
123

Modern Concepts

Jean Marc Vital
Derek Thomas Cawley 
Editors

Spinal Anatomy 



Spinal Anatomy 



Jean Marc Vital • Derek Thomas Cawley
Editors

Spinal Anatomy 

Modern Concepts



Editors
Jean Marc Vital
Spinal Unit
Centre Hospitalier
Universitaire de Bordeaux
Bordeaux
France

Derek Thomas Cawley
Spinal Unit
Centre Hospitalier
Universitaire de Bordeaux
Bordeaux
France

Publishing rights for the English language edition will be returned to the editor.
ISBN 978-3-030-20924-7    ISBN 978-3-030-20925-4 (eBook)
https://doi.org/10.1007/978-3-030-20925-4

© Springer Nature Switzerland AG 2020
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the material is 
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, reproduction 
on microfilms or in any other physical way, and transmission or information storage and retrieval, electronic adaptation, 
computer software, or by similar or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, 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.
The publisher, the authors, and the editors are safe to assume that the advice and information in this book are believed 
to be true and accurate at the date of publication. Neither the publisher nor the authors or the editors give a warranty, 
expressed or implied, with respect to the material contained herein or for any errors or omissions that may have been 
made. The publisher remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

Translation from the French language edition ‘Anatomie de la colonne vertébrale, Nouveaux concepts’ 
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v

It is difficult for the layman to understand anatomical research and discoveries, because anat-
omy is considered as a science of the dead, so long known without new phenomena. This book 
on the anatomy of the spine with its new concepts is a clear proof of this common mistake. 
Studying the dynamic anatomy of the living subject and using the most up-to-date technical 
means can open up new perspectives to elucidate the pathology of the spine and perfect its 
surgery!

The comparative anatomy of the spine through the vertebrate chain illustrates the Darwinian 
evolution of the spine to finally adapt to bipedal walking. Embryology, which is a repetition of 
phylogeny, shows this adaptation. Studies in erect standing have identified parameters, includ-
ing “pelvic incidence,” which quantifies the pelvic tilt relative to the lumbar curvature. Thus, 
from these parameters, it has been possible to identify four types of “vertebral equilibrium.” It 
has appeared that a “reserve of the extension of the hips” must be considered in the operative 
state of sagittal imbalances.

The 3D study of vertebral movements, thanks to the “EOS system,” made it possible to 
define an “articular chain of equilibrium” and a “cone of economy.” To simplify this concept, 
the authors included the skull and pelvis in the spine as cephalic and pelvic vertebrae. This may 
seem logical and simplistic, but I doubt that anatomists agree. The new histological and chemi-
cal knowledge of the intervertebral disk enriches the chapter on this element. The posterior 
vertebral joints have general features specific to the cervical, dorsal, and lumbar vertebrae, 
which explain their dynamics and their role in the spinal balance; facet orientation variations 
are common. The study of ligaments and spinal muscles widens our conceptions on their struc-
ture and dynamics. In the muscles are isolated “sarcomeres” and fascicles whose angular ori-
entation regulates their power. The tensegrity model helps in understanding the musculoskeletal 
system. It is necessary to emphasize the originality of the chapter on aponeuroses and fascia so 
little studied in classical works. The chapter on the vertebral canal makes it possible, in other 
interests, to discover the descriptions of the “lateral recess” and the “transverse canal.” The 
spinal cord is the subject of an exhaustive review of our current knowledge. The spinal nerves 
and meninges happily complete this spinal anatomy!

It is obvious that this book deserves to be recommended to all those who are interested in 
the spine, including physiotherapists, rehabilitators, rheumatologists, and spinal surgeons. 
Congratulations to all the authors who participated in its realization!

Marseille, France René Louis

Foreword
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It is interesting to know that this book Anatomy of the Spine: New Concepts was born naturally, 
following our long experience concerning spinal surgical pathologies shared with Jacques 
Sénégas, founder of the school of spine surgery in Bordeaux, and to the interest we have in the 
anatomy of the vertebral column that we have long taught to medical students.

Thanks to this double cap, anatomist and surgeon of the spine, we have been able to develop 
an anatomy applied to physiology, degeneration, and surgical pathology.

We also collaborated with our friends in Montpellier, François Bonnel, who opened his col-
lection of images of the School of Anatomy, and Alain Dimeglio, with his expertise on spinal 
growth.

All articles are from French anatomists and clinicians. These clinicians are spinal surgeons 
(orthopedic surgeons (pediatricians or adult surgeons) or neurosurgeons), rehabilitation spe-
cialists, physiotherapists, and biomechanists.

These French authors have all been able to develop rather original concepts concerning the 
growth of the vertebral column and its aging and functioning.

We thank them very much for their active participation.
All this has led to a book that we hope will allow readers to progress in terms of diagnostic 

and therapeutic knowledge of the spine.

Bordeaux, France Jean Marc Vital 
  Derek Thomas Cawley  

Preface
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The Spinal Ligaments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229
Jean Marc Vital

Sacroiliac Joints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243
B. Lavignolle

The Normal and Pathological Spinal Muscle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251
Jean Marc Vital

Configuration of the Posterior Lumbar Muscles: Study of Lumbosacral  
Malformations and the Extraforaminal Approach (ELIF) . . . . . . . . . . . . . . . . . . . . . . . 273
D. Recoules-Arche and T. Somon

Vertebral Column: Muscles, Aponeurosis, and Fascia  . . . . . . . . . . . . . . . . . . . . . . . . . . 279
F. Bonnel and A. Dimeglio

Functional Anatomy of the Erector Spinae: Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321
M. De Sèze and O. Gille

Connective Tissues of the Posterior Aspect of the Trunk  . . . . . . . . . . . . . . . . . . . . . . . . 329
Martin Seyres and Philippe Seyres

The Spinal Canal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 345
Jean Marc Vital

The Spinal Cord  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363
J. Guérin

Spinal Nerves (Innervation of the Spine)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 391
B. Lavignolle

Anatomy of the Spinal Meninges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 403
Laurent Sakka

Intrinsic Innervation of the Spine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 421
R. Robert and O. Hamel

Spinal Vascularization  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 427
D. Liguoro and X. Barreau

Part IV  Functional Anatomy

Systemic Approach to the Functioning of the Spine  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 447
J. Sénégas

Kinematics of the Spine  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 457
Jean Marc Vital, J. Sénégas, C. Garnier, and H. Bouloussa

Spinal Balance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 485
J. P. Farcy

Biomechanics and Spinal Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 491
W. Skalli, D. Mitton, P. Rouch, and J. Dubousset

Anatomy Is a Living Language . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 505
A. Dimeglio and F. Bonnel

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 509

Contents



Part I

Phylogenesis and Ontogenesis



3© Springer Nature Switzerland AG 2020
J. M. Vital, D. T. Cawley (eds.), Spinal Anatomy, https://doi.org/10.1007/978-3-030-20925-4_1

Comparative Anatomy of the Axial 
Skeleton of Vertebrates

J. Sénégas

 Introduction

Vertebrates (e.g. fish, amphibians, reptiles, birds and mam-
mals, including primates) form a branch of the phylum chor-
data. They are distinguished from other animals by the 
existence of a bone or cartilaginous endoskeleton comprising 
two basic structures: the skull (hence the name Craniata) and 
the vertebral column which protect the central nervous sys-
tem (encephalon and spinal cord). The oldest vertebrate fos-
sils to date—Mylokumingia fengjiaoa and Haikouichthys 
ercianunensis—were discovered in China in 2003 in the 
Maotianshan Shales and date back to the early Cambrian 
period (535 million years ago).

It was above all, the physical constraints linked to the 
aquatic or terrestrial way of life that led to the selection of 
specific morphofunctional adaptations in these animals. 

They relate more specifically to the modes of respiration, 
locomotion, management of water loss and reproduction, 
and also behavioural constraints of survival (attack/defence, 
mating).

 The Organization Plan for the Vertebrates

All vertebrates, without exception, present a bilateral sym-
metry which determines three axes of polarity (Fig. 1):

 1. The anteroposterior axis (or craniocaudal axis) corre-
sponds to the sequence: (1) of the head/neck complex 
which carries the sensory organs, the brain and the mouth; 
(2) the trunk complex that carries the appendicular sys-
tem and (3) the tail.

J. Sénégas  (*) 
Spinal Unit, University Hospital, Bordeaux, France

Postcranial ComplexHead‐Neck Complex

CNS support
Sensorial Organs

Prehension & Feeding Vital Organs Protection

LocomotionEnvironment Survey

Fig. 1 The body of the 
vertebrates is characterized by 
the existence of an 
anteroposterior corporeal axis 
and a cephalocaudal 
bipolarization. Head and neck 
complex—support of the CNS 
and sensory organs for the 
analysis of environment and 
nutrition. Postcranial 
complex—protection of vital 
organs and locomotion

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-20925-4_1&domain=pdf
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The craniocaudal axis changes orientation during the 
transition from quadruped to biped with multiple angular 
variations between the horizontal and the vertical.

 2. The dorsoventral axis with the vertebral column in dorsal 
position, the thorax and the abdomen in ventral position.

 3. The left–right axis of symmetry in the coronal plane.

 Adaptive Constraints of the Living 
Environment

 Constraints of the Aquatic Environment

It is thought that the aquatic environment is the original envi-
ronment. Oxygen is relatively rare (7.2 ml/l vs 209.5 ml/l in 
air) and diffuses more slowly. Oxygen is extracted by gills, 
extensions of the splanchnocranium. In the branchial system 
of fish, the partial pressure difference of oxygen between 
water and blood remains constant.

In the aquatic environment, postures and displacements 
constantly depend on Archimedes principles—the ratio of 
gravity/hydrostatic thrust which defines buoyancy. The force 
exerted on the water which determines the magnitude of 
the acceleration during the propulsion is a function of the 
displacement velocity and the viscosity of the liquid. In 
water, it is the axial structure (vertebral column periaxial 
musculature) that is the motor of locomotion, the fins (pte-
rygium limbs) having in most fish only a directional or stabi-
lizing role. The body, without a neck, moves as one, on itself 
around the three Cartesian axes, and advances in water by 
translation along the same axes. In attack/defence behav-
iours, the cephalic end of the fish is projected forward by the 
rest of the body [6]. Unlike amphibians, fish do not project 
the tongue to capture their prey, but some fish do so by suc-
tion such as anglerfish, heralding the behaviour of amphibi-
ans (sit and wait predators) (Fig. 2).

 Constraints of the Terrestrial Air Environment

The terrestrialisation of tetrapods involves the extraction of 
oxygen from the air using lungs developed from the diges-
tive tract. This active extraction requires the individualisa-
tion of a specific respiratory musculature whose action is 
reinforced by that of the appendicular musculature when the 
consumption of oxygen increases, especially in rapid 
displacements.

For the support of the body and terrestrial locomotion, the 
primordial adaptive stress is gravity (9.81 m/s−2). It must be 
balanced by the resistance of the locomotor apparatus to ensure 
body retention. On land, it is the limbs which take on most 
propulsion forces. The axial system loses its flexibility, espe-
cially in large mammals, but it nevertheless contributes signifi-
cantly to rapid propulsion through deformations in the sagittal 
plane which modify the orientation of the pelvis and thus the 
axis of thrust of the limbs. This intervention of the axial skele-
ton is essential in fast paces. The vertebral column also plays a 
pivotal role in postural flexibility through rotation.

Finally, to survive, an animal must be able to attack and 
defend itself. For this purpose, the axial skeleton of the tetra-
pod allows the rapid projection and retraction of the mouth, 
armed with teeth, towards the prey or the aggressor.

 Fish

(Approximately 25,000 Species)
The axial skeleton of primitive fish such as cyclostomes 

(e.g. lamprey) is a flexible rod, the notochord which is formed 
of vacuolated chondrocytes, surrounded by a fibrous sheath. 
The stiffness of this hydrostatic skeleton depends on the 
osmotic pressure of the colloid in the vacuoles of the chon-
drocytes. Its mechanical properties can be compared to those 
of an elastic rod combining longitudinal compressive stiff-
ness and lateral flexibility. With this configuration, the pro-

Buoyancy

Upthrust

Weight

1

2
3

T

T

a b

Fig. 2 (a) In the aquatic environment, the buoyancy depends on the hydrostatic weight/pressure ratio (Archimedes’ thrust). (b) In fish the body 
uses six degrees of freedom. The linear displacements are carried out by axial translation. Buoyancy—Hydrostatic thrust—Gravity

J. Sénégas
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pulsion of these species is the axial wave mode contraction of 
muscles composed of periaxial myotomes in sequence which 
generate a succession of undulating waves propagating from 
the head to the tail, while the animal moves forward [10].

Teleostean fish have a skeleton formed of identical carti-
laginous or bony vertebrae, without zygapophyses. Although 
fish have no neck, there is a beginning of vertebral regionali-
sation, which distinguishes between a trunk segment and a 
more flexible caudal segment (Fig. 3).

In fish, the perivertebral musculature is organized into 
two groups, the dorsal epiaxial and ventral hypoaxial, sepa-

rated by a horizontal septum. The myofibrils do not, how-
ever, attach directly into the vertebral parts. For pelagic fish 
(living neither close to the shore nor to the bottom), many 
myomeres regroup as large longitudinal fibre endings that 
resemble the organization of long muscles of tetrapods [15]. 
Propulsion of these species then takes place in the axial 
oscillatory mode, the lateral deformation of the body intensi-
fying towards the caudal segment carrying a rigid fin.

The feeding of the fish is done either by suction/aspiration 
or by predators, by rapid acceleration of the mouth towards the 
prey. This gesture of rapid protraction of the head by impulse 
of the body involves the whole axial skeleton. This “push-for-
ward-with-the-head” ability is evident with all tetrapods.

Tetrapodomorphic fish (actinistians such as coelacanth 
and rhipidistians like lungfish) have fleshy fins that partici-
pate in locomotion. Their pectorals have well-defined bony 
pieces prefiguring the anterior well-defined chiridian limbs. 
Tetrapod fish are characterized by the appearance of a cer-
vical vertebra at the craniovertebral junction and chiridian 
limbs with three distinctly individual segments: stylopod, 
zeugopod and autopod. Thus, contrary to popular belief, 
the chiridian limbs first appeared in aquatic and non-terres-
trial organisms. This is the principle of exaptation. At this 
stage, the functional coupling of the vertebral column of 
the appendicular skeleton for open-air locomotion is 
already in place.

In summary, fish are characterized by:

• A flexible cartilaginous or bony axial skeleton without 
vertebral differentiation but with truncal and caudal 
regionalization

• The presence of an epiaxial and hypoaxial musculature
• Only a lateral (in a horizontal plane) deformation of the 

column that ensures all locomotion with attack/defence 
behaviours.

 Terrestrial Vertebrates

During life in the open air, the weight of the body is no lon-
ger balanced by hydrostatic thrust. It is the appendicular 
skeleton which counteracts gravity for the maintenance of 
the body and its displacements.

There are two spatial reference systems of terrestrial 
vertebrates:

At a minimum, two coordinate reference frames are 
needed to account for both the position and movements of 
the body in the environment and changes in the position of 
skeletal segments and organs within the body itself (Figs. 4 
and 5).

 1. The external (exocentric) reference frame is fixed, locked 
on the gravitational vertical force from which the coordi-
nates of the centre of mass of the animal are defined.

b

a

Fig. 3 The displacements of anguilliform fish (a) occur in an axial 
wave mode (the whole body is flexible and undulating). Most pelagic 
fish (b) move in an axial oscillatory mode (the propelling force origi-
nates mainly from the caudal fin). Certain fish with rigid bodies (e.g. 
balistidae, mormyridae and electric fish) move in a caudal oscillatory 
mode (the tail alone allows the propulsion)

Comparative Anatomy of the Axial Skeleton of Vertebrates
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 2. The general internal frame of reference (egocentric) cor-
responding to the three axes of polarity, which is an 
expression of the animal’s body pattern (topological 
properties of the species).

To analyse the relative movements of the thoracolumbar 
spine and pelvic girdle, we propose to use the angle formed 
by the spinopelvic line from T1 to the centre of the sacro-
iliac joint (easier to locate in tetrapods than the sacral end 
plate), and the axis of the ilium represented by the line from 
the acetabulum to the same point of the sacroiliac joint.

The angle of incidence formed by the axis of the ilium 
and that of the sacrum is not a reliable topological data in 
animals because, contrary to popular belief, the sacroiliac 
joint is mobile, varying within and between individual cases. 
In man also this mobility can vary from one subject to 
another.

The external and internal reference systems coincide only 
under certain conditions (as in the strict vertical position in 
human bipedalism). In all other cases, data switching is 
required to change the repository. In animals, this switching 
is performed automatically by the central nervous system, 
which reconstructs a global pattern of data from the two ref-
erences, so that the animal knows the position, speed and 
acceleration of the elements, its environment, its body and its 
own components.

 Amphibians (About 7000 Species)

In amphibians, the final regionalization of the vertebral col-
umn is in place. Although reduced to a single vertebra, the 
cervical segment articulates with two trochoid surfaces 
homologous to the occiput. This is the individualized subcra-
nial junction.

In anurans (frogs), the trunk segment is limited to 4–8 
elongated vertebrae connected to the pelvis by a longitudinal 
urostyle. Frogs have no ribs. The truncocaudal junction is the 
most mobile of the column. At rest, the column is flexed at 
this joint, while it extends during jumping.

In the urodeles (salamanders), the elongated truncal seg-
ment comprises 12–63 vertebrae with ribs connected to the 
sternum.

In amphibians, the posterior vertebral arch is comple-
mented by three types of apophyses: diaphysis (transverse), 
zygapophysis (articular) and neurapophysis (spinous). The 
first segment of the upper limb (stylopod) is horizontal, 
characteristic of the transverse chiridium (buttressed limbs). 
In amphibians, the scapular girdle is independent of the ver-
tebral column while the pelvic girdle is secured to the 
sacrum through the transverse sacral processes. The ilium 
houses the proximal end of the femur. The pubic and ischial 
parts play the role of levers for the proximal muscles of pos-
terior limbs. The axial skeleton of amphibians shows no cur-
vature in the sagittal plane (the functional sagittal curvature 
of the anurans corresponds to the truncopelvic junction). 
The axis of the ilium is vertical (sacropelvic angle = 90°). 
The lumbosacral angle is approximately 0°.

