunaris, septomarginalis, triangularis) 22 defecation center 23 erection center 24 micturition

5 fasciculus proprius post. 6 fasciculus proprius lateralis 7 fasciculus  center 25 n.vagus 26 ramus nuclei parasympathetici occulo-
proprius ant. 8 sensory vegetative neuron 9 ganglion trunci sympathici motorii
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Spinal cord function is subordinate to the higher centers in
the brain which control each myelomere through ascending
and descending fibers of projection.

3. Fibers of Projection:
Spinal Cord Subordinate to the Brain

a) Ascending

Sensory messages arriving at the level of each myelomere are
transmitted to the brain by the ascending fibers of projection.
According to Sherrington and Head the following three types
of sensibility can be described.

Exteroceptive sensibility arises from the ectodermal deriva-
tives, essentially the skin. Three tracts are involved in the
transmission of this information:

The fasciculus gracilis (Goll’s tract) and cuneatus (Burdach’s
tract) transmit rapid pain. In the spinal cord, this pathway is
represented by the peripheral neuron of the spinal ganglion
which ascends on the same side as its origin.

The lateral spinothalamic tract transmits thermal sensibility
and slow pain.

The ventral spinothalamic tract transmits the coarser proto-
pathic tactile sensibility.

In the last two tracts, the peripheral neuron synapses with a
second neuron whose cell body is located in the nucleus of
the substantia gelatinosa, the nucleus apicalis columnae, and
the central nucleus of the posterior column. The second neu-
ron decussates prior to ascending in the middle part of the
ventral funiculus, i.e., ascends on the side opposite its point of
origin.

Proprioceptive Sensibility arises in derivatives of the meso-
derm, i.e., bones, joints, muscles, and tendons, and is trans-
mitted by two pathways, one conscious and the other uncon-
scious:

The conscious proprioceptive pathway shares the fasciculus
gracilis and cuneatus with the pathway for epicritic tactile
sensitivity.

The unconscious proprioceptive pathway displays a peri-
pheral neuron which synapses with a second neuron in the
posterior horn. This second neuron can be of two types: lying
in the thoracic nucleus (Clark’s nucleus) and ascending with-
out decussation in the dorsal spinocerebellar tract (Flechsig’s
tract) of the lateral funiculus, or located in Bekhterev’s nu-
cleus and decussating to ascend in the ventral spinocerebellar
tract (Gower’s tract) on the opposite side.

Interoceptive Sensibility refers to sensory impulses arising in
the viscera (endodermal derivates). The peripheral neurons
are located in the spinal ganglion and synapse with neurons
in the intermediomedial and intermediolateral columns.
These neurons then ascend with or without decussation in the
spinotectal tract of the anterior funiculus.

b) Descending

The descending fibers, carrying motor impulses from the
brain (cerebral cortex and basal ganglions), synapse with neu-
rons in the ventral columns of the gray matter which transmit
the impulses to the muscles. Two types of motricity, idiokinet-
ic and holokinetic, can be described.

Idiokinetic motricity arises in the precentral gyrus (ascending
frontal circumvolution) and corresponds to motor command
of the delicate and precise movements of the small distal mus-
cles of the limbs, facial expression, larynx, and tongue. These
nerve impulses descend from the brain in the corticospinal
(pyramidal) tract, which follows two routes in the spinal cord:
the anterior (direct) pyramidal tract and the lateral (decussat-
ing) pyramidal tract. The lateral pyramidal tract arises in the
decussation of the pyramids in the medulla oblongata and
thus descends in the lateral funiculus on the side opposite its
origin. It contains 70%-80% of the pyramidal motor fibers.
The innermost fibers carry impulses to the cervical muscles,
whereas progressively more lateral fibers transmit impulses to
the thoracic, lumbar, and sacral regions. At the level of each
myelomere the central neuron of the lateral pyramidal tract
synapses with the peripheral neuron in the ventral horn on
the same side. The anterior pyramidal tract contains
20%-30% of the pyramidal motor fibers and descends with-
out decussating in the medulla oblongata. The central neuron
of the anterior pyramidal tract decussates at the level of each
myelomere to reach the ventral horn of the gray matter and
muscles on the side opposite the cortical origin of the tract.
Thus, almost all the fibers of the pyramidal tract carry im-
pulses to the opposite side of the body with the exception of a
small number (5%) of fibers in the ventral pyramidal tract
(homolateral fibers).

Holokinetic or extrapyramidal motricity corresponds to the
motor command of automatic movements accompanying
precise voluntary movements. This type of motricity is trans-
mitted by polyneuronal decussating tracts originating in the
cortex and basal ganglia. The rubrospinal tract originates in
the mesencephalic red nucleus; the anterior and lateral tec-
tospinal tracts in the quadrigeminal tubercles; the anterior
and lateral reticulospinal tracts in the reticular substance; the
anterior and lateral vestibulospinal tracts in the vestibular
nuclei; and the olivospinal tract in the olivary nucleus of the
medulla oblongata.