On land, the anurans move by alternate advances of the 
limbs, but choose the jump for fast displacements in the open 
air. There is then a great mobility of the short thoracic col-
umn, around the lumbosacral junction. In the urodeles, walk-
ing is affected by lateral oscillations of the column, which 
causes an inverse rotation of the pelvis. The main role of the 
limbs is to lift the body off the ground, while deformation of 

b

a

H

Th1

Fig. 5 In quadrupeds, the angular variations coupled between the tho-
racolumbar column and ilium can be measured by the spinopelvic 
angle. It is formed by the intersection of a line from T1 and the sacro-
iliac joint (the upper edge of the sacrum is very hard to visualize in 
animals) and the centre line between both the femoral heads (the 
bicoxo-femoral axis) and the sacroiliac joint. This is an adaptation of 
the spinopelvic angle described in humans

X

Y

Z

Fig. 4 Representation of the orthonormal reference formed by the 
three axes of polarity of the animal from the cephalocaudal axis of 
symmetry

J. Sénégas
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the vertebral column pulls the limbs forward. Different mus-
cles ensure elevation and displacement [12] (Figs. 6 and 7).

The reduction of the cervical segment to a single vertebra 
does not make it possible to carry out a rapid protraction/
retraction of the cephalic end of the animal for the capture of 
prey. The low mobility of the occipitocervical junction 

allows it only to bite and swallow. For reasons of saving 
energy that propulsion of the whole body would require, 
most of these species are “sit-and-wait predators” [6]. The 
solution of an extensible tongue projected rapidly and 
 powerfully towards the prey was selected by evolution in 
many amphibians.

Respiration of amphibians is ensured by the contraction 
of the buccal floor, without any involvement of the appen-
dicular musculature as seen in reptiles and mammals.

 Reptiles (Approximately 8950 Species)

This class of terrestrial tetrapods remains heterogeneous and 
unclear in its definition. At the level of the axial skeleton, it 
is characterized by three major innovations:

 1. a semi-independent craniocervical junction with signifi-
cant mobility;

 2. an epiaxial musculature differentiated into independent 
muscle groups;

 3. and the strengthening of ties between the sacrum and the 
pelvis.

a

b

c

Trunco-sacral
junction

X

Fig. 6 (a) In Anurans (frogs) the craniovertebral junction is functional. 
The truncal segment is short and prolonged by the urostyle. (b) In the jump, 
the column is extended to the level of the truncosacral junction. (c) For 

amphibians and certain reptiles (geckos, iguanas, and chameleons), the pro-
jection of the tongue is more economical than that of the whole body for the 
capture of prey (sit-and-wait predators)

Fig. 7 Walking in Urodeles (salamanders) is done by side-to-side 
oscillations of the column causing an inverse rotation of the pelvis. The 
essential role of the limbs consists of lifting the body, while lateral 
deformations of the column pull the limbs forward

Comparative Anatomy of the Axial Skeleton of Vertebrates
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 The Cervical Spine

The atlas articulates with a single occipital condyle. The tes-
tudines (turtles) have up to eight cervical vertebrae, the cau-
dal aspect of which articulates with the first truncal vertebra 
which itself is fixed to the shell.

In reptiles, epiaxial cervical muscles become inserted on 
the occiput, differentiating into three groups (vertebrocapitis 
superficialis and profundus, and intertransversalis capitis). 
These extensor muscles of the craniocervical junction have 
an antigravity action which is essential for maintaining the 
head, which is sometimes very heavy (e.g. crocodiles).

The movements of protraction/retraction are particu-
larly pronounced in turtles, whereas in crocodiles and 
most squamates (snakes), it is still the propulsion of the 
body that ensures the projection of the head forward. In 
geckos, iguanas and chameleons, the “sit-and-wait atti-
tude” prevails, with the projection of the tongue towards 
the prey.

The thoracic column of the crocodiles comprises 10–11 
vertebrae, 5 lumbar and 2 sacral, the transverse processes of 
which have a close connection with the ilium.

Like the cervical system, the muscular masses are segre-
gated into organized bundles (m. longissimus, m transverseo-
spinalis and ilio costalis), which generate the lateral 
movements of the column when they contract asymmetri-
cally, but induce an extension of the column during a sym-
metrical contraction [15]. Crocodilian limbs have a first 
horizontal segment (buttressed limbs). It is the muscles of 
the pelvis that raise the body of the animal (sprawling 
posture).

The amplitude of mobility of the hip joint is low (less than 
45°). The axis of the ilium is vertical, perpendicular to the 

vertebral axis at rest (pelvic version = 90°). The spinopelvic 
angle varies from 80 to 100° in crocodiles.

Slow locomotion in crocodiles is achieved by alternating 
oscillations of the column causing the front left leg and the 
rear right leg to move forward simultaneously with a caudal 
propulsion force. When the animal accelerates, as in catching 
prey, the entire column can participate in propelling the body 
forward. This new type of locomotion using a deformation of 
the column in the sagittal plane of flexion/extension induces 
backward (retroversion) and forward (anteversion) tilting of 
the pelvis leading to an increase in the amplitude of the stride, 
which increases the effect of the thrust of the posterior limbs. 
This new type of displacement is observed preferentially in 
young crocodilians, then disappears in adults as they become 
heavier [15] (Figs. 8 and 9).

Spinopelvic angle

Transversal limb
(sprawling attitude)

Fig. 8 In crocodiles, the axis of the ilium is perpendicular to the col-
umn. The posterior spinopelvic angle and the pelvic version approxi-
mate 90°

Fig. 9 Young crocodiles can 
mobilize their column in the 
sagittal plane which changes 
the orientation of the pelvis 
and thus improves the thrust 
of the posterior limbs. The 
weight of the adult makes this 
impossible
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It is interesting to note that it is in reptiles that the cou-
pling respiration/locomotion appears. However, the two 
functions cannot be carried out concomitantly. In locomo-
tion, the appendicular musculature contracts asymmetrically, 
in the respiration symmetrically. This strict alternation is 
possible only because of the low energy expenditure of these 
ectothermal species.

In summary, amphibians and reptiles are characterized 
by:

• defining the final regionalization of the column, an SP 
angle varying from 80 to 120°

• locomotion by lateral oscillations or by sagittal deforma-
tion of the column for rapid displacements

• protraction/retraction of the isolated head or with the 
whole body creating the “push-forward-with-the-head” 
characteristic or the capture of prey by the tongue—“sit- 
and- wait predators”.

 Birds (Approximately 10,000 Species)

Birds have the most flexible neck of vertebrates with a rigid 
thorax to allow for flight. This is the most extreme example 
of the substitution of limbs for the axial skeleton for all 
movements. They are bipeds.

Birds emerge from the lineage of the middle Jurassic 
theropod dinosaurs that survived the Triassic-Cretaceous 
extinction, 65 million years ago. This line is character-
ized by a long moving neck that stabilizes the posture 
of the head during running and flight, and by its rapid 
projection (protraction/retraction) for the capture of prey 
(Fig. 10).

The vertebrae of the thoracic, lumbar and the sacral 
spine are fused to form the synsacrum. The truncated col-
umn only intervenes in flight and walking as a fulcrum of 
the muscles of the pelvis. In contrast, the S-shaped cervi-
cal segment includes many vertebrae (up to 25 in swans). 
The axis of the cervical spine is vertical, perpendicular to 
the trunk.

 Mammals (About 5500 Species)

Adaptation to open-air lifestyles is fully expressed in 
mammals, the most widely spread and most morphologi-
cally diverse vertebrate group. This great ecological 
independence is the result of many evolutionary innova-
tions [12]:

• Firstly, they benefit from permanent homeothermia from 
the embryonic stage (unlike birds).

• They also exhibit an exceptional neopallium development 
of the brain which allows them to perform complex 
behaviours “culminating in man, with language, concep-
tualization and symbolic thought” [12].

• Finally, their musculoskeletal system is optimized for an 
important metabolic energy conservation thanks to the 
nature and organization of the elastic connective struc-
tures of the musculature of the column and the limbs [9]; 
thus referred to as a spring mechanism. Indeed, the poten-
tial (slow-paced) and kinetic (fast-paced) energy released 
during stride is temporarily stored in the stretched mus-
cles in the form of “elastic energy” which will be restored 
immediately to the same muscle group for the next phase 
of the locomotor cycle without metabolic cost. One of the 
most characteristic examples of this phenomenon is the 
high jump. Whatever the technique, the jumper starts by 
stretching the propulsion muscular chain by lowering its 
centre of gravity, which has the effect of passively storing 

Fig. 10 In birds, the long and flexible neck allows it to project or 
retract the head quickly. The posterior vertebrae of the trunk are fused 
to form the synsacrum. The trunk is sufficiently rigid to allow flight
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the elastic energy and thus considerably reinforcing the 
vertical thrust force.

At high speeds, some mammals, and man more than 
quadrupeds, can thus save more than half the metabolic 
energy that their movements would otherwise require with-
out this mechanism.

The protein macromolecule, Titin, which is incorporated 
into the sarcomeres, plays a major role in this mechanism by 
giving its deformation to the frequency of the locomotive 
cycle, which reduces the dissipation of energy in the form of 
heat [13].

This phenomenon applies as much to the musculature of 
the limbs as to that of the spine. It is therefore preferable to 
compare the column with a bowstring or retaining bridge 
(by Arcy Thompson 1917).

 The Cervical Spine

Functionally, the cervical column is coupled to the head and 
ensures its spatial orientation. The survival of terrestrial ani-
mals depends on information from one’s external frame of 
reference. The information is captured by the visual, vestibu-
lar and somatosensory organs and then directed to the brain, 
whose interpretation of the data allows navigation through a 
complex environment without falling or failing. The vestibu-
lar system contributes to postural balance and locomotion by 
vestibulocollic reflexes and vestibuloocular reflexes. With 
the acquisition of bipedalism, the role of vision becomes pre-
dominant thanks to the high definition of macular perception 
and the acquisition of stereoscopic vision. This multisensory 
information supplies the middle and anterior brain as well as 
the hippocampus. The simultaneous cerebral integration of 
the data from the two repositories makes it possible to recon-
stitute and constantly update an internal map of the environ-
ment for navigation.

This central navigation function devolved mainly to the 
head/neck complex implies in sthenic tasks (exploration, 
alert, racing, combat) the possibility of horizontalizing the 
cephalic end which corresponds to the plane of terrestrial 
activity. This results in a de facto empowerment of the spatial 
frame of reference of the head relative to that of the rest of 
the body. Thus, irrespective of the inclination of the body or 
the type of locomotion, quadruped or biped, the plane of the 
base of the skull, parallel to the lateral (or horizontal) semi-
circular canals, presents only a slight angulation with respect 
to the skull [5, 8]. The neck is thus the instrument for adjust-
ing the position of the head.

This neurological constraint is not without consequence 
in terms of energy. Indeed, the head/neck assembly presents 

itself as an inverted pendulum which poses problems of equi-
librium, especially in quadrupeds. The weight of the head 
represents approximately 10% of body weight in large herbi-
vores, 8% in humans and chimpanzees [16], and 6% in lemur 
prosimians [5]. This difference of 2–4% may seem small in 
absolute value, but becomes significant in relative value, 
given the total mass of large quadrupeds (about 500 kg for 
the horse). Proportionally, bending moments are 10–11 times 
greater than in humans and chimpanzees. Bipedalism also 
results in a considerable reduction in the bending moment of 
the head.

In aquatic mammals (whales, dolphins) secondarily 
adapted to life in water 50 million years ago, the cervical 
vertebrae became fused, with only a mobile cranial junction. 
Similarly, the fusion of the vertebrae of the lower cervical 
segment is observed in the armadillo and in some rodents 
such as the kangaroo rat and the jerboa, which has the effect 
of reducing the inertia of the weight of the head when jump-
ing. The same applies to burrowing species such as the mole 
rat [11], where fusion of the vertebrae of the lower cervical 
spine increases its resistance to axial stresses (Fig. 11).

The centre of gravity of the head in quadrupeds is located 
very forward of the craniovertebral junction due to the devel-
opment of the splanchnocranium, the horizontality of the 
base of the skull (platybasia) and the very posterior position 
of the occipital condyles, so that the occipitoatloid line is 
almost vertical. In primates and even more markedly in 
humans, basicranial flexion is observed in the sphenoid, with 
the clivus then forming an angle with the anterior part of the 
base of the skull. This process, probably related to the devel-
opment of the cerebral hemispheres and the reduction of 
facial mass, coincides with the forward migration of the 
occipital condyles, which has the effect of considerably 
reducing the bending moment of the centre of mass of the 
head. In humans, the occipitoatloid articulation is horizontal 
and the head gravity line passes right in front of the dens 
(Fig. 12).

 Structure

The cervical spine of terrestrial mammals has 7 vertebrae, 
except the Folivora (sloth) which has 6–9 and Sirenia (mana-
tee) which has 6 [11].

The upper cervical spine consists of the atlas and axis; 
morphology varies little from one species to another, except 
the dens (C-shaped in herbivores and vertical in carnivores 
and primates). The length of the spinous processes and the 
width of the transverse processes are much more prominent 
in quadrupeds and large primates than humans. Similarly, the 
superior articular surfaces of the atlas corresponding to the 
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occipital condyles occupy in quadrupeds about 75% of the 
atlas ring but only 40% in humans [7].

The lower cervical spine includes the lower 5 cervical 
vertebrae whose configuration minimally varies. The total 
volume of the vertebral bodies is relatively greater among 
bipeds.

 Movements

Mobility of the occipitocervical junction is important in 
the sagittal plane in quadrupeds (flexion/extension range 
of motion of 90–105°), whereas it is much lower in pri-
mates, including humans (13° in monkeys and 25° in man) 
[8]. Rotations take place in the atlantoaxial joint (Tables 1 
and 2).

The mechanical coupling of both OC1 and C1C2 joints 
generate a toggle effect which allows more lateral tilting 
movements of the head (induced rotation).

It is worth noting that in quadrupeds, mobility between 
the vertebrae of the lower cervical spine is very small (unlike 
humans). It is also interesting to note that the cervicotho-
racic articulation encompasses more than the C7T1 anatom-
ical junction. It encompasses C6 to T2 in small quadrupeds 
[8], and as far as T3 in humans. The range of motion of the 
cervicothoracic junction ranges from 6 to 80° in all mam-
mals [8].

In the neck, as well as the very important intrinsic liga-
ment mechanism, there is an extrinsic ligament (septum 
nuchae) specifically developed for large herbivores. This 
system plays a vital role in the passive stabilization of the 
craniocervical kinetic chain (which is not provided by the 
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Fig. 11 In the internal frame of reference, the coordinate axes of the 
head are kept approximately fixed relative to the external reference 
frame by changes in the orientation of the cervical column, irrespective 
of the position of the trunk, horizontal (quadrupeds) or vertical (bipeds). 

This autonomy of the cephalic coordinates facilitates the switching of 
data between the two reference frames and allows the brain to perma-
nently recreate a new global pattern of navigation
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bone passive locking cam effect, as applied to most muscu-
loskeletal joints). This elastic passive locking allows opti-
mum use of the inertia of the head and neck in running.

 The Craniovertebral Musculature

There is a large musculature variation in mammals related to 
the complexity of stabilization and precise mobilization of 
head/neck system. One can distinguish schematically:

 (1) the short muscles of the craniocervical junction (m. recti 
and obliqui capitis anterior and posterior)

 (2) short intervertebral muscles, including intermetameric 
(m. intertransversalis and m. interspinalis) and long spi-
nal muscles (m. longus capitis and cervicis, m. longissi-
mus and m. semispinalis) which mainly act as stabilizers 
cervical flexible

 (3) finally, cephalothoracoscapular muscles (m. splenius 
capitis, m. levator scapulae, m. scalenius, m. trapezius 
and m. sternocleidomastoid) that are specifically dedi-
cated to the active mobilization of the neck and second-
arily, respiration during effort. Cats have a muscle (m. 

a b

c

Fig. 12 In quadrupeds (a) the skull base is horizontal (platybasia), the 
occipital condyles are located at the back of the skull and the foramen 
magnum is tilted back and top. In monkeys (b) there is a basicranial 
bending at the sphenoid bone, the occipital condyles are located further 

forward. The foramen magnum tends to horizontalize. In humans (c) 
basicranial flexion is more important between the anterior floor of the 
skull base and clivus, the occipital condyles are almost under the skull 
and the foramen magnum is horizontal

Table 1 Amplitude of mobility in the sagittal plane of the atlantooc-
cipital articulation (OC1) in various mammals [7]

Rabbit 104.6° (±15.7)
Guinea pig 106.6° (±5.9)
Cat 88.6° (±11.2)
Rhesus 13° (±14.8)
Man 25°

Table 2 Range of mobility in the sagittal plane at the cervicothoracic 
junction (C6T3) [8] 

Rabbit 96°
Cat 82°
Rhesus 68°
Man 33°
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occipitoscapularis) that is absent in humans. The cervi-
cal muscle volume is comparatively much higher in 
quadrupeds than in primates, including humans.

 Postures

At rest, the cervical spine of small mammals (rabbits, guinea 
pigs, cats) resembles an “S” shape whose average orientation 
is vertical. In this configuration, the craniocervical junction 
is maximally flexed and the cervicothoracic junction is stabi-
lized at full extension [8]. This attitude, according to these 
authors, is totally passive, only assured by the tensioning of 
the pervertebral tissues (resting posture). In this position, the 
plane of the lateral semicircular canals is inclined to the hori-
zontal at approximately 5–10° upwards. The same authors 
describe, next to the posture of rest, the alert or active pos-
ture, in which the head is raised by extending the occipito-
cervical hinge. The cervicothoracic junction is then flexed in 
this posture and the plane of the lateral semicircular canals 
moves upward [8].

However, extending the generalization of this functional 
dichotomy to all terrestrial mammals of the complex head/
neck seems too simplistic. It is enough to be persuaded to 
observe the diversity of the postures of the head and the neck 
of large ungulates (e.g. cattle, deer and sheep) (Fig. 13).

The mechanical model of the head/neck is that of an 
inverted pendulum whose rod represents the cervical spine 
and the sphere, the head. Schematically, the rod moves 
around the cervicothoracic joint, while the sphere is mobiliz-
ing around the occipitocervical junction. However, it is not 
exactly centred on the end of the cervical rod. In quadrupeds, 
it is forward due to the very posterior position of the occipital 
condyles, which induces a significant bending moment at 
0C1. In primates and even humans, that moment is greatly 
reduced by adopting the biped posture.

In quadrupeds, verticalisation of the neck reduces the 
bending moment of the head. This attitude of retraction is 
analogous to the term used in humans. It involves an exten-
sion of the cervicothoracic junction. This posture cannot be 
completely passive, as in this position, the perivertebral tis-
sues are not stretched sufficiently. Contraction is combined 
with two different positions of the head. When in this posi-
tion the OC1 joint remains flexed, the posterior tendinoliga-
mentous structures are likely to develop an effective passive 
muscle moment so that the energy cost is low (standing alert 
position). When the OC1 joint is actively maintained in 
extension, the tension moment of the passive structures 
decreases. The maintenance of this position necessitates con-
traction of the occipitocervicothoracic muscles as seen in 
trotting or parrying (sthenic retraction).

When the neck is flexed around the cervicothoracic joint, 
the bending moment increases horizontally and then 
decreases. This protraction movement stops when the elastic 
tension of ligament and muscle (whose deformation is non-
linear) reaches the value required to cancel the bending 
moment of the head/neck. When the protraction is combined 
with a bending of the OC1 joint, posture is mainly passive, 
energy-saving (like grazing, watering or extreme tiredness 
states). By contrast, when protraction is combined with an 
active extension of the OC1 and/or a straightening of the 
neck above the horizontal, it is then a sthenic posture (as in 
the gallop). This position optimizes the moment of inertia of 
the head and neck in fast running (Fig. 14).

We find these same two basic stereotypes (retraction- 
protraction) in primates including humans. Protraction cor-
responds to a passive rest position when the OC1 joint is 
flexed (as in reading or sleeping in a sitting position), or to an 
active position when the OC1C2 joint is extended under the 
effect of the posterior musculature. This is in fact a “push- 
forward- with-the-head” attitude which one observes in par-
ticular through efforts of pushing (as in the collision sports). 
According to Ordway et al. [14], it is in this posture that the 

LSCC

LSCCa b
Fig. 13 In small mammals: 
In the rest position (a) the 
cervical spine is vertical, the 
craniovertebral junction is 
maintained in full flexion and 
the cervicothoracic junction 
in extension [4]. The plan of 
the lateral semicircular canals 
(LSCC) is slightly inclined to 
the horizontal (5–10°). In the 
alert position (b) the positions 
of the two joints are reversed. 
The plan of the lateral 
semicircular canals is shifted 
upwards
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a

b

c

d

Fig. 14 Reverse coupling of 
the craniovertebral and 
cervicothoracic joints: (a) 
when the craniovertebral 
junction is flexed (static 
posture without large energy 
expenditure), the other (b) is 
extended (sthenic posture). 
Displacements at the 
craniovertebral junction, 
flexion (c) or extension (d)

craniocervical junction reaches its maximum amplitude in 
extension.

Retraction behaves in the same way through flexion of the 
OC1 joint (OC1 position where it reaches its maximum 
amplitude in flexion) and active extension (e.g. to charge 
with the head or to wear a headlight). Each of these attitudes 
implies a new choice of orientation of the field of view 
depending on the position of the eyes of the animal, the side 
of the head in quadrupeds and front of the head in humans 
and primates [5] (Fig. 15).

In running, the cervical spine plays, in quadrupeds, a sig-
nificant role in breathing (respiratory locomotion coupling). 
Inspiration occurs when the neck is in ventral flexion, expira-
tion when dorsi-flexing.

 Thoracic Spine and Lumbosacral

The trunk of quadrupeds is almost horizontal and approxi-
mately cylindrical shaped. Its centre of mass is positioned 
approximately centrally. Its forward displacement, as in 
ungulates, promotes running, whereas the most posterior 
position is observed in small mammals [2].

Limbs articulate with the trunk by the shoulder and pel-
vic girdles. The shoulder girdle is independent of the axial 
skeleton and maintains a single connection to the trunk 
through the clavicle (collarbone). The upper limbs are 
involved in  locomotion more as carriers and for steering 
than that as propellants. In many small mammals, the upper 
limbs acquire the faculties of grasping and manipulating 

objects within the field of view, which will become their 
primary role in bipeds. One notes by contrast, at the pelvis, 
increased strengthening ties between the ilium and sacrum 
without the loss of sacroiliac joints whose mobility in loco-
motion persists in many animals and also in man. In humans, 
it is 3–17° in adults, and up to 30° in gymnasts. In certain 
athletes one can even observe an opposite displacement of 
each iliac bone in the sagittal plane.

The proximal segments of the limbs are, in mammals, situ-
ated in a parasagittal plane, which has the effect of symmetri-
cally supporting the body and raising the centre of gravity. 
This configuration reduces ground frictional force, improves 
manoeuvrability and allows the use of the elastic potential 
energy (spring effect). At the point of rapid reaction, 
manoeuvrability and acceleration capabilities outweigh sta-
bility however, especially in humans.

 Structures

The mammalian thoracic region comprises 12–15 verte-
brae. The thoracic vertebrae of large herbivores have very 
long spinous processes. At the transition between the tho-
racic and lumbar vertebrae is at the anticlinal vertebra (dia-
phragmatic vertebra, to which all other vertebrae are 
inclined) where the spinous process is short. On both sides, 
chest spinous processes are inclined caudally, the lumbar 
cephalad.

There are usually from four to seven lumbar vertebrae 
(the latter figure is typical of the cat and rabbit). The body of 
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the lumbar vertebrae is proportionally larger in men and 
increases down to L5.

The sacrum is composed of a varying number of fused 
vertebrae (three in cats, four in rabbits and usually five in 
humans). This number can reach six to eight in perissodac-
tyla (odd-toed ungulates—e.g. horse, zebra and rhino) and 
up to thirteen in edentulous (e.g. anteater and sloth). The first 
sacral vertebrae articulates with the ilium through its trans-
verse processes.

The coccygeal vertebrae also vary in number, depending 
on the tail length (up to fifty, but usually three to five); 
Merged, they form the coccyx in humans [11].

 Musculature

Both the body of quadrupeds and that of the bipeds present a 
“bowstring construction” represented by tight dorsal muscu-
lature bow and the chord of the ventral muscles, especially 
the recti. As in the neck, in terrestrial mammals there is a 
regression of epiaxial muscles concomitant with the trans-
girdle musculature (mm. trapezius, rhomboid, latissimus 
dorsi and glutei) [12]. The local system of intervertebral 
short muscles (m. interspinalis, m. intertranversalis) is dis-

tinguished from a global system (m. erector spinae, m. qua-
dratus lumborum and m. rectus and obliqui abdominalis and 
m. psoas) [3].

 Postures

The quadruped truncal column is generally horizontal or 
kyphotic. The diaphragmatic vertebrae represents in quadru-
peds, the flexion/extension hinge of the trunk.

• In all quadrupeds the lumbosacral angle (LSA) is mini-
mal while it becomes important especially in primates 
and hominids. Abitbol [1] has in particular studied vari-
ations of this angle: in dogs, it varies from 4 to 14° 
(average 9.3°); rhesus monkeys, 20 to 35° (mean 26.7°); 
chimpanzee 22 to 44° (average 32°) and in humans 71 
to 83° (average 77°). This angle is related to the acqui-
sition of erect posture and the ontogeny of biped 
locomotion.

• The pelvic tilt that expresses the orientation of the 
ilium relative to the horizontal for quadrupeds and to 
the vertical for bipeds varies in quadrupeds from 30 
to 60°. In chimpanzees, which are alternately quadru-

Protraction Retraction

F

F

E

E

Fig. 15 Primates, including humans, use like quadrupeds, the reverse coupling of the two extreme neck positions for protraction and retraction of 
the neck and head
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ped and biped, it varies from 25 to 60° (average 42°). 
In humans, the angle of pelvic tilt varies from 7 to 
25°.

• The spinopelvic angle (SP) (Fig. 5) varies from 60 to 75° 
in quadrupeds, from 30 to 60° in chimpanzees and from 
15 to 45° in humans.

The thoracolumbar spine helps to maintain posture and 
locomotion in quadrupeds as well as bipeds. In extension 
there is a relative shortening of the column that has the effect 
of pulling the sacroiliac junction forward in quadrupeds and 
upward among bipeds.

Contrary to what one might think, it is not the posterior 
limbs that guide the pelvis, but the vertebral column. This 
rocker promotes forward momentum when pushing off from 
the rear. Conversely, the bending of the thoracolumbar spine 
causes the pelvis to retrovert, increasing the amplitude of 
pushing off from the front (Fig. 16).

Primates generally move in quadrupedalism, especially in 
fast running, but adopt bipedal posture in either static or in 
slow movements or jumps (lemurs).

The physical problem of verticalisation of the body is that 
of balance on a considerably reduced support surface, in addi-
tion to maintenance of balance through effective musculature. 
In primates, the centre of mass is located at the base of the 
thorax which is relatively high compared to the hips. 
Moreover, the absence of lordosis does not allow easy adjust-
ment of the line of gravity on the support polygon if the 
femurs are not bent over the pelvis. This posture is difficult to 
maintain in large part because of weak glutei maximi muscles 
in these animals, and instead use the g. medius and g. minimus 
for hip extension.

It is likely that bipedalism evolved as an adaptive process 
in the three-dimensional arboreal environment (Rose 1991; 
Preuschoft 1991). In this situation, the body weight is often 
supported only by the posterior limbs so that the anterior 
limbs are liberated for their gripping function (Fig. 17).

In humans, during walking and running, the deformation 
of the lumbar spine allows pelvic tilt. Pelvic retroversion 
increases hip flexion amplitude and extends the stride. 
Anteversion favours the rear step thrust by increasing the 
extension of the hip beyond the vertical (Fig. 18).

Anterior support 
(Closed chain)

Neutral position
Rear thrust

(Open chain)
 

Fig. 16 In mammalian runners, the bending of the thoracolumbar 
spine induces pelvic retroversion which increases the amplitude of the 
previous step. The extension brings the pelvis in anteversion which has 

the effect of increasing the extension of the femur and the thrust of the 
posterior pitch
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Fig. 17 Chimpanzees adopt quadrupedalism for quick trips (semibra-
chiateurs). They can maintain a stable bipedal posture but the lack of 
lumbar lordosis forces flexion of the femur on the pelvis to bring the 

projection of the centre of mass into the area of elevation. This position 
requires a significant effort from the glutei muscles

a b c

Fig. 18 The extension of the lumbar spine (a) pulls the pelvis in ante-
version, which has the effect of granting a supplementary extension to 
the femur relative to the vertical (b) (without gain in amplitude of the 

hip joint). Conversely, lumbar flexion (c) causes pelvic retroversion 
and, consequently, an equivalent gain in femur flexion
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In mammals, the vertebral column plays an essential role 
both in posture and in movement by the axial rotational 
movements which are usually coupled to displacements in 
the coronal and sagittal planes. When walking and running 
the shoulders and pelvis move in opposite directions. The 
thoracolumbar spine is thus “twisted” from either side of the 
thoracolumbar junction. Rotations are expressed as the back-
ground kinematics of the spinal kinematics. This contributes 
to a better understanding of their role in the genesis of spinal 
degenerative process (Fig. 19).

In summary, the mammals are characterized by:

• A very mobile cervical spine capable of powerful and 
rapid protraction and retraction movements

• A thoracolumbar spine that permits the awareness and 
stability of postures. It is also involved in locomotion by a 
“spring effect” in flexion/extension which changes the 
orientation of the pelvis

• In bipeds exclusively, the lumbar column intervenes 
in locomotion. Moreover, it plays an essential role in the 
axial rotation of the body.
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Embryology of the Vertebral Column

Sebastien Pesenti, Nicole Philip, and Gerard Bollini

 Genetic and Biochemical Considerations

The fertilized egg (or first embryonic cell) is described as 
totipotent because it is capable of giving birth to an entire 
embryo. Embryonic development is the consequence of the 
gene activity within the cells and the interactions received by 
this cell from its environment. The result is changes in shape, 
movement, proliferation and death, differentiation, and spe-
cialization of cells. During these processes, embryonic cells 
receive local signals allowing their differentiation into par-
ticular cell types. Signaling molecules or ligands (morphoge-
netic molecules) bind to specific receptors causing a cascade 
of biochemical reactions within the cell leading to the target 
molecule. Morphogens diffuse through the tissues of the 
embryo during the early phase of development, establishing 
concentration gradients.

In vertebrates, the mesoderm is divided into axial meso-
derm (prechordal plate and notochord), paraxial mesoderm 
(presomitic mesoderm lying on either side of the notochord 
and giving birth to the somites), intermediate mesoderm, and 
lateral plate mesoderm.

BMP4, belonging to the TGF beta superfamily, secreted 
by the dorsal portion of the notochord, [1] defines the dorso-
ventral axis of the embryo and acts as a “lateralisater” of the 
somitic mesoderm characteristics. The somites are formed 
successively from the presomitic mesoderm, from the 
cephalic extremity to the caudal extremity. This migration of 
a group of epithelial cells to the caudal end of the presomitic 
mesoderm is what forms the somites. The segmentation of 
the somites is regulated by a “clock and wavefront model” 
[2]. This model includes an intracellular oscillator interact-

ing with a cephalocaudal gradient of morphogenic proteins 
in the presomitic mesoderm. The wavefront is a cephalocau-
dal gradient of FGF8 which is a major determinant of longi-
tudinal organization [3]. In the caudal and middle part of the 
presomitic mesoderm, high levels of FGF8 maintain the cells 
in an immature and undifferentiated state. At the cephalic 
part, the low concentration of FGF8 allows the formation of 
somites. The boundary separating the two regions where the 
concentration of FGF8 is different is known as the determi-
nation front.

Several genes, such as CHAIRY1 and IFNG, are expressed 
dynamically in the presomitic mesoderm (Fig. 1). The “seg-
mentation clock” molecular oscillator acting inside the cells 
of the presomitic mesoderm has also been shown to deter-
mine vertebral segmentation. This involves, in mice, the 
cyclic expression of 50–100 genes.

For example, expression of CHAIRY1 spreads along the 
presomitic mesoderm during the formation of each somite 
[4]. DeltaNotch is a key cascade pathway in somatogenesis 
and in the regulation of the “segmentation clock.” This com-
plex process can be simplified as follows: Notch active 
Lunatic Fringe which in turn inhibits the Notch receptor. 
Activation of Notch also stimulates activation of the HES 
gene which inhibits Lunatic Fringe, releasing the Notch 
receptor. This genetic feedback allows the cyclic expression 
of these genes. In humans, mutations of LFNG genes 
(Lunatic Fringe), HES7 (Hairyenhancer of split7), DLL3 
(encoding for the Notch ligand), and MESP2 (activated 
Notch) are responsible for recessive forms of spondylocostal 
dysostoses (Fig. 2).

The positional identity of somites according to the cepha-
locaudal axis is defined by a combined expression of genes 
encoding transcription factors and belongs to the family of 
HOX (homeotic) genes. This specification occurs in the pre-
somitic mesoderm prior to somitogenesis. The HOX genes 
are grouped into several complexes on the chromosomes. 
The genes of each complex are expressed sequentially in a 
spatial and temporal order defined by their position along the 
chromosome. In Drosophila, there is only one HOX gene 
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complex (initially called the HOM complex). Thus, the loss 
of function of one of these genes leads to a homeotic trans-
formation in the adult insect, transforming an entire part of 
the body into another. In mammals, there are four HOX gene 
complexes on four different chromosomes. In mice, experi-
ments have shown that inactivation of different HOX gene 
complexes resulted in the appearance of different pheno-
types, frequently comprising vertebral malformations. In 
humans, no vertebral malformations have been linked to 
mutations in HOX gene complexes [5].

 Embryology of the Vertebromedullary Axis

 Early Development

The embryonic period is defined as the first 8 weeks after 
fertilization. During the first week after fertilization, the 
morula migrates along the fallopian tube. At the end of the 
first week, the morula became a blastocyst following the 
appearance of a cavity, the blastocele (Fig. 3). It is at this 
time that implantation takes place in the maternal uterine 
mucosa (Fig. 4). At this stage, the embryonic disc is trans-

Fig. 1 Expression of the 
chairy1 gene in the presomitic 
mesoderm
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Fig. 2 DeltaNotch signaling
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Fig. 3 (A) Cytotrophoblast; (B) Embryo; (C) Blastocele; (D) 
Syncytiotrophoblast

S. Pesenti et al.



21

formed into a bilaminar structure, comprising two layers, 
the epiblast and the hypoblast. At the beginning of the third 
week, a primitive streak appears in the middle of the epi-
blast and gradually lengthens. The craniocaudal axis of the 
embryo that forms during the primitive streak extends from 
the primitive node which determines the cranial end of the 
embryo (Fig. 5).

 Trilaminar Embryo

The third week is marked by gastrulation. The epiblastic 
cells migrate from the deep side of the primitive streak and 
the hypoblast is laterally displaced to contribute to the for-
mation of the extraembryonic endoderm. The migration of 
the epiblastic cells through the primitive streak and the node 
leads to the formation of the three primordial germ layers: 
the definitive endoderm which takes the place of the hypo-
blast, the ectoderm that remains on the surface, and the 
mesoderm which lies in between.

The axial mesoderm consists of two median structures: 
the prechordal plate and the notochordal process. The pre-
chordal plate, situated at the cranial extremity, is adherent to 
the ectoderm, whereas the notochordal process is situated 
more caudally and is transformed into a tubular structure, 
causing the yolk sac (this structure gives rise exclusively to 
extraembryonic structures) and the amniotic sac to commu-
nicate transiently. This communication is called the noto-
chordal (or chordal) canal (of Lieberkühn).