In short, all the motor tracts decussate and terminate in the
ventral horns of the spinal gray matter, referred to as Sher-
rington’s final common pathway.
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Figure 41 A,B

8 tractus pyramidalis lateralis 9 tractus pyramidalis ant. 10 tractus
rubrospinalis 11 tractus tectospinalis lateralis and reticulospinalis
lateralis 12 tractus vestibulospinalis lateralis 13 tractus olivospinalis
I fasciculus gracilis 2 fasciculus cuneatus 3 tractus spinocerebellaris 14 tractus vestibulospinalis ant. 15 tractus tectospinalis ant. and
post. 4 tractus spinocerebellaris ant. 5 tractus spinothalamicus reticulospinalis ant.

lateralis 6 tractus spinothalamicus ant. 7 tractus spinotectalis

A The ascending sensory tracts
B The descending motor tracts
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C. Applied Pathology

Lesions of the spinal ganglion and the dorsal funiculi, e.g., in
the course of tabes dorsalis, cause major disturbances of pro-
prioception with motor incoordination (ataxia). Cavitation in
the central region of the spinal cord due to syringomyelia
leads to paradoxical sensory dissociation, i.., only ther-
moalgesia is abolished owing to the destruction of the spino-
thalamic decussation in the region of the central canal. In
surgery for pain the dorsal spinothalamic tract can be sec-
tioned in the upper cervical region (Frazier’s ventrolateral
tractotomy). Lesions of the idiokinetic motor pathways (later-
al pyramidal tract) above the medulla oblongata cause con-
tralateral hemiplegia, whereas lesions below this level, in the
spinal cord, lead to ipsilateral hemiplegia. Unilateral lesions
of the spinal cord result in Brown-Séquard’s syndrome with
paralysis on the side of the lesion and thermoalgesic anesthe-
sia on the opposite side of the body. Infarction in the center
of the spinal cord extending to the deep fibers of the lateral
pyramidal tract causes motor disturbances of the upper but
not the lower limbs (Schneider’s syndrome). Lesions involv-
ing the full width of the spinal cord in the cervical region
cause tetraplegia and in the thoracolumbosacral region para-
plegia.

VII. Sensorimotor Areas of the Spinal Cord

The primitive metamerization of the spinal cord allows the
identification of areas relating to cutaneous sensitivity (der-
matomes) and muscular motricity (myotomes). In fact the
metamerization is rather complex, since each cutaneous or
muscular area of the spinal cord is related to an average of
three spinal segments. Accordingly, an isolated lesion of a
spinal nerve only causes partial anesthesia or paralysis in the
corresponding part of the body. Total anesthesia and paraly-
sis of a sector of the body straddling two metameres results
only from the lesional involvement of at least two contiguous
spinal nerves.

A. Dermatomes

The metameric topography of the sensory areas of the spinal
cord is shown on the facing page. Knowledge of the following
dermatomes is essential to reconstitute the general arrange-
ment of these sensory areas. The upper part of the neck and
nuchal region correspond to C2, the scapular girdle to C4, the
xiphoid appendix to T6, the umbilicus to T10, the inguinal re-
gion to L1, and the perianal region to S3, S4, and S5. In the
upper limb the thumb corresponds to C6, the index and mid-
dle fingers to C7, and the fourth and fifth fingers to C8. In the
lower limb the anterior surface of the thigh and knee corre-
sponds to L3 and L4, the greater toe to L5, and the heel and
fifth toe to S1.

B. Myotomes

A given muscle is rarely innervated by a single spinal nerve
root (save the intercostal muscles). The muscles generally re-
ceive their innervation from two to three nerve roots, of which
one is dominant. The following description is limited to the
dominant nerve roots of the muscles which are the most use-
ful to know for the interpretation of peripheral neurological
syndromes:

— C4 innervates the diaphragm

— C5 innervates the shoulder muscles

- C6 innervates the anterior muscles of the arm

— C7 innervates the posterior muscles of the arm and forearm

— C8 innervates the anterior muscles of the forearm and the
thenar eminence

— T1 innervates the muscles of the hypothenar eminence

— T6 to T12 innervate the anterolateral wall of the abdomen

— L1 to L3 innervate the flexor and adductor muscles of the

hips

L3 and L4 innervate the quadriceps muscle

L5 innervates the extensors of the foot and first toe and the

peroneus muscle

S1 innervates the triceps surae muscles

L4, L5, and S1 innervate the gluteal muscles

S1 and S2 innervate the semitendinus, semimembranosus,

and biceps femoris

— Only the spinal muscles are innervated by practically all
the nerve roots from C1 to S3
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Figure 424, B A B