Three lateral structures appear on either side of the 
embryo: the paraaxial mesoderm (Fig. 6), the intermediate 
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Fig. 4 Day 8: (A) Entoblast; (B) Ectoblast; (C) Amnios; (D) 
Cytotrophoblast; (E) Lecithocele; (F) Amniotic cavity
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Fig. 5 Day 15: (A) Amniotic sac; (B) Ectoblast; (C) Entoblast; (D) 
Primary line; (E) Hensen’s primitive knot
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Fig. 6 (A) Notochord; (B) Endoblast; (C) Ectoblast; (D) Paraaxial 
mesoderm; (E) Primitive line; (F) Hensen’s primitive knot; (G) Cloacal 
membrane
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mesoderm, and the lateral mesoderm. The paraaxial  mesoderm 
gives rise to cell lines that differentiate into an axial skeleton, 
paravertebral muscles, dermis, and subcutaneous tissue and 
muscles of the ventral wall and limbs. The intermediate meso-
derm will be the origin of the urogenital tract. The ventral part 
of the lateral mesoderm will form the walls of the digestive 
tract and of the bronchopulmonary tree, while its dorsal part 
will form the lateral and ventral walls of the embryo.

 The Notochord

The notochordal process is a mesodermal hollow tube struc-
ture that extends from the primitive node, which elongates, 
as primitive node cells migrate to the proximal end of the 
tube. The notochordal plate remains adherent to the surface 
ectoderm thus preventing anterior migration of the noto-
chordal process. The notochordal process develops into the 
notochord and represents an early version of the future verte-
brae and bony skeleton.

By the secretion of growth factors, neural induction, or 
planar induction, which is no longer come from the noto-
chord but from the primitive node, will lead, from the neuro-
ectoderm, to the initial formation of the neural plate of which 
the edges will rise to form the neural beads which will merge 
secondarily on their median line to close over as the neural 
tube. The transformation of a flat neural plate into a neural 
tube is called primary neurulation.

 Primary Neurulation

The appearance of the neural crests on the neural plate begins 
at the level of the 4th somite around the 20th day to form the 
neural gutter. The lateral edges of the neural plate meet on 
the median line to merge. The fusion extends on either side 
of the 4th somite in the cephalic and caudal direction. At the 
cephalic and caudal extremities there are openings in the 
neural tube which are called cephalic and caudal neuropores. 
The lack of closure of the neuropores causes anencephaly 
when it occurs at the cephalic end and a meningocele or 
myelomeningocele when it occurs at the distal end.

Closure of cephalic and caudal neuropores occurs on days 
26 and 28, respectively.

The primary neurulation process is not uniform along the 
cephalocaudal axis but differs according to the anatomical 
levels.

 Secondary Neurulation

At the caudal neuropore, the tissue of the caudal bud contrib-
utes to the formation of the medullary cord. Subsequently, 

the medullary cord condenses, individualizes, and forms 
vacuoles. The union of these vacuoles results in the forma-
tion of a second neural tube communicating with the first 
neural tube formed during the primary neurulation.

A junctional neurulation has recently been described, 
accounting for the formation of medullary segments located 
between primary and secondary neurulations [6].

The dorsal portion of the neural tube produces cells that 
migrate into the embryo. They constitute the cells of the neu-
ral crest which form the pigment cells of the skin and the 
cells of the peripheral nervous system.

 Formation and Differentiation of Somites

The segmental structures of mesodermal origin or somites 
appear on both sides of the neural tube. The first pairs of 
somites appear around day 20. The somites originate from 
the paraaxial mesoderm and develop from the cephalic end 
to the caudal end at the rate of 3–4 somites per day, under the 
action of the neural tube and the notochord.

Initially, 42–44 pairs of somites are next to the notochord 
(this number is disputed as these somites are never visible 
together). For O’Rahilly and Müller [7], this number would 
be between 38 and 39. Of these 42–44 somites, the last 5–7 
pairs regress, leaving a total of 37 pairs of somites.

The first 4 pairs of somites are responsible for the forma-
tion of the occiput, the 5th to the 12th pair lead to cervical 
spine formation, from the 13th to the 24th pair to thoracic 
spine formation, from the 25th to the 29th pair to lumbar 
spine formation and 30th to 34th pair to sacrum formation. 
The last 3 pairs of somites are responsible for the formation 
of the coccyx.

Each somite, during its maturation, dissociates along its 
ventrodorsal axis. Initially, the ventral sclerotome is sur-
mounted by the dorsal dermomyotome. Secondarily, the der-
momyotome evolves to generate its two derivatives: the 
dorsal dermatome and the intermediate myotome. Just as 
somitogenesis is carried out according to a cephalocaudal 
gradient, somitic maturation follows suit. This maturation is 
dependent on the neural tube and the notochord. It has been 
shown that the morphogen Sonic hedgehog acts on the ven-
tralization of the somite. This molecule is produced by the 
notochord and the neural tube floor.

It is the sclerotome that will give rise to the spine, to the 
set of spinal meningeal tissues (pia mater, arachnoid layer, 
and dura mater) and to the intervertebral ligaments. During 
the 4th week of development within each sclerotome, the 
cells migrate around the notochord and the neural tube.

The cells of the sclerotome are influenced by Sonic 
hedgehog. The most ventral regions of the future vertebra 
depend on the molecule Gli2, while the more lateral regions 
are in the dependence of Gli3. It is important to note that the 
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most dorsal region of the sclerotome will give rise to the spi-
nous process, is independent of Sonic hedgehog but responds 
to BMP4. This molecular peculiarity could account for mal-
formations preferentially located in one of the three vertebral 
territories defined above.

Each somite is divided into two hemisomites along the 
cephalocaudal axis. This is the theory of resegmentation pro-
posed by Remak in the nineteenth century. This process of 
resegmentation is now perfectly established experimentally. 
Curiously, a vertebra does not derive from a somite but from 
two hemisomites from different structures. The caudal end of 
each somite then merges with the cephalic end of the under-
lying somite forming the precursor of the vertebra. Thus, 8 
cervical somites with 8 corresponding nerve roots will give 
rise to 7 cervical vertebrae, each vertebral body consisting of 
2 hemisomites. This polarization, along the cephalocaudal 
axis, is explained by the differential expression of genes by 
each of the hemisomites. More than the genes and the mole-
cules synthesized, it is necessary to specify that only the ros-
tral hemisomite is permeable for the migration of the cells 
coming from the neural crest and for the axons of the motor 
neurons. It follows that the peripheral nervous system, ini-
tially produced by the neural tube in an unsegmented fash-
ion, is organized according to a radicular topography due to 
the intrinsic properties of the somites. This explains the 
metamerism of the spinal ganglia and the motor roots.

The cells of the sclerotome will give rise to the annulus 
fibrosus of the intervertebral disc. The notochord will disap-
pear gradually, with the exception of its remnants which will 
form the nucleus pulposus.

With this new organization, the segmental nerve roots 
become visible at the level of the disc space, whereas the 
segmental blood vessels appear at the height of the vertebral 
body.

The pairs of sclerotomes subsequently fuse in front of the 
median line. At the 6th week of development, chondrification 
occurs of vertebral precursors, thus forming the cartilaginous 
outline of the vertebra. These chondrification centers will 
evolve secondarily. Within each vertebral precursor, three 
nuclei of chondrification form: one anteriorly which will give 
rise to the vertebral body and two posteriorly, on either side of 
the vertebral canal, which will each give rise to a pedicle and 
a hemi-arch. The 2 posterior chondrification centers will 
remain separated from the center of chondrification prior to 
birth by neurocentral synchondrosis.

Five secondary ossification centers will appear after birth, 
each of which is apophyseal center of ossification. One will 
give rise to the spinous process, another two to the transverse 
processes, and two others located on either side of the verte-
bral body will give rise to the apophyseal ring.

The primary ossification centers first appear at the 
cervicothoracic junction at 9 weeks in utero and are followed 
by upper cervical then thoracolumbar vertebrae with the 

primary ossification centers of the lumbar neural arches the 
last to appear at approximately 14 weeks in utero. It pro-
gresses more rapidly at the level of the vertebral body in cau-
dal vertebrae and at the level of the posterior arch for the 
cranial vertebrae.

At birth, the position of the conus medullaris (end of the 
spinal cord) is considered abnormal if it is below L3. The 
position of the conus of 84 postmortem fetuses (mean gesta-
tion: 26.3 weeks, 14–41 weeks) was studied using 3D 
MRI. The earlier the gestation, the higher the location of the 
conus. At 20 weeks gestation, 84% of the fetuses had a conus 
located at L4/L5 or higher. At 26 weeks, it had reached L3 in 
50% of the cases and in 94% of cases at the 40th week of 
gestation. This means that there is a gradual ascent of the 
conus throughout fetal life. Although growth is not linear, 
most fetuses have a conus at the same level as the adult from 
the 33rd week of gestation [8].

It is interesting to compare this study with another analyz-
ing a population of 231 men and 273 women of average age 
of 46 years. In this cohort, the position of the conus was on 
average at the level of the lower third of L1. There was no 
significant difference by sex or age [9].

The progressive rise of the conus medullaris relative to 
the spinal canal during fetal life is due to the difference in 
growth velocity between the neural tube and the spine. This 
phenomenon explains why the nerve roots are directed 
upwards and downwards from the spinal canal.

It is commonly accepted that the fetal spine forms only 
a single kyphotic curvature and that lumbar lordosis 
appears with the acquisition of erect posture. This adage 
was contradicted by Choufani et al. [10] in a study analyz-
ing 45 fetal MRIs aged 23–40 weeks of gestation. The 
measurements made on these 3D MRIs were relevant to 
the radius of curvature of the lumbosacral junction. 
Although lumbosacral lordosis was only visible in 60% of 
cases, computer analysis showed that it was present in 
100% of cases. Statistical analysis showed no significant 
correlation between gestational age and lumbosacral lor-
dosis, which means that the existence of this curvature 
could be genetically determined rather than related to the 
acquisition of erect posture.
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The Growing Spine

A. Dimeglio, F. Bonnel, and F. Canavese

 A Mosaic of Growth Cartilage

Spine growth is complex, different from one level to 
another. Each component has its own growth rate, but all 
are synchronized and fit into a well-coordinated schedule. 
The first two months of life are defined: the migration of 
somites and the differentiation of sclerotomes, which are 
organized around the notochord, the true axis of reference. 
The slightest slip in this well-organized scenario… and 
everything changes.

Three major periods mark the growth of the spine:

• The embryonic period in which all the elements are set 
up, i.e., the vertebral envelope and the cord;

• The fetal period that corresponds to the beginning of ver-
tebral ossification;

• The postnatal period is characterized by progression in 
ossification and decisive phases, such as the first 5 years 
of life or the pubertal growth spurt.

 Vertebral Growth Is Growth by Endochondral 
Ossification

This is characterized by a first mesenchymal step, followed 
by a cartilaginous step that serves as a matrix for the third 
step, ossification. Ossification begins early in the third month 
of uterine life and will last for 15 years.

The growth is distinct for the posterior arc whose closure 
is linked to the presence of the neural tube and for the verte-
bral body which behaves like a long bone. The rate of growth 
is different not only at each stage of the spine but also at each 
vertebra. Morphology at the end of growth is the product of 
the synchronized work of more than 130 growth cartilages. 
Any spinal pathology is allied to the dynamics of these 
cartilages.

The growth of the spine is therefore a complex and hier-
archical growth.

 Embryology Holds First Truths

The embryonic period extends from Day 0 to Day 60: 60 
decisive days during which the two essential players, that is 
to say the cord and its roots on one side and the vertebra on 
the other, are placed (Figs. 1, 2, 3, and 4).

The growth cartilage roles are well distributed; the pro-
gramming is hierarchical.

Without going back to the main embryonic stages, we 
note (Fig. 5) the following:

• the decisive role of the future notochord
• the redistribution of sclerotomes… crucial time
• the closing of the posterior arc which is linked to the clo-

sure of the tube.

The sequences are linked to an immutable rhythm.

130 growth cartilages are implicated in the formation 
of the spine. Their roles are well defined. The pro-
gramme is hierarchical.
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 The Fetal Period: The Strongest of All Growth 
Is the Intra-Uterine Period

The fetal period extends from Day 60 to birth. It corresponds 
to the very beginning of the ossification of the vertebral 
body. Cartilage is gradually replaced by the mesenchyme 
(Figs. 6 and 7).

The appearance of cartilage is rapidly followed by ossifi-
cation fronts that progress in the posterior arcs as well as the 
center of the vertebra.

During the fetal period, the proportions change. In the 
2nd month of intrauterine life, the spine is about 2/3 of the 
length of the body. This proportion gradually changes as the 
lower extremities develop (Fig. 8).

In the 5th month of intrauterine life, the length of the 
spine represents only 3/5 of the total length of the fetus. It 
represents only 2/5 at birth toward adulthood (Fig. 9).
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Fig. 1 (a) Thoracic vertebra. 
Transverse section. Fourth 
month of intrauterine life. The 
ossification centers are now in 
place in the future vertebral 
body and in the posterior arcs. 
(b) Three successive and 
overlapping phases: 
Mesenchyme, Cartilage, and 
Ossification. According to 
Tsou. Embryology of 
congenital kyphosis. Clin 
Orthop 1977, 128, 18–25 
(with his permission)

The failed closure of the neural stem (which normally 
closes around the 4th week of intrauterine life) deter-
mines the persistent opening of the posterior arch. All of 
these multiple, complex processes are contemporary and 
can be associated. This explains why a vertebral malfor-
mation can be a polymalformation (eg, spina bifida).

The vertebral body is a vascular sponge.

Annual growth rate vertex–coccyx: 44 cm!

The neurocentral cartilage has a bidirectional activity.
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Vertebral ossification does not occur simultaneously or in 
parallel across the bony parts of the vertebral column. It 
begins in the cervical region and then progresses smoothly 
up and down to the coccyx, at the level of the vertebral body. 
It first appears in the thoracic region, and then from this tho-
racic region, it progresses to the lumbar region and to the 
cervical region. The ossification nucleus of the vertebral 
body morphology changes. It is at first ovoid and becomes 
rectangular with time (Fig. 10).

The ossification of the odontoid and the apex of the odon-
toid is very late, as are those of the sacral pieces (Fig. 11).

The work of ossification progresses extremely slowly. It 
begins in the 2nd month of intrauterine life but only ends 
around the 18th year, and for some, at the 25th year!

 Vertebral Curves Are Not Primitive But 
Acquired

During the first period of intrauterine life, the vertebral col-
umn is substantially rectilinear or with a slight anterior con-
cave curve (Figs. 12 and 13). In the 5th month occurs a slight 

sacro-vertebral angle, establishing the respective limit of the 
lumbar region and the sacral region. But even at birth, there 
is virtually no trace of the inflections that characterize the 
cervical or lumbar regions.

In the fetus the vertex–coccyx distance is 10 cm at 3 months 
and 25 cm at 4 months— the growth is very important between 
the 3rd and 4th months. At the 5th month, the vertex–coccyx 
distance is 30 cm and it will be 35 cm at birth (Fig. 6).

 At Birth, 30% of the Spine Is Ossified

At birth, two elements will play a key role (Fig. 13):

• neurological maturation
• sitting height whose evolution directly reflects vertebral 

growth.

At birth, the vertebrae have three centers of ossification: 
one for the central anterior part, one for each posterior arc. 
The length at the end of growth will have almost tripled.

About 30% of the spine is ossified at birth. There is no 
significant difference between the vertebrae. The vertebral 
body of a thoracic vertebra is about 7 mm in height. The sit-
ting size measures 35 cm.

Evolution of spinal curvatures
Growth is a change of proportions

 The First Five Years of Life Are Decisive: 
Living Growth

The first year of life is dominated by two events (Figs. 14, 
15, 16, and 17):

• the establishment of the osseous medulla, which is 
adjusted relative to its container (cortex);

• the constitution of cervical, thoracic, and lumbar curva-
tures which are dependent on verticalization.

Once erect, around the age of 1 year, the cervical curva-
ture and lumbar curvature settle, they are dependent on neu-
romotor development and neurological maturation which is 
cephalocaudal.

During the first year of life, the vertebral body may pres-
ent as two ossification nuclei, but these small occurrences 
in ossification will unify rapidly. On the other hand, the 
coronal cleft, which is visible sometimes at birth, will dis-
appear during the first year. This radiographic image can be 

After 5 years, the lower limbs grow 3.5 cm per year.

Fig. 2 Ossification of the spine in the third month of intrauterine life
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a b c

Fig. 3 The morphology of the vertebral body evolves: (a) at 3 months 
of intrauterine life, (b) at 4 months of intrauterine life, and (c) at 8 
years. The osseous nucleus changes its morphology, it has the shape of 

a lens at 3 months, then it is ovoid at 4 months of intrauterine life, and 
quadrangular at 8 years

Traversing Bone

Vessels

Fig. 4 Cellular organization 
of the vertebral body around 
the vessels: (a) 2 months of 
intrauterine life and (b) 4 
months of intrauterine life. 
The upper and lower parts of 
the vertebral body are marked 
by growth cartilage (Baldet)
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29

visualized until the age of 4, and it must be considered as a 
variation of endochondral ossification.

Once the closure of neurocentral synchondrosis is com-
pleted, then commences the closure of the posterior arc, then 
only one can really speak of the posterior arc and vertebral 
body, whereas the denomination which precedes these 
actions is the following one: neural arc for the posterior part 
and central point for the future vertebral body.

Growth during this period remains very strong. The sit-
ting height gain is 12 cm in the first year of life; the sitting 
height then increases from 35 to 47 cm. From 1 to 5 years the 

sitting height gain is 15 cm; sitting height increases from 47 
to 62 cm.

Sitting height has increased by 27  cm in 5 years! The 
remaining growth of sitting height after 5 years is 30 cm. In 
other words, within a few centimeters the spine grows as 
much during the first 5 years of life as during all of the rest of 
growth. It is necessary to put in perspective this increase of 
growth of the first 5 years of the life (+27 cm) compared to 
the puberty period where the sitting height grows 12–14 cm.

This growth spurt in the first 5 years of life is even stron-
ger than during the pubertal period.

The sitting height at the end of growth represents 52% 
of the standing height.

Germ cells

Column cells

Chondrocytes

Ossification front

Fig. 5 Cartilage growth. 
Histological structure: with its 
germ cells, its column cells, 
its chondrocytes, and its 
ossification front

3 months 
10cm

4 months 
25cm

5 months 
30cm

9 months 
33cm

Fig. 6 The vertex–coccyx 
distance. In the fetus, at 3 
months, it is about 10 cm and 
reaches 25 cm at 4 months. 
Thus, between the 3rd and the 
4th month, growth is very 
important. In the 5th month, 
the vertex–coccyx distance is 
30 cm, and will be 34 to 
35 cm at birth

From 1 to 5 years, the medullary systemization is 
refined.
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 Growth Between 5 Years and the Beginning 
of the Puberty

From 5 to 10 years, the growth of the trunk, and therefore of 
the spine, slows down as the sitting height will increase by 
about 10 cm. The annual growth rate of the trunk is 2 cm. 
The T1-LS segment grows 1.2 cm per year. The annual elon-
gation of the T1-L5 spine should theoretically not exceed 
1.2 cm per year. We must exploit this soft growth, especially 
when we manage an infantile scoliosis.

 Puberty, a Decisive Turn: New Acceleration

The pubertal peak begins at 11 years of bone age in the girl. 
The remaining growth in sitting height is about 12  cm, 
including 2 years of strong growth where the sitting height 
will increase by 7 cm and 3 years of soft growth where the 

sitting height will increase by only 5 cm. Growth slows down 
after the closing of the elbow growth cartilages.

The pubertal peak in the boy starts later, at 13 years of 
bone age. The remaining growth on the sitting size is 13 cm: 
a sharp growth for 2 years, 13–15 years of bone age, with a 
sitting height gain of 8  cm and a gentle growth at 15–18 
years, where the sitting height gain is 5 cm.

Growth slows down significantly after the closure of the 
elbow growth cartilages.

All these figures are valuable because sitting height is a 
reflection of macrocrine growth, and this macrocrine growth 
is the product of microcurrents that occur mainly in the spine.

Between the ages of 10 and 17, the vertebra has almost 
doubled in size. It is at the time of puberty that the secondary 
ossification nuclei appear (especially at the level of the pos-
terior arc) and the marginal vertebral apophysis that comes to 
sit above and below the vertebral body (Fig. 8).

 Each Level of the Spine: A Different Growth

The spine has almost tripled in length from birth to adult-
hood. It measures in adulthood of 70 cm in the boy, 65 cm in 
the girl. The cervical spine measures approximately 12 cm; 
thoracic spine of about 28 cm; the lumbar spine of approxi-
mately 18 cm; the sacrum of approximately 12 cm. The med-
ullary canal reaches at 5 years 95% of its final size (Figs. 18 
and 19).

 The Cervical Spine

The cervical spine represents 22% of C1-S1 segments. The 
volume of the cervical spine is 9 cm3 at birth. It is 110 cm3 at 
the end of growth. It has been multiplied by 12.

It measures 3.7 cm at birth and 12–13 cm at the end of 
growth. It has almost quadrupled in length. It represents 
approximately 15% of the sitting height at the end of growth 
and as mentioned, 22% of the C1S1 segment. The cervical 
cord is comfortable in the medullary canal. It occupies in the 
adult a surface of 80 mm2, while the average surface of the 
vertebral canal is of the order of 376 mm2.

It is necessary to differentiate the high cervical spine 
C1-C2 and the low cervical spine.

 Central Spinal Canal at the End of Growth

Two entities must be distinguished:

• the superior cervical spine: C1–C2.
• the inferior (subaxial) cervical spine: C3–C4–C5–C6–C7.

Fig. 7 Sagittal section of the spine at 8 months. Ossification is first 
posterior; it extends radiating upwards and downwards
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 Cervical Spine Height

Dimensions
Newborn 6 years 10 years 15 years
3.7 cm 7.5 cm 10 cm 13 cm

From the age of 5 years the medullary canal reaches 95% 
of its area.

 The Superior Cervical Spine

Characterized by its embryological singularity. The lower 
part of the 4th occipital sclerotome and the upper part of the 
1st cervical sclerotome form the top of the odontoid (Figs. 20, 
21, 22, 23, and 24). The lower part of the first cervical sclero-
tome and the upper part of the 2nd sclerotome form the atlas 
and the base of the odontoid (Fig. 25).

The lower part of the 2nd sclerotome and the upper part of 
the 3rd sclerotome form the body of the atlas (Fig. 26).

 The Growth of the Atlas (Figs. 27, 28, and 29)

The body of the odontoid practically represents the body of 
the atlas, but they merge and fit into the vertebral body of 
the axis.

Birth             4 years        7 years

10 –11 years 12 years  in a girl

13 years  in a boy

15 years13 years in a girl

14 years in a boy

6 to 8 years in a girl

7 to 9  years in a boy

12 years.

14 to 25 years.

Fig. 8 The morphology of 
the vertebral body evolves. 
The marginal listel appears at 
the beginning of puberty; the 
complete integration of all the 
listels can occur until the age 
of 25 years

Fig. 9 Neurocentral cartilage has bidirectional activity. It contributes 
posteriorly to the ossification of the posterior arc  and anteriorly to a 
third of the ossification of the vertebral body 
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Fig. 10 Congenital scoliosis. The slightest aggression during embryonic life may be responsible for a malformation of the spine. The hemiverte-
bra deforms the growing spine in the frontal and sagittal plane

Fig. 11 Congenital kyphosis 
by failure of segmentation

A. Dimeglio et al.
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The atlas has two lateral ossification nuclei that become 
the lateral masses.

There is a third nucleus of ossification which is anterior and 
which also contributes to the formation of the posterior arc. 
This ossification nucleus does not appear sometimes before 
the age of 1 year. It can be bifid but it is not pathological.

The ossification of the atlas may be incomplete resulting 
from a pseudo spina bifida. It should not be confused with a 
fracture.

 The Growth of the Axis Is Even More Complex

Ossification of the odontoid appears very early in the 5th 
month of intrauterine life. Two ossification centers appear 

and merge at birth. The top of the odontoid ossifies around 
the age of 6 years.

This terminal ossification fuses with the rest of the body 
of the odontoid at the age of 12 years.

The non-fusion of this center of ossification with the body 
of the odontoid creates the conditions of the odontoid bone 
whose pathogenesis is not very precise. Perhaps congenital? 
Traumatic?

The body of the odontoid is separated from the body of 
the axis by a growth cartilage. But this growth cartilage 
does not have a very elaborate structure. The body of the 
odontoid fuses with the body of the axis around the age of 
6. In children, before the age of 6, an injury of the odon-
toid can therefore lead to detachment of this growth 
cartilage.

 The Lower Cervical Spine

The lower part of the cervical spine C3–C4–C5–C6–C7 is 
characterized by two elements (Fig. 30):

The synchondrosis between the vertebral body and the 
vertebral arch disappears at the age of 6 years. Posterior arc 
fusion occurs around the age of 4 years.

The neurocentral cartilage has a double activity. It con-
tributes anteriorly to 30% of the volume of the vertebral 
body and posteriorly to the growth of the posterior arc.

The medullary canal is wide. It can fit the thumb. The 
anteroposterior diameter reaches its maximum around the 
age of 8 years.

It is 9  mm at birth, 16  mm at 5 years, and 19  mm at 
adulthood.

An anteroposterior diameter at adulthood less than 15 mm 
indicates a narrow canal at C5.

The transverse diameter is wider than the anteroposterior 
diameter:

Thoraco-lumbar
curvature

Thoraco-lumbar
curvature

Cervical
curvature

Cervical
curvature Cervical

curvature

Thoracic
curvature Thoracic

curvature

Sacro-vertebral
curvature

Sacro-vertebral
angle

Sacral
curvature

Fetus at 3 months Fetus at 4 months New born Adult

Fig. 12 Evolution of spinal 
curvatures. Fetus at 3 months: 
large “C” curvature. Fetus at 4 
months: note the appearance 
of the sacro-vertebral angle. 
From birth to 1 year: spinal 
curvatures depending on the 
neurological calendar. The 
holding of the head heralds 
the cervical lordosis, the 
holding of the trunk, the 
thoracic kyphosis and the 
postural verticalization is 
accompanied by the lumbar 
curvature

Fetus at
1 month

At birth 25 y.o.

Head

Trunk

Lower 
limbs

50% 25%

40%

35% 47%

40%

13%

34%

16%

Fig. 13 Growth is a change of proportions. The lower limbs grow 
larger than the trunk, the cephalic sphere diminishes in proportion. At 
birth, the lower limbs measure 15 cm; sitting height 35 cm; at the end 
of growth, the sitting height represents 52–53% of the standing height

After the age of 8, there is no visible growth cartilage.
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13  mm at birth, 22  mm at 10 years, and 27  mm at 16 
years. The cervical cord is comfortable in the medullary 
canal. In adulthood its surface is 80 mm2, while the surface 
of the spinal canal is 376 mm2 (Table 1).

 The T1-S1 Segment (Figs. 31a, b, 32, and 33)

It represents almost 50% of the sitting height. It is on this 
segment that presents all of the most common spinal affec-
tions such as scoliosis or kyphosis. It measures about 19 cm 

at birth, 45 cm at the end of growth in the boy and 42–43 cm 
in the girl.

 The Thoracic Spine T1-T12 (Figs. 34 and 35)

The thoracic spine represents 2/3 of the T1-S1 segment. It 
measures schematically 11 cm at the birth and 26 cm at the 
end of growth in the girl, 28 cm in the boy. It grows from 15 
to 17 cm during all of the growth. It is more than doubling its 
birth size.
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Fig. 14 Annual speed of 
male sitting height—12.4 cm 
gain in the first year of life; 
note the slowdown after the 
age of 5. From 0 to 5 years, 
sitting height increases as 
much as the lower limb. After 
5 years and until puberty, the 
lower limb increases more 
than the trunk. After puberty, 
the trunk grows larger than 
the lower limb 
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Fig. 15 Annual growth rate 
of sitting waist in the girl. The 
sitting height gain is 12 cm in 
the first year of life; after the 
age of 5 and until puberty: 
annual gain is about 2.4 cm 
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The T1T12 segment represents 30% of the sitting 
height: in other words, a thoracic vertebra represents 2.5% 
of the sitting height, which means that a perivertebral epi-
physiodesis will result in a statural deficit of 2.5% of the 
sitting height. Posterior arthrodesis results in only one-
third of this deficit, i.e., 0.8% per thoracic vertebra, i.e., 
less than 1%. The medulla occupies an area of 0.4 mm2, 
that is to say about 25% of the area of the vertebral canal 
(Table 2).

 The Lumbar Spine L1-L5 (Figs. 36 and 37)

It represents 1/3 of the T1-S1 segment. Around 7 cm at birth: 
16 cm at the end of growth in the boy and 15.5 cm in the girl. 

The L1-L5 segment represents 18% of the sitting height: a 
lumbar vertebra is 3.5% of the sitting height, which means 
that a total perivertebral epiphysiodesis sterilizing all the 
growth cartilages would result in a deficit of 3.5% of the final 
sitting size. On the other hand, posterior vertebral 
 epiphysiodesis would result in only one-third of this deficit, 
or just over 1% (Table 3) (Figs. 38 and 39).

 The Sacrum

Its ossification is complex. It measures 3  cm at birth and 
12 cm at the end of growth. Like the cervical spine, it repre-
sents about 15% of sitting height. It is composed of a large 
number of growth cartilages (see pelvic vertebra).

New born 5 years o. 10 years o. Adult

92cm

74cm

62cm

35cm

Fig. 16 Average sitting 
height in the boy. At the end 
of growth, the average sitting 
height of a boy measuring 
1.75 m is 92 cm 

88cm

73cm

61cm

34cm

New born 5 years o. 10 years o. Adult

Fig. 17 Average sitting 
height in the girl. At the end 
of growth, the average sitting 
height of a girl who measures 
1.67 m is 88 cm 
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Birth 5 years 10 years Adult

Fig. 18 From left to right. Cervical spine 2nd vertebra at birth, 5 years old, 10 years old, adulthood. From the age of 5, the cervical spine is fully 
grown. Inferior cervical spine, C4 at birth, 5 years old, 10 years old, and as an adult

a b c

Fig. 19 Central spinal canal at the end of growth. (a) The cervical vertebra admits the thumb. (b) The lumbar vertebra admits the index. (c) The 
thoracic vertebra admits the 5th finger

A. Dimeglio et al.
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 The Intervertebral Disc

Its height varies from cervical spine to lumbar spine. Overall, 
the intervertebral discs represent 24% of the spine.

 The Growth of the Thorax: 4th Dimension 
of the Spine

The growth of the thorax (Figs. 40, 41, and 42) is part of the 
growth of the spine. The reasoning on scoliosis is theoreti-
cally three-dimensional reasoning. This reflection was done 
in successive stages. At first, deformations of the vertebra on 
the horizontal plane were noted; secondly, it was understood 
that balancing the spinal profile was perhaps more important 
than correcting the frontal plane; Today, it remains an addi-
tional step to make that of the 4th dimension: to control a 
scoliosis, it is also to balance the thorax and to take account 
of its growth. Scoliosis is a four-dimensional disease.

When comparing the sitting height to the chest perimeter, 
it turns out that at 10 years old, the child reaches 80% of his 
final sitting size, while the chest perimeter reaches 73–74%. 
He thus has an asynchronous growth between the sitting 
height and the thoracic size.

The thoracic perimeter is a crude and valuable indicator 
of chest growth. Growth evolves on a ternary rhythm: active 
during the first 5 years of life, slower from 5 years to puberty, 
then very strong at puberty.

The thoracic perimeter is about 32 cm at birth; it will later 
measure about 89  cm. It grows about 56  cm, measuring 
almost 2.8 times its birth size. It has more than doubled, 
almost tripled.

The thoracic perimeter grows much faster than the 
upper segment or sitting height of 0 to 1 year, much 
less quickly between 1 and 10 years, and much faster 
from 10 years.

Fig. 20 Evolution of the 4 occipital somites and the first 3 cervical 
somites. The darker areas represent the 2nd to the 4th occipital somites, 
which contribute to the formation of the superior cervical spine

Fig. 21 Embryology: formation of the odontoid within the mesenchy-
mal tissue
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At birth, the chest perimeter represents 97% of the sitting 
height: it measures 32  cm while the sitting size measures 
35 cm.

At 1 year, the sitting height is almost the same value as the 
chest perimeter.

At the end of growth, the chest perimeter represents 95% 
of the sitting height.

The growth of the thoracic perimeter is active from 0 to 5 
years. It increases by 24 cm.

From 5 to 10 years, growth is slower. The chest perimeter 
measures 66 cm at 10 years, so it increases by 9.9 cm. At 10, 
it represents 73% of its final value.

At 18: new acceleration. The thoracic perimeter measures 
89 cm in the boy; it has increased by 23 cm between 10 and 
18 years.

From 10 years to 18 years the thoracic perimeter increases 
as much as between birth and 5 years.

The anteroposterior diameter in boys is about 11 cm at 
birth, which is about 53% of the anteroposterior diameter of 

the adult; at the end of growth it measures about 21 cm so a 
boy can grow about 10  cm and double his birth 
measurement.

In the girl, the values are almost superimposable.
The transverse thoracic diameter is approximately 14 cm 

at birth, i.e., approximately 50% of the thoracic and trans-
verse diameter; at the end of growth it measures 28 cm, so it 
doubles its birth size. The transverse diameter grows much 
more than the anteroposterior diameter. Between the trans-
verse diameter and the anteroposterior diameter, the differ-
ence is about 2.5 cm at birth, it is about 7 cm at the end of 
growth. The ratio of the transverse diameter to the thoracic 
diameter is relatively stable. It is stable from the age of 4 
years.

Volumetric growth of the thorax.
All growths do not evolve at the same rate.

Fig. 22 The growth cartilages of the first cervical vertebra. The 2 lat-
eral nuclei of the body of the odontoid merge before birth

Fig. 23 Odontoid in the 8th month of intrauterine life. The 2 body 
cores of the odontoid are about to merge

Fig. 24 Odontoid at birth. Frontal cut

Growths are interdependent but not all grow at the 
same pace.
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Fig. 25 Cervical spine, sagittal cut. Ossification is initially dorsal and 
extends radiating upwards and downwards. Note that the odontoid pro-
cess is still completely cartilaginous on an 8-month-old fetus

Fig. 26 Cervical vertebra at birth. X-ray horizontal section. Note the 
importance of the cartilaginous mass; the vertebral body can appear 
only at the age of 1 year. The neurocentral cartilage merges. The 2 pos-
terior arcs merge posteriorly toward 6 years 

Fig. 27 Odontoid calendar. Development of the second cervical verte-
bra. Two centers of ossification appear “in the heart of the odontoid” at 
the 4th month of the fetal life; they merge before birth. The fusion 
between the body of the odontoid and the neurocentral cartilages occurs 
around the age of 6 years. A nucleus of higher polar ossification appears 
around the age of 3. The odontoid bone fuses at the top of the odontoid 
with the body of the odontoid around the age of 12 years. The two neu-
ral arches fuse posteriorly around the age of 4, it persists at about 6 
years, a much reduced growth sequence between the body of the odon-
toid and the body of the atlas

Fig. 28 The odontoid process at age 8 is completely ossified
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 Bodyweight

The anteroposterior diameter represents 75% of the trans-
verse diameter from the age of 5 years. The anteroposterior 
diameter represents on average 21% of the sitting height. 

The transverse diameter represents on average 30% of the 
sitting height.

There are two types of thorax to differentiate:

• a balanced thorax: the anteroposterior diameter and the 
frontal diameter represent more than 50% of the sitting 
size. The chest perimeter represents 95% of the sitting 
height.

1 2 3 4 5

Fig. 29 Morphological abnormalities of the odontoid. 1. Normal 
odontoid apophysis; 2. Atrophic odontoid apophysis; 3. Os odontoi-
deum; 4. More severe os odontoideum malformation; 5. Absence of 
odontoid process

Fig. 30 Lower cervical spine. Frontal cut at 8 years old

Table 1 The cervical spine

Anteroposterior diameter Transverse diameter Surface
Canal 17 mm 27 mm 376 mm2

Cord 8 mm 13 mm 80 mm2

Cord Anteroposterior diameter Transverse diameter Surface
Cervical 8 mm 13 mm 8 mm2

Thoracic 6 mm 8 mm 4 mm2

T1-T12
30%

L1-L5
18%

a

b

Fetus

0-5 y. o.

5-10 y. o.

10-18 y. o.

T1-S1 49%

Fig. 31 (a) The T1-S1 segment represents approximately 49–50% of 
the sitting height, the thoracic spine 30%, and the lumbar spine 18%. 
(b) The T1-S1 segment represents at birth 44% of its final size; high 
growth is recorded in the first 5 years of life and at puberty
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• an unbalanced thorax: the anteroposterior diameter and 
the frontal diameter represent less than 45% of the sitting 
size. The chest perimeter is less than 90% of the sitting 
height.