A The spinal nerve dermatomes on the anterior aspect of the body B The dermatomes on the posterior aspect of the body



108 Radiculomedullary Axis: Intrinsic Innervation of the Spine

VIII. Intrinsic Innervation of the Spine

The osteoarticular ligamentous, meningeal, and vascular con-
stituents of the spine are innervated by the spinal nerves and
the laterovertebral sympathetic trunk. These nerve fibers form
very fine rami of which full detailed descriptions are lacking.
Despite this fact, data from classical and more recent studies
allow a sufficiently detailed description for the understanding
of different pathological processes. The intrinsic innervation
of the spine has a general layout common to all levels of the
spine with certain regional variations.

A. General Layout

Three groups of rami innervate the spine: the dorsal rami of
the spinal nerves, the meningeal nerve, and rami from the
sympathetic trunk.

The dorsal rami of the spinal nerves (dorsospinal branch) ori-
ginate at the outlet of the intervertebral foramina, and are
much smaller in caliber than the anterior rami. Each dorsal
ramus runs between the transverse processes towards the
vertebral arches by skirting the posterior articulations, and
after passing over the outer surface of the articulation in con-
tact with the articular capsule divides into medial and lateral
rami. The medial ramus innervates the zygapophyseal articu-
lation, the ligamentum flavum, the inter- and supraspinous
ligaments, and the medial part of the spinal muscles and the
dorsal cutaneous region of the neck, trunk, and buttocks. The
lateral ramus supplies the intertransverse ligaments and mus-
cles, iliolumbar ligaments, sacroiliac joints, and the lateral
part of the spinal muscles and dorsal skin. These observations
are based on studies by Lazorthes (1956), Bradley (1974), Yin-
chuan (1978), and Bogduk and Long (1979).

The meningeal nerve (Luschka’s sinuvertebral nerve) arises
distal to the intervertebral foramen and in front of the spinal
nerve. It is formed by the confluence of two rami, one coming
from the sympathetic trunk, the other from the spinal nerve. It
traverses the intervertebral foramen and extends to the anteri-
or part of the vertebral canal, giving off branches to the dura
mater, the posterior spinal ligament, the superficial and pos-
terior parts of the anulus fibrosus, the intraspinal venous
plexuses, and the prearticular part of the ligamentum flavum.

Our work with Serrano Vela (1973) has shown that the anteri-
or spinal ligament and the superficial part of the anulus fibro-
sus are innervated by vegetative nerve fibers originating in the
sympathetic trunk. In common with all authors who have
studied the innervation of the intervertebral disc, we have
found no nerve fibers in the deepest part of the anulus fibro-
sus or of course in the region of the nucleus pulposus.

B. Regional Variations
1. Cervical

In the cervical region cerebrospinal nerve distribution (dorsal
rami) is typically metameric, whereas vegetative nerve distri-
bution is less so. The vegetative fibers emanate from either the
sympathetic trunk or the vertebral nerve (Franck’s nerve). The
latter, originating in the stellate ganglion, innervates and ac-
companies the vertebral artery through the transverse foram-
ina. This mixed cerebrospinal and vegetative nerve supply
clearly grouped around a mobile spinal segment may account
for the possible physiopathological subjective interactions be-
tween traumatic ligamentous and muscular lesions (cervical
sprain or whiplash injury) on one hand, and the symptoms re-
lating to the vertebral artery on the other hand. This type of
nerve distribution also sheds light on the phenomenon of re-
ferred pain, i.e., pain referred to a cutaneous region at some
distance from the exact site of the lesions. A lesion of a liga-
ment or muscle supplied by a dorsal ramus may be cortically
sensed in part of the ventral area (radicular dermatome) of
the same spinal nerve.

2. Thoracic and Lumbar

Below the upper thoracic spine the horizontal arrangement of
the branches of the dorsal rami gives way to a progressively
more oblique arrangement. Accordingly, the dorsal rami of
T12 terminate in the skin of the superior part of the buttock,
thus allowing Maigne to describe the painful syndrome of the
thoracolumbar junction with pain referred to the gluteal re-
gion. Similarly, the meningeal rami in the lumbar region sup-
ply the area of two to three vertebrae. The dorsal rami of the
spinal nerves give off a medial branch which runs in the
osteofibrous groove, the latter sometimes being replaced by a
canal between the mamillary and accessory processes. The
medial branch gives off a superior branch to the posterior ar-
ticulation at the same level as the meningeal ramus, and fur-
ther down an inferior branch to the subjacent posterior joint.
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