In both boys and girls, the thoracic volume at birth repre-
sents 6–7% of the final thoracic volume. It increases about 
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Fig. 32 Segment T1-S1 in the boy. T1-S1 is about 45 cm in adulthood. 
The increase is about 25 cm during entire growth. Between 5 and 10 
years the speed of growth collapses (1 cm/year). In the 10-year-old boy, 
there is 9.5 cm left to run on the thoraco-lumbar spine
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Fig. 33 Segment T1-S1 in the girl. T1-S1 is about 42 cm in adulthood. 
The increase is about 22 cm during entire growth. Between 5 and 10 
years, the growth rate is only 1 cm per year. In the girl, at 10 years, there 
is 6.5 cm left to grow in the thoraco-lumbar spine (T1-S1)
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Fig. 34 T1-T12 segment in the boy. The thoracic segment of the boy is 
a little larger (28  cm versus 26.5) than that of the girl at the end of 
growth. It is multiplied by 2.5 cm between birth and adulthood. It has 
almost doubled to 10 years. Of all growth, the most important is that 
which occurs from 0 to 5 years. In the boy, at 10 years, there is 6 cm left 
to grow on the thoracic spine 

Centimeters

Years

26,5 cm

0 5 10 18

30

25

20

15

10

5

0

Fig. 35 Segment T1-T12 in the girl. At birth, the T1-T12 segment is 
11 cm, there is actually about 4 cm of disc, or more than 30%. Up to 10 
years, there is less significant difference between boy and girl. The 
T1-T12 segment of the girl is a little smaller than that of the boy at the end 
of growth. In the girl, at 10 years, there is 4 cm left to grow on the thoracic 
spine. The thoracic vertebra represents 2.5% of the sitting height 

Table 2 Thoracic vertebra

Age (years) Size Volume
New born 0.6 cm 1.2 cm3

2 years 1.1 cm 8.6 cm3

4 years 1.3 cm 12.8 cm3

10 years 1.6 cm 18.7 cm3

18 years old 2.2 cm 39.4 cm3
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Fig. 36 L1-L5 segment in the boy. At birth, the L1-L5 segment is 
7 cm. It is approximately identical to that of the girl until adulthood, or 
greater by 0.5 cm. In the boy, at 10 years, there remains 3.5 cm left to 
grow on the lumbar spine 
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25% during the first 5 years of life and especially it will 
increase by 50% between 10 and 15 years.

Campbell (San Antonio) (Fig.  43) has shown that in 
severe scoliosis (the first five years of life), it is preferable to 
“open the thorax” rather than strive to reduce a spine 
deformed by major kyphosis or progressive scoliosis. He has 
therefore devised an instrumentation which makes it possible 
to create distraction or compression; similar to that of an 
Ilizarof apparatus, a circular external fixator, likely to open 
the ribcage when the thorax is too retracted.

He understood that the fundamental objective in any scoli-
otic or kyphotic curvature was to protect the spinal cord and 
also to give the space necessary for pulmonary development, 
avoiding the retraction of the thoracic cage. This new concep-
tion of scoliosis surgery has opened up many perspectives, 
particularly in the treatment of severe paralytic scoliosis, 
severe congenital scoliosis, and severe juvenile scoliosis.

The opening and the maintenance of the thorax are simi-
lar to the opening of an umbrella or a parasol. The study of 
severe infantile scoliosis revealed the interaction of growths: 

growth of the spine, growth of the thorax and sternum, car-
diopulmonary growth. The vertebral-costo-sternal frame 
under the effect of scoliosis deformity and loses its elasticity 
(Figs. 44 and 45).
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Fig. 37 (a) L1-L5 segment in the girl. At birth, the L1-L5 segment is 
7 cm. The L1-L5 segment is constantly about 0.5 cm greater than the 
boy, up to 10 years. At the end of growth, it is about 0.5 cm less than in 
the boy. (b) Segment growth rate curve (average between girl and boy). 

The fastest growth is between 0 and 5 years old. The peak of pubertal 
growth shows a strong recovery. (c) Speed of growth expressed in cen-
timeters in infantile scoliosis

Table 3 Lumbar vertebra

Age (years) Height Volume
New born 0.83 cm 2.0 cm3

2 years 1.6 cm 18.4 cm3

4 years 2.0 cm 24.0 cm3

10 years 2.4 cm 43.0 cm3

18 years old 3.3 cm 87.0 cm3
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Fig. 38 Annual growth rate of the lumbar vertebra. The pubertal thrust 
creates a growth peak of 1.6 mm, while between 5 and 10 years, there 
is a slump in the growth rate. Between the ages of 13 and 15 years in 
boys, there is a marked increase in growth rate
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 Parasol Effect

Early vertebral graft blocks thoracic growth and lung 
development:

• The spinal canal is predominately that of early growth, 
around the age of 5. As a result, early perivertebral 

arthrodesis (around the age of 5 years) is not likely to lead 
to stenosis of the spinal canal;

• Only perivertebral arthrodesis can control all anterior and 
posterior growth cartilages, especially in severe scoliosis. 
Theoretically, the best way to control an evolutionary 
 curvature is to lock all the growth cartilages involved in 
the curvature—to avoid the crankshaft effect;

• Posterior vertebral graft slows the growth of the vertebral 
body by 23% anteriorly. The vertebral bodies are there-
fore partly influenced by the posterior graft. Winter 
showed that posterior arthrodesis was able to correct a 
congenital kyphosis;

• Hemi-arthrodesis can be performed in congenital scolio-
sis; they relate to the convex side of the spinal deviation, 
thus fixating the physis for half of the vertebral body and 
thus half of the vertebra. In addition, Winter has shown 
that anterior and posterior hemi-arthrodeses are effective 
only to the extent that it is performed before the age of 5 
years.

• Roaf has shown that an epiphysiodesis of the vertebral 
body is likely to cause at each vertebral segment an angu-
lar gain of the order of 10–15°. Hence the interest in ver-
tebral staples previously, or more conventionally, that of 
tethering.

• Canavese and Karol showed that early arthrodesis of the 
thoracic spine before the age of 5 blocks the growth of the 
anteroposterior diameter of the thorax, vertebral body 
growth, thoracic growth, and lung development. This fun-
damental work led to a strategic reversal. The distraction 
of the spine, the opening of the thorax to facilitate the 
development of the lung has replaced early vertebral fixa-
tion (Table 4).
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Fig. 39 Respective percentages of bone and disc in the total height of 
the spine. In the cervico-thoracic spine, the discs represent about 1/4 of 
the total height, the vertebrae 3/4. At the lumbar level, the discs repre-
sent about 1/3 of the height, whereas the lumbar vertebrae represent 
only 2/3 of the height 
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50%

100%Fig. 40 At 5 years, the 
thoracic volume reaches 30% 
of its final size; the volume of 
the thorax doubles from 10 
years to skeletal maturation 
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 What Size Deficit for Which Arthrodesis?

Three questions must first be answered:

• specify the bone age. Bone age is in phase with chrono-
logical age in only 50% of cases;

• measure sitting height;
• evaluate on the growth curves the remaining sitting size 

(Figs. 46, 47, 48, and 49).

 First Scenario: Arthrodesis of the Thoracic Spine

The thoracic spine represents 30% of the sitting height. 
This ratio is constant from the age of 5 years. Each thoracic 
vertebra represents approximately 2.5% of the sitting 
height.

When puberty begins, there remains 13% of growth 
both in the boy and in the girl for sitting height. When the 
elbow fuses, there remains at 13 years of bone age in the 

T1-S1
69%

31%

26%

Bodyweight

Fig. 41 At the age of 5, the 
weight reaches 26% of its 
final size; the chest is 31% 
while the T1-S1 segment is 
69% of its final size 

Fig. 42 The shape of the thorax evolves with growth. The thorax is spherical at birth, it becomes ovoid with growth, the anteroposterior diameter 
grows less rapidly than the transverse diameter. The volume of the thorax is multiplied by five from birth to 5 years 
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Fig. 43 In severe scoliosis before the age of 5, the retraction of the thorax compromises cardiopulmonary growth. Campbell et al. (San Antonio) 
has proposed correcting this retraction and opening the thoracic parasol

a b

Fig. 44 (a and b) Infantile scoliosis causes a severe deficit in sitting height. Infantile scoliosis at 16 years old. Deficit on sitting height, 25 cm. 
Weight, 22 kg (weight of a child of 6 years). Abnormal growth of the lower limbs
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girl (6 months before the appearance of Risser I) and 15 
years of bone age in the boy, 5% further growth in sitting 
height.

The epiphysiodesis of all growth cartilages of a thoracic 
vertebra therefore results in a “remaining” sitting size deficit 
of 2.5%.

The epiphysiodesis of the thoracic spine at the age of 5 
years in the boy is analyzed as follows: remaining sitting 
height of 31 cm; neutralization of 30% of the remaining sit-
ting size. The deficit of sitting height of 9.3 cm.

For girls: 5 years, sitting height 28 cm: neutralization of 
30% of the remaining sitting size is 7.8 cm.

At the age of 10 years, the remaining sitting height in the 
boy is about 20 cm. Blocking growth of the T1-T12 segment 
will result in a deficit of 5 cm.

When the boy’s puberty begins at age 13, there is about 
13 cm left on the sitting height; the deficit of a perivertebral 
arthrodesis T1-T12 will be of the order of 3.9 cm.

Growth diagrams make it easily possible to evaluate the 
deficit.

 Second Scenario: Arthrodesis of the Lumbar 
Spine

The lumbar spine represents 18% of the sitting height. Each 
lumbar vertebra contributes 3.5% of sitting height.

An arthrodesis of the entire lumbar spine in the boy at 5 
years will result in a deficit of 5.6 cm, at 10 years of 3.6 cm, 
to 13 years of 2.3 cm, at 15 years of 0.9 cm.

In the girl a perivertebral arthrodesis of the complete lum-
bar spine will result in a deficit of 5 years of 4.7 cm, at 11 
years of 2.1 cm, at 13 years of 0.9 cm.

The detailed analysis of these deficits shows that a 
periventricular arthrodesis performed at the onset of 
puberty finally leads to a relatively small sitting height 
deficit.

Fig. 45 Infantile scoliosis causes penetration of the vertebral body into 
the thorax

Table 4 Spine growth in percentage

Age (years) % sitting height (girls) % sitting height (boys)
2 58% 57%
5 70% 67%
10 84% 80%
11 87% 82%
12 91% 84%
13 95% 87%
14 97% 91%
15 100% 95%
16 100% 97%
17 100% 100%
18 100% 100%
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Fig. 46 Evolution of sitting height in boys
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These figures relate to periventricular arthrodesis. When 
arthrodesis is only posterior, the deficit to be considered is 
only 1/3 compared to a deficit of periventricular arthrodesis 
(Figs. 50 and 51).

 All Scoliosis Will in Time Become Identified 
as a Growth Cartilage Disease

Disturbing a single cartilage challenges the morphology of 
the whole vertebra. Any aggression on a growth cartilage 
that is mechanical, malformative, or metabolic resonates on 
the whole vertebral column.

The growth disorder can strike indiscriminately at  all the 
cartilages of the same vertebra, it can be more selective and 
touch the posterior cartilages or the anterior cartilages. In this 
case, it determines an asynchronous growth that will result in a 
deviation. The involvement of the posterior structures leads to 
a sagittal imbalance. Disturbance of one side of the vertebral 
body can lead to vertebral deviation. Scoliosis exerts greater 

pressure in the concave zone and weaker in the convex zone. It 
compresses some cartilages and limits other cartilages. It is 
responsible for a curvature that is self- sustaining. Kyphosis is 
due to a malformation of the anterior growth cartilages; it cre-
ates a difference of growth potential in favor of the posterior 
arc. Vertebral ossification is progressive, which explains why 
radiographically a segmentation defect due to a congenital 
malformation does not always appear clearly at birth.

It is necessary to wait several years for example, before 
identifying on radiograph, a defect of vertebral ossification 
caused by Klippel-Feil syndrome.

These vertebrae are sensitive to pressure, so the vertebral 
bodies have an abnormally high height in bedridden chil-
dren, often seen in cerebral palsy, due to a lack of stress on 
the vertebral body (Fig. 52).

 The Growth of the Spine: From Normal 
to Pathological

Normality makes it possible to better assess deficits. To grasp 
the complexity of growth, it is necessary to regularly measure 
the sitting height, the chest perimeter, the T1-S1 segment and 
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especially the annual growth rate of the sitting height (Figs. 53 
and 54).

In severe infantile scoliosis, the loss of sitting height for a 
curvature of 100° can be 15 cm!

The interdependence of growth is at the heart of the prob-
lem. The growths are synchronized but do not evolve at the 

same pace. For example, at age 5, the growth of the thorax is 
very late compared to the growth of the spine. But at puberty, 
there is a catch-up. The thorax grows larger than the sitting size.

The risk of infantile scoliosis is primarily cardio- 
respiratory! It is necessary to act quickly during the first 5 
years of life (Campbell). The lung abnormalities are irrevers-
ible. Abnormal growth tends to spread. This is a domino effect: 
abnormal growth of the spine, then the chest, then the lung.

Infantile scoliosis with growth changes in nature. It 
becomes a pediatric condition with cardio-respiratory and 
nutritional problems.

 Managing Infantile Scoliosis Is Controlling 
the Vilebrequin Effect

It means approximating a course of normality. It is to marry 
the growth rhythms.

The crankshaft effect is omnipresent. There is no ideal 
instrumentation to control it. Its expression is multiple. It is 
expressed on the apical curvature, on the frontal, sagittal, hori-
zontal plane, upstream, and downstream! Nothing can contain 
it (except unfortunately a complete perivertebral arthrodesis).

 1. The first five years of life: do not forget that the spine 
grows more than during all the other years (by 5 years the 
sitting height increases to 27 cm and the weight to 17 kg).

 2. Between 5 years and the beginning of puberty, the sitting 
height increases by about 2.5  cm per year, the weight 
by 2.5 kg per year. To stay on course is to respect those 
numbers.

 3. At puberty, one has to prepare for acceleration. Knowing 
that a scoliosis of 30° at the beginning has a 100% risk of 
being surgical. One must anticipate this.
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Fig. 49 Standard deviations of T1-S1  in the girl. Expression of the 
average in percentage. At birth T1-S1 represents 36%, at 10 years 
83.3%, at 11 years (beginning of puberty), it represents 87.6% 
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One must not forget that the volume of the thorax doubles 
and the weight doubles. It goes from 30 kg at 10 years to 
60 kg at 15 years. The centimeters that are lost from fixation 
during puberty are minute. To keep control of the events, it is 
necessary to anticipate the accelerations.

The aim for infantile scoliosis at the end of growth is as 
follows: a weight greater than 40 kg, a vital capacity of at 
least 50%, a length of the thoracic spine of 22 cm, a length of 
T1-S1 of 30 cm (Table 5).

To know a little more: all the growth curves are in the 
book “La croissance du rachis” (A.  DImeglio  - 
F. Bonnel) SpringlerVerlag 1990.
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puberty relative to Risser 
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A. Dimeglio et al.



51

Suggested Readings

Dimeglio A. Growth in pediatric orthopedics. In: Morrissy R, Weinstein 
S, editors. Lovell and winters pediatric orthopedics, vol. 1. 
Philadelphia: Lippincott Williams and Wilkins; 2006.

Dimeglio A. Growth of the spine before age 5 years. J Pediatr Orthop 
B. 1993;1:102–7.

Dimeglio A, Bonnel F.  In: Al R, Choux M, Di Rocco C, editors. 
Principles of pediatric neurosurgery, the pediatric spine, vol. 9. 
New York: Springer; 1989. p. 39.

Dimeglio A, Bonnel F. Le Rachis en Croissance. Paris: Springer; 1990.
Dimeglio A, Bonnel F, Canavese F.  In: Arkbania BA, et  al., editors. 

The normal growing spine in the “growing spine”: Springer; 2014. 
p. 47–81.

Dimeglio A, Canavese F. In: Nnadi C, editor. Development of the spine 
in early onset: Ed Thieme; 2015. p. 13–22.

Dimeglio A, Canavese F. The growing spine: how do spinal deformi-
ties influence normal spine and thoracic spine growth. Eur Spine J. 
2012;21:64–70.

Dimeglio A, Canavese F, Charles YP.  Growth and adolescent 
idiopathic scoliosis: when and how much? J Pediatr Orthop. 
2011;31(Suppl):S28–6.

Table 5 Reference figures worth knowing

Birth Standing height: 50 cm
Sitting height: 35 cm

5 years Standing height: 1.04 m–1.10 m
Sitting height: 62 cm (approximately)
Remaining sitting height:
  33% for boys: about 30 cm
  30% for girls: about 25 cm

11 years old bone age
Girls

Early puberty in girls
Remaining standing height: 18 cm
Remaining sitting size: 12 cm
Remaining sitting height: 13%

13 years old bone age
Boys

Early puberty in boys
Remaining standing height: 20–22 cm
Remaining sitting size: 13 cm
Remaining sitting height: 13%

Sitting size
End of growth

End of growth
52% of the standing height
Average:
  90 cm/1.70 m standing height in boys
  85 cm/1.65 m standing height in girls

Vertebral column 2nd month of intrauterine life: 2/3 of body 
length
5th month of intrauterine life: 3/5 of body 
length
Birth: 2/5 of body length
End of growth:
  70 cm in boys (approximately)
  65 cm in girls (approximately)

Spinal discs 24% of the spine
T1 S1 50% of the sitting height (exactly 49%)

At birth: 19 cm
At the end of growth:
  45 cm/1.70 m of standing height in boys
  42 cm/a sitting height of 85 cm in girls

T1 T2 2/3 of T1-S1
30% of sitting height
Birth: 11 cm in length
End of growth: length
Girls: 26 cm
Boys: 28 cm

L1 L5 1/3 of the T1-S1 segment
Birth: length 7 cm
End of growth: 16 cm
18% of sitting height
3.5% of sitting height per vertebra

Thoracic perimeter Birth: 32 cm/97% of sitting height
End of growth: 95% of sitting height

Anteroposterior 
diameter of the thorax

75% of the transverse diameter
Birth: 11 cm
End of growth: 22 cm
21% of the sitting height

Transverse diameter of 
the thorax

Birth: 12 cm
End of growth: 28 cm
30% of sitting height

Balanced chest Beginning of puberty:
Front diameter + anteroposterior 
diameter = 50% of the sitting height
Thoracic Perimeter: 95% of the sitting 
height

Table 5 (continued)

Unbalanced chest Start of puberty:
Front diameter + anteroposterior 
diameter = 45% of sitting height
Thoracic perimeter: 90% of sitting height

Thoracic Birth: 6%
5 years: 30%
10 years: 50%
17 years: 100%

Risser I Fusion of distal phalanges
“In general”
Bone age:
13 years 6 months in girls
15 years 6 months in boys
Remaining growth: 4–4.5 cm
End of growth of the lower limbs

Risser II Fusion of metacarpophalangeal growth 
cartilages
Bone age:
14 years in girls; 16 years in boys
Remaining growth on the spine: 3 cm

Risser III Fusion of the interphalangeal cartilages
Bone age: 14 years 6 months in girls;
16 years 6 months in boys
Growth remaining on the spine: 2 cm

Risser IV Fusion of the distal elbow
Bone age: 15 years in girls
17 years in the boy
Growth remaining on the spine: 1 cm

Risser V Fusion of the radial epiphysis
Bone age: 15 years 6 months in the girl;
17 years 6 months in boys
Growth remaining on the spine: 0 cm

T1-S1 segment = 50% of the sitting height
T1-T12 thoracic segment = 2/3 of the T1-S1 segment
L1-L5 lumbar segment = 1/3 of the T1-S1 segment
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The Growth Cartilages of the Spine 
and Pelvic Vertebra

Jean Marc Vital, A. Dimeglio, M. Petit, and L. Boissière

Growth cartilages forge the morphological identity of the 
spine and pelvis. The pelvic vertebra is considered part of 
this ensemble.

The radiological images of these growth cartilages reli-
ably document the maturation of the spine. They constitute a 
true calendar on which the clinician can define their strate-
gies and make their decisions.

Frequent questions:

We will describe in this chapter aspects of secondary ossifi-
cation of the spine and pelvis as described by Jean Dubousset 
(see Chapter “Sacrum Anatomy: New Concepts”). We will 
describe the neurocentral cartilage (NCC) and the ring 
apophysis of the spinal vertebra, the triradiate (or Y) carti-
lage and the epiphyseal nucleus of the iliac wing (as applied 
to the Risser staging) for the pelvic vertebra regarding moni-
toring growth and their involvement in scoliosis or kyphosis 
of Scheuermann’s disease.

 Neurocentral Cartilage (NCC)

The NCC (or intermediate cartilage or synchondrosis of 
Schmorl and Junghanns [1]) (Fig. 1) is located at the junction 
of the body (or centrum) and the neural arch. Histologically, 
it is bipolar with an alignment of cell columns facing each 
other, as it is located at the junction between the two primary 
ossification nuclei of the vertebral body and the neural arch 
(Fig. 2). It has a histological structure quite like that of the Y 
cartilage, which will be described later. Its maximum activity 
is in the first 5–6 years and its closure date has been approxi-
mated to 5–6 years by Knutsson [2], 5 years by Nicoladoni 

J. M. Vital (*) · M. Petit · L. Boissière 
Spinal Unit, University Hospital, Bordeaux, France 

A. Dimeglio 
Department of Pediatric Orthopedic Surgery, Polyclinique Saint 
Roch, Montpellier, France

From what age can a screw be inserted to the growing 
pedicle without compromising the dimensions of the 
spinal canal?

Does unilateral screw fixation of the neurocentral car-
tilage induce scoliosis?

How early can one radiologically detect an abnormal 
ring apophysis in a Scheuermann’s disease before ver-
tebral body wedging?

Can we decide on the timing or removal of a spinal 
brace based only on Risser’s staging?

How can one plan the surgical strategy for a Risser 0 
despite knowing that Risser 0 represents two thirds of 
puberty?

What value should be attributed to Risser staging?

Should timing of surgery be based on the closing of the 
triradiate cartilage to limit the risk of a crankshaft 
effect?
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[3], 10 years by Ottander [4], 14 years by Bouillet [5], 15 
years by Mineiro [6] and 16 years by Canadell [7]. The 
authors concur that the cervical and lumbar NCCs close 
before the thoracic NCCs (Figs. 3 and 4).

We studied the anatomy of 20 children from under 1 year 
to 16 years and CT scans of 30 children from 3 to 18 years 
(10 healthy children with axial images at T8 and 20 
pathological cases including 15 congenital scoliosis, 2 lordo- 
scoliosis and 3 severe kyphoses) [8].

Table 1 shows the series of anatomical specimens studied 
by Beguiristain (Fig. 5). On these vertebrae of different ages, 
there was a natural progressive narrowing of the NCC 
towards closure, a relative decrease in the antero-posterior 
direction (study of the ratio (AC/AB)) due to the continued 
growth of the vertebral body while the posterior arc no lon-
ger increases (Figs. 6 and 7) and a relative horizontalization 
of the NCC in the axial plane (Fig. 8). For the CT scan, gen-
eral anaesthesia had to be performed in those under 3 years 

a

b

Fig. 1 Schmorl’s original 
drawing of a thoracic vertebra 
showing (a) the NCC and (b) 
the ring apophysis

a cb

Fig. 2 Histology of the NCC: (a) active bipolar cartilage, (b) cartilage at a later age, (c) closed cartilage
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of age and positioned in the lateral decubitus with a small 
bolster in the cases of scoliosis to horizontally align the 
inclined vertebrae and avoid a false image plane (pre-digital 
imaging) (Figs. 9 and 10). The constants selected for the CT 
were 800–1600 Hounsfield units. The sections studied were 
sagittal and coronal (Fig. 11). This examination, more pre-

cise in the study of the NCC than MRI, made it possible to 
recognize its shape, and thus its complete closure, occurring 
very late (Fig. 12). We have also shown the asymmetrical 
closure of concave and convex NCCs in scoliosis, as dis-
cussed later. MRI was used by Yamazaki et al. [9] to study 
the age of NCC closure in the thoracic spine: between 11 and 
16 years for girls and 12 and 16 years for boys.

The NCC has another polarity: it ossifies the vertebral 
body and the posterior arch

The NCC has a dynamism of growth: it changes spatial 
orientation as it self horizontalises over time.

C

T

L

Fig. 3 Chronology of closure of the NCC initially in cervical and lum-
bar, then in the thoracic spine

a b
Fig. 4 Chronology of closure 
of the NCC in the same child 
with a double curvature: (a) 
right thoracic, (b) left lumbar. 
The closure is earlier in 
lumbar than in the thoracic

Table 1 Anatomical specimens

Number Age Gender
1 Foetus M
3 New born 1M 2F
1 3 months M
1 11 months M
2 2 years 1M 1F
2 3 years 2M
1 4 years F
2 5 years 2F
1 6 years M
1 7 years M
1 9 years F
1 11 years M
1 12 years M
1 14 years F
1 16 years M
20 12M 8F
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a b c

Fig. 5 Anatomy of the NCC on 3 thoracic vertebrae of different ages, a = newborn, b = 6 years, c = 12 years

A

B

C

e

Fig. 6 NCC anatomy: e = thickness, AC/AB = anteroposterior position 
of the NCC

a b
Fig. 7 NCC anatomy 
evolution of the AC/AB ratio: 
a = vertebra of 10 years, 
b = vertebra of 16 years
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Fig. 8 Anatomy of the NCC: Horizontalisation over time

Fig. 9 Positioning in lateral 
decubitus to minimize 
scoliosis, with an image taken 
at the level of the apical 
vertebra

The NCC has a double action (Figs. 13, 14): control of the 
anteroposterior dimension of the central spinal canal, which 
is therefore fixed early, as shown by Knutsson [2] (Fig. 15), 
and height of the posterior 1/3 of the vertebral body.

Nicoladoni [3] has shown, on histological sections of 
scoliotic vertebrae, the earlier closure of the convex NCC 
(Fig. 16). Beguiristain et al. [10] showed on the growing pig 
that unilateral screw fixation of the NCC caused a scoliosis 
with rotation of the convex side corresponding to the side of 
the NCC interupted by the screw fixation (Fig. 17). The same 
result was obtained more recently by Zhang and Sucato [11]. 
In our study, the scanners performed early in the case of 
early scolioses allowed us to recognize this early closure of 
the NCC on the convex side (Fig. 18); The concave part of 
the neural arc is longer, since the NCC acts longer on this 
side, which goes in the direction of the rotation of the body 
towards the convexity (Fig. 19). We can compare this dys-
function of the NCCs in the axial plane of the hyperlordotic 
spine observed in the most severe scoliosis because of the 
action of the NCC in the growth of the posterior part of the 
vertebral body (Fig.  20). This corresponds to Dickson’s 
scheme [12], which has shown that the thoracic scoliotic seg-
ment where there is rotation is in hypokyphosis or even in 
lordosis (Fig. 21).
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remnants of the NCC. Zhang et al. [13] with MRI estimate 
that in 95% of cases the cartilage is closed at 5 years. This 
end of very early activity explains that unilateral pedicle 
screw insertion in children does not cause the same scolio-
sis as observed in immature animals. This is in theory an 
attractive method of scoliosis correction that has not 
yielded results in clinical practice. Olgun et al. [14] could 
control the size of the pedicles and the spinal canal in 15 
young children under 5 who had undergone pedicle screw 
insertion: they noted no abnormality following this perfo-
ration of NCCs, thus assuming that it was still a little active 
in this series.

This bipolar cartilage has maximum activity before 5 
years; it seems to close late, but only on the CT scan, 
sometimes after the end of growth. It controls the 
growth of the spinal canal thus its dimensions are fixed 
early in life. It provides 1/3 of the ossification of the 
vertebral body.

a b
Fig. 10 Comparison of two 
images: (a) non-horizontal 
and uninterpretable, (b) 
correct

a b c d

Fig. 11 CT Scan of a thoracic vertebra in a 6-year-old child; sagittal cut (a) and axial at different levels (b, c, d)

Fig. 12 CT Scan of a vertebra in a young adult showing the physeal 
scar and therefore the recent closure of the NCC

The age of closure of the NCC depends on the choice of 
investigation used; we have mainly used CT data, probably 
the most sensitive examination that recognizes very faint 
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a b
Fig. 13 Action of the NCC: control 
of the size of the central spinal canal 
(a) and control of the height growth 
of the posterior part of the vertebral 
body (b)

1 20105

mm

Age

1 2010

mm

Age

a

b

Fig. 15 Evolution of the dimensions of the spinal 
canal (a) and the anteroposterior diameter of the 
vertebral body (b), according to Knutsson [2]

Fig. 14 Neurocentral cartilage has a bidirectional activity. It 
contributes posteriorly to the ossification of the posterior arch and 
anteriorly to a third of the ossification of the vertebral body
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CONVEXITY

Fig. 16 Scoliotic vertebra as described by Nicoladoni [3] noting 
the asymmetry of concave and convex NCCs

a b c

Fig. 17 (a) Pedicle screw epiphysiodesis (fixation of the NCC) with (b) consequential growth inhibition and deformity towards 
the affected side and (c) inhibition of the posterior vertebral height creating a segmental lordosis

Studies of the vertebrae of scoliotic youths and the 
experiments of unilateral screw fixation of the NCC 
conclude an early closure of the convex side compared 
to the concave to perhaps explain the scoliotic rotation 
on convex side. The question is whether this phenom-
enon is the cause or consequence of early structural 
scoliosis.

Recent clinical studies suggest that after 5 years of age, 
pedicle screw insertion  does not create a risk of premature 
NCC closure (especially after what Zhang et al. [13] calls the 
early juvenile period (4–7 years)) and especially since the 
vertebra outside this cartilage remains very cartilaginous and 
therefore malleable.

Growth cartilage works in three dimensions.

J. M. Vital et al.



61

a bFig. 18 Lumbar (a) and 
thoracic (b) scoliotic 
vertebrae

Convexity
Fig. 19 Asymmetric closure 
of NCC in thoracic idiopathic 
scoliosis with convexity to the 
patient’s right side (left side 
of CT scan); The convex right 
NCC closes earlier than the 
left NCC; The pedicle on the 
convex side is therefore 
shorter in the anteroposterior 
direction which goes in the 
direction of the rotation of the 
body towards the convexity, 
and wider than on the concave 
side

Fig. 20 Posterior view of  
a schematic scoliotic column; 
The growth progression of the 
NCC (according S Eguiraun) 
explains the rotation towards 
the convexity and hyperlordotic 
shape

 The Ring Apophysis

It appears at 2 years, ossifies back and forth in a “comet tail” 
fashion and merges with the nucleus of the body towards 
17–18 years.

The ring (or annular) apophysis is a secondary ossifica-
tion nucleus (not a cartilage) with a delayed action, fre-
quently implicated in conditions of abnormal growth.

It is located between the vertebral body and the discs [15]. 
It partially ensures the growth of the body in height. It is very 
adherent to the peripheral annulus (Sharpey’s fibres), to the 
peripheral ligaments, the anterior and posterior longitudinal 
ligaments, and to the nucleus of the vertebral body, whose 
surface is irregular (“scallop shell”). This explains the pos-
sibility of apophyseal detachment in the context of traumatic 
shear which, instead of causing a disc herniation as in adults, 

The Growth Cartilages of the Spine and Pelvic Vertebra



62

part of the ring is detached causing acute low back pain and 
sometimes neurological disturbances (Figs. 22 and 23).

Mallet, as early as 1975 [16], has described the different 
stages of ossification of the vertebral body in his article on 
spinal dystrophy of growth, classically called Scheuermann’s 
disease with inspiration from Schmorl’s work [1] (Fig. 24): 
at birth, the primary ossific nucleus of the body has a coffee 
grain shape equal in size to the intervertebral space. The ver-
tebra at the age of 4 years is rectangular with bevelled ante-
rior corners. The intervertebral space decreases in height. At 
7 years, the anterior corners of the vertebra each resemble 2 
steps of the stairs. Secondary ossification from the ring 
apophysis begins according to Mallet et al. [16] at 6–8 years 

in the girl and 7–9 years in the boy; It is under the depen-
dence, according to this author, of the discal apparatus which 
comprises the nucleus pulposus, annulus fibrosis and carti-
laginous plate.

Discs and endplates are of similar embryological origins 
and are vascularized by the same polar arteries. The clear 
space corresponding to the ring apophysis will ossify from 
front to back to constitute a bony line which ends in dotted 
lines (“comet’s tail”), which is continuous at 12 years in the 
average girl and 15 years in the boy. The final ossification of 
the vertebral body is the attachment of the vertebral body to 
the ring. This fusion starts at 14 years and ends very late, at 
25 years. The edges of the endplate at the boundary of the 

Coronal plane Sagittal plane

A

B

C

A’

B’

C’

Front

Top

AA’ > BB’ and CC’

Fig. 21 Deformation in the 
sagittal plane of the thoracic 
vertebra according to Dickson 
et al. [12]; The vertebra at the 
apex is higher anteriorly than 
posteriorly and thus 
participates in the flattening 
of the thoracic sagittal 
curvature in kyphosis

Peripheal part of the ring
apophysis  or  limbus

Fig. 22 Anatomy of the ring 
apophysis: more adherent to 
the annulus than to the body 
(a); A compression stress 
causes (b) part of the ring 
apophysis to be pulled away, 
not a disc herniation
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N
A

R.A. 

B

Fig. 23 Microscopic diagram of delamination of the apophysis 
(according to the red arrow). A: annulus, N: nucleus, L: ring apophysis, 
O: bone (as per Roberts et al. [15])

Birth 4 years 7 years

10–11 years 12 years  in a girl
13 years  in a boy

15 years13 years in a girl
14 years in a boy

6 to 8 years in a girl
7 to 9  years in a boy

12 years.

14 to 25 years.

Fig. 24 The different stages 
of ossification of the vertebral 
body as per Mallet et al. [16]; 
The top ages are from 
Schmorl and Junghanns [1]

primary ossification nucleus of the body resemble a scallop 
shell, according to Schmorl. When the fusion is complete, 
the cartilaginous circular border between the body and the 
ring apophysis disappears. All these evolutionary stages are 
described both radiologically and histologically by Bick and 
Copel [17]. Radiological monitoring of ossification of the 
ring apophysis is more difficult to recognize on X-rays, espe-
cially in the thoracic spine, than on Risser’s staging.

Mallet et al. [16] describes an early radiological sign of 
Scheuermann’s disease, a bulbous appearance of the anterior 
corners of the vertebral bodies where the initial ossification 
of the central aspect of the ring apophysis occurs outside of 
the horizontal endplate (Dimeglio’s “flotation line”) 
(Fig.  25). The anterior ring apophysis should never insert 
into the anterior marginal area of the vertebral body. An 
apophysis that has an “overgrown finger nail” appearance 
invariably portrays, as suggested by Mallet et al. [16], pathol-
ogy of the ring apophysis or cartilaginous plaque.

Diard et al. [18] in their description of the disco- epiphyseal 
complex specify that the most peripheral fibres of the annu-
lus of Sharpey anchor at the peripheral cartilaginous margin 
which later becomes ossified. When the peripheral ossifica-
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Calcified ring apophysis

“Flotation line”

Bulbous rounding 

Overgrown finger nail 

a

b

Fig. 25 Early radiological 
sign of spinal dystrophy of 
growth (Mallet et al. [16]) (a) 
normal vertebra, (b) 
dystrophic vertebra

Fig. 26 Growth evolution of the ring apophysis and the ratios of the 
fibers of the annulus, notably the most peripheral fibers of Sharpey 
(Diard et al. [18])

Fig. 27 Compression constraints explaining the endplate discal herni-
ation and traction acting on the ring apophysis (Diard et al. [18])

tion is complete, Sharpey’s fibres insert into the vertebral 
body and the cartilage occupies only the central part of the 
vertebral body (cartilage of the endplates) (Fig.  26). The 
adherence of the important anterior longitudinal ligament is 
more evident to the vertebral body and less so to the annulus, 
while on the contrary adherence of the posterior longitudinal 
ligament is greater to the annulus and lesser to the vertebral 
body.

Alexander [19] describes the biomechanics of the stresses 
applied to this disco-epiphyseal complex which explains 
many of the lesions observed in Scheuermann’s disease, 
understood by this author to be a traumatic secondary dys-
trophy from repeated micro-trauma (overloading of the 
body in the case of obesity or excessive mechanical stresses). 
The axial stresses exerted on the nucleus are transformed 
into positive pressures on the cartilaginous plates and the 
vertebral body. In addition to this vertical compression, 
there is a horizontal tensioning of the annulus, which, 
through the intermediary of Sharpey’s fibres, causes frag-
mentation of the ring apophysis (Fig.  27). The pathoanat-
omy of Scheuermann’s disease is described by Diard et al. 
[18] (Fig.  28): if the displacement of the discal material 
(nucleus or annulus) in the spinal canal is not specific to 
Scheuermann’s disease, it is possible to describe the intra-
cancellous herniation (Schmorl’s cartilaginous nodules) 
through the annulus and the cartilage endplate with the pos-
sibility of:

• Central displacement (superior or inferior), classical 
Schmorl intra-cancellous herniation, potentially more 
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a

b c

Fig. 28 (a) Endplate discal 
herniation, (b) posterior 
marginal endplate discal 
herniation, (c) pre-marginal 
intra-cancellous endplate 
herniation which evolves into 
a posterior limbic vertebra 
(Diard et al. [18])

likely in an area of physiological weakness: the remnant 
of the notochord canal, an ossification defect or a vascular 
channel. An initial severe inflammatory reaction may give 
a similar impression to an infectious process; a sclerosing 
osteoblastic reaction will follow.

• Anterior displacement (retro-marginal anterior hernia). 
The limbus (or peripheral part of the ring apophysis) is 
torn by the tension of the Sharpey’s fibres. The anterior 
fragment of the limbus, triangular, is ossified and can 
merge or remain separated from the vertebral body and 
gives the appearance of a limbic vertebra. After several 
years, one can observe the fusion of the two adjacent ver-
tebral bodies.

• Posterior displacement hernia (posterior pre-marginal 
hernia) with the classic detachment of the posterior lim-
bus as described in athletes who have not completed 
growth and have undergone a lumbar trauma. Takata et al. 
[20] describes three types of epiphyseal fracture- 
detachment of the posterior limbus (Figs. 29 and 30):

 – type 1, pure detachment of the cartilaginous ring 
without bone loss (equivalent to a Salter-Harris 1 
stage);

 – type 2, total cartilaginous and bony detachment 
(equivalent to a Salter-Harris stage 2 or 3);

 – type 3, localized and medial cartilaginous and bone 
detachment.

All such posterior lesions can lead to the posterior limbic 
vertebra with a triangular or rounded bone fragment, which 
may be fused or not to the posterior angle of the vertebral 
body and which can lead to secondary canal narrowing.

From a histological point of view, Ippolito et al. [21] note 
from 7 specimens carried out in Scheuermann’s disease 
operations that at the point that the endplate cartilage 
disappears, the annulus usually inserts directly into the 

Type I Type II Type III

Fig. 29 Classification according the three types of limbus detachment (Takata et al. [20])
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subchondral bone. Studies by electron microscopy show an 
abnormal cartilage with a matrix rich in proteoglycans and 
very fine collagen fibrils. Mineralization and ossification of 
the vertebral plates are irregular.

 Ossification of the Pelvic Vertebra

Two cartilages can be studied to monitor the growth of the 
scoliotic child: the Y cartilage (triradiate), at the junction of 
the ossification nuclei of the ilium, the ischium and the pubis 
and the iliac apophysis or what is also termed the ossification 
nucleus of the iliac wing, evaluated by the Risser test as 
described in 1958 [22].

We have studied these two pelvic growth cartilages in the 
same way as the ossification nuclei of the proximal end of the 
femur in 70 girls and 70 boys of bone age ranging from 9 to 
18 years [23]. In this series, the Y cartilage begins to close 
from inside out at the onset of the growth spurt to close com-
pletely as the growth spurt begins; we can describe three suc-

A single radiograph of the pelvis is sufficient to dif-
ferentiate between the major stages of puberty.

Type I Type II

Type III

Fig. 30 Radiographs of the three types of limbus detachment Takata et al. [20] 
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cessive stages: open cartilage, internal closure at 10 years in 
the girl and complete closure at 12.5 years in the boy (Fig. 31). 
Dimeglio et al. [24, 25] states that the Y cartilage is closed 1 
year after the onset of puberty. Ryan et al. [26] has described 
the severity of scoliosis starting with an open Y cartilage. The 
risk of evolution of scoliotic deformity in the case of an early 
posterior arthrodesis with open Y cartilage is well known 
(crankshaft effect of Dubousset). In reality, this crankshaft 
effect, even if it is less marked, can be expressed after the 
closing of the Y cartilage. The epiphyseal nucleus of the iliac 
wing passes from stage 0 to stage 1 long after the closing of 
the Y cartilage. It was noted in our series that the ossification 
of the nucleus of the ischium was parallel to that of the epiph-
yseal nucleus of the iliac wing with better visibility on the 
anteroposterior radiograph (Fig. 32). Table 2 shows the evolu-
tion of the cartilages of the pelvis and the upper extremity of 
the femur.

In the literature, the principal description by the US-based 
Risser indicates five stages (Fig. 33):

• Stage 0 where the nucleus does not appear—not ossified,
• Stage 1 where ossification appears laterally, near the ante-

rior superior iliac spine,
• Stage 2 with extension of the ossification towards the 

median line,
• Stage 3 with the ossification which reaches the top of the 

iliac crest,
• Stage 4 with the ossification that reaches the sacro-iliac 

joint,

a b c

Fig. 31 Evolution of the horizontal portion of the Y cartilage according to three stages: (a) open cartilage, (b) internal closure, (c) complete 
closure

Fig. 32 Parallel evolution of the ossification of the epiphyseal nuclei 
of the iliac wing and of the ischium
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• Finally, stage 5 with complete fusion of the epiphyseal 
nucleus with the iliac wing and disappearance of the 
edging from within outwards—without direction of 
ossification.

Bitan et al. [27] described a French interpretation of the 
evolution of the Risser test (Fig.  33). The difference is at 
stages 3 and 4, as the French stage 3 corresponds to the 
American stage 4 and the French stage 4 corresponds to the 
beginning of the internal fusion of the epiphyseal nucleus to 
the iliac wing. Nault et  al. [28] differentiates these two 
descriptions (American and French) of the evaluation of the 
Risser test. A new group, Risser 0 with closed triradiate car-
tilage and Risser 1, was the best predictor of the beginning of 
the curve acceleration phase. From a prognostic point of 
view, all authors agree that only the Risser 5 test signifies the 
end of growth.

Kotwicki [29] suggests that lateral radiographs of the pel-
vis allow a better analysis of the posterior and medial part of 
the iliac epiphysic nucleus to distinguish the stages of Risser 
3 and 4 in the 2 classifications (Fig. 34).

Dimeglio et  al. [24, 25] has correlated the Risser test 
with the evolution of the hand and elbow bones (Figs. 35, 
36, and 37).

This is how he summarizes his vision of growth and 
growth indicators: “Growth is manifested in multiple regis-
ters or axes. It is three-dimensional and volumetric. It is 
made up of phases of acceleration and deceleration”.

For example, it is established that by 2 years after men-
struation, there is a cessation of spinal growth. Must one wait 
for a Risser 5 before removing a teenager’s corset?

Cleveland’s anatomical pieces showed that in many cases 
the secondary osseous nucleus of the iliac crest, in other 
words the Risser test, did not merge with the iliac wing.

Finally, the best criterion is to ensure that the child no 
longer grows in sitting height using, of course, always the 
same measurement stick!

 Bone Age During Puberty

The ascending slope of the pubertal peak, acceleration phase.
Between 11 and 13 years of bone age in girls, between 13 

and 15 years of bone age in boys, the olecranon and Y carti-
lages are reliable markers to explore Risser 0.

Dimeglio describes 4 growth zones by evaluating the Y 
cartilage, the Risser test, and the cartilage of the greater 
trochanter (Fig. 38):

• Zone 1: Risser 0, Y open,
• Zone 2: Risser 0, Y closed,
• Zone 3: Risser 1–2, Greater Trochanter open,
• Zone 4: Risser 3–4, Greater Trochanter closed.

The evaluation of skeletal maturation is a valuable 
parameter but it is not the only one to consider! It is 
necessary to correlate all the information gathered:

• The growth rate of the annual sitting height
• The growth of the trunk
• The secondary sexual characteristics.

The study of the maturation of the skeleton is useful to 
help with surgical strategy. It is worth considering that 
only 50% of children have a bone age in line with their 
chronological age.

1510

R

Years
11 12 13 14 16 17 18

I

FH

GT

Y

LT A B

C D

E F

G H

JI

LK

Y: Y cartilage
(horizontal portion)

R: Risser Test
K Risser 1 
L Risser 5

I: Ischium
I ossification of outer aspect
J closure

T: Femoral head
G physeal border present
H full closure

GT: Greater Trochanter 
E physeal border present
F full closure

C internal closure 
D full closure

PT: Lesser Trochanter
A visible with cartilage
B visible without cartilage (closed)

Table 2 Evolution of the ossification nuclei of the pelvic vertebra and 
the proximal femur
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R0

R1

R2

R3

R4

R5

Fig. 33 Risser stages as 
accepted in the United States 
on the left and France on the 
right

On the descending slope of the pubertal peak, decelera-
tion phase.

Bone age at the level of the hand may be correlated with 
the sign of Risser. The greater trochanter divides the Rissers 
into two parts. Risser 1/Risser 2: greater trochanter open; 
Risser 3: the greater trochanter closes; Risser 4/Risser 5: The 
greater trochanter is closed (Fig. 38).

The Y cartilage is a radiological marker. But when it 
closes at 12 years in girls, and at 14  in boys, remaining 
growth is still 3 years; truncal growth is still 8 cm.

If opting to instrument a scoliosis after closure of the Y car-
tilage, the risk of crankshaft deformity occurrence is low but 
certainly not impossible. According to Dubousset, this risk is 
constant, and omnipresent in a growing spine. The crankshaft 
effect materializes not only by an angular deterioration but can 
also be achieved through a morphological distortion of the tho-
rax, caused by spinal imbalance. One must not forget that 
between Risser 1 and Risser 5 there is a growth of the thorax. 
The crankshaft effect is present and persistent, as there are a 
multitude of growth plates in the spine and they are active.

One radiograph of the pelvis is enough to differentiate 
between the main stages of puberty.

The Growth Cartilages of the Spine and Pelvic Vertebra
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In a Risser 0, with open Y cartilage, on the first part of 
the ascending slope of puberty, the risk for scoliosis of 20° 
must be multiplied by 3. In other words, a curvature of 20° 
is likely, if untreated, will worsen to 60° by the end of 
growth.

In a Risser 0, with closed Y cartilage, the risk of scoliosis 
curvature of 20° must be multiplied by 2. In other words, the 
final angle may be 40°.

In a Risser 1 with a 20° curvature, multiply this by 1.5, 
thus a final angle of 30°.

In contrast when the Risser sign is 3 and the curvature is 
20°, the risk of progression is 2%.

Similarly, scoliosis risk must be assessed at Risser 0 dur-
ing the ascending slope of puberty; when scoliosis increases 
by 10° per year, one must recognize that this is a malignant 
scoliosis and may warrant surgical treatment. Thus one must 
quickly anticipate the inefficiency of bracing and convey 
realistic expectations to the family. The mistake is to wait as 
the growth of the spine promotes the scoliosis!

A simple mnemonic is useful for reference:

• Risser 1 to 5 lasts about 2 years.
• At Risser 1, there is a further 4 cm remaining of increase 

in sitting height,
• Risser 2, there is 3 cm,
• Risser 3 there is 2 cm,
• Risser 4, there is 1 cm.

The Tanner-Whitehouse III method specifically uses the 
distal radial and ulnar epiphyses and the metacarpal and pha-
langeal epiphyses of the first, third and fifth digits for deter-
mination of skeletal age.

 1. Do not be concerned with the central neuro cartilage after 
the age of 5 years.

 2. Do not confuse annular apophysis and cartilage growth. 
This is only a secondary growth feature.

 3. Do not give absolute legitimacy to the Y cartilage to iden-
tify the crankshaft effect.

 4. Do not depend on the Risser sign to make the big deci-
sions. Identify other clinical and radiographic parameters.

 5. Consider the signs of Tanner.
 6. Risser 0 represents 2/3 of puberty.

Any growth produced is absorbed by the scoliosis to 
the detriment of the sitting height. The scoliosis trans-
forms positive growth into negative growth. Instead of 
growing, the child loses sitting height.

anterior
superior

iliac spine

*
+

+
+

++++

*
*

*
* * *

posterior
superior
iliac spine

Fig. 34 Evaluation of the ossification of the epiphyseal nucleus of the 
iliac wing through a lateral profile [29]
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Fig. 35 Relationship between the evolution of the cartilages of the fingers, the elbow, the Y cartilage and the Risser test between 11 and 13 
years [24]
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Fig. 36 Relationship between the evolution of the cartilages of the fingers, the elbow, the Y cartilage and the Risser test between 13 and 18 years 
[24]
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Risser IV
Risser V

Risser II

Risser III

Risser I

Fig. 37 Correlation between the closure of the phalanges cartilages 
and the Risser test; The sesamoids dwindle at the beginning of puberty 
(Dimeglio et al. [24])

Cartilage Triradiate
closed

Elbow Cartilages closed

Cartilage of the Greater
Trochanter closed

Risser 3

Risser 1

1

2 3

4

Fig. 38 The 4 growth zones 
(with permission of the 
author) [24, 25]: Zone 1: 
Risser 0, Y open; Zone 2: 
Risser 0, Y closed; Zone 3: 
Risser 1–2, greater trochanter 
open; Zone 4: Risser 3–4, 
greater trochanter closed
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Morphologic and Functional Evolution 
of the Aging Spine

J. Sénégas, H. Bouloussa, D. Liguoro, G. Yoshida, 
and Jean Marc Vital

The aging process, often considered to be a specific problem 
concerning multicellular organisms, is now acknowledged as 
a general biological phenomenon that does not spare unicel-
lular organisms. Even bacteria age [1].

Aging refers to elapsing time while the occasioned struc-
tural and functional alterations are referred to as senescence. 
In fact, in most of the current scientific literature, aging most 
frequently encompasses the two definitions.

According to the French National Institute of Statistics 
and Economic Studies (INSEE), the portion of the 
European population over 65 years old has exponentially 
increased, from 12.7% in 1910 to 18% in 1970, 20.6% in 
2000, and 23.7% in 2012. Forecasts for 2050 average 
50% in the majority of modern societies. Longevity 
increases along with active life years thanks to techno-
logical progress. We are now facing a temporal drift in 
traditional landmarks that structured life steps (educa-
tion, active life, old age without handicap, and eventually 
with handicap).

Even though the aging process undoubtedly appears to 
be deterministic at the scale of the entire body and organs, 
the alterations it causes and their functional expression 
arise in a stochastic fashion in various subjects and at dif-
ferent ages. Consequently, some have put forward the 
“normal aging” concept. In fact, normative criteria are 
impossible to clearly determinate. At best, it refers to a 
state of optimal tolerance of biological alterations that 
gradually and inexorably weaken all living systems. This 
refers eventually to the fundamental concept of robustness 

specific to each system that automation specialists have 
developed long ago.

In fact, aging should be integrated as a multi-scale bio-
logical process, equally genetic/epigenetic and intracellular/
matrix molecular or tissue-related, eventually affecting all 
organs. Level by level and component by component ana-
lytic approaches, when considered exclusively, fail to explain 
the entire process. Aging is actually a complex dynamic pro-
cess with circular causalities, animated by constant informa-
tion, energy, and matter flows. All these interactive variables 
easily account for the fact that wide variations exist between 
each one of us along the aging process.

Admittedly, the entire musculoskeletal system presents 
with varying degrees of tissue degeneration signs with aging. 
Yet their clinical expression is usually clearly more marked 
at the level of specific joints, hips, or knees for example. In 
contrast, most spinal degenerative processes are poorly 
symptomatic and fairly well tolerated because of a better dis-
tribution of mechanical stresses on multiple segments of the 
axial skeleton.

This study features two components:

• Firstly an analytical review of age-related structural alter-
ations, component by component

• Secondly a synthetic study of systemic functional altera-
tions which objective is the description of their 
interactions.

 Age-Related Structural Alterations

 The Intervertebral Disc

 Structural Modifications
The intervertebral disc is subjected to very important con-
straints throughout life. Its well-organized fibro- 
cartilaginous structure is highly exposed to aging as 
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numerous disc alterations occur throughout one’s lifetime. 
According to Roughley [2], the center of embryonic disc is 
rich in water, proteoglycans, and notochordal cells that 
gradually disappear and become cartilaginous cells, while 
the periphery is rich in collagen and fibroblasts. At maturity, 
the nucleus pulposus cell density averages 4 × 106 cells/cm3, 
while the annulus fibrosus cell density reaches 9 × 106 cells/
cm3. The intervertebral disc cell content, however, is the 
lowest in the entire body. Iatridis et  al. [3] showed in a 
cadaveric biomechanical study on subjects aged 16–88 
years that as the shearing forces within the nucleus pulposus 
increased with age; energy dissipation was less. Disc com-
position changes with age: in early adulthood and middle 
age, it is rich in chondroitin- 4- sulfate, chondroitin-6-sulfate, 
and keratan sulfate; in the elderly, dermatan sulfate is 
predominant.

 A Fragile Avascular Tissue
The intervertebral disc is generally considered to be an avas-
cular tissue in adults. However, vessels within the annulus 
fibrosus without penetration into the nucleus pulposus are 
found in the fetus and children up to 2 years old. Roberts 
et al. [4] reported that newborn discs are indeed vascular-
ized initially but that the vascularization typically decreases 
in adulthood and may be increased with pathology. 
According to this author, “vascular aging” starts early in the 
first decade of life with a drastic decrease in vascularity 
between 6 and 30 months. They describe an alteration of 
vertebral endplates such as cracks, thinning, and microfrac-
tures of subchondral bone; the peripheral annulus densifies 
secondarily.

Nutrition is therefore precarious by diffusion through the 
vertebral vascular network at the level of vertebral endplates. 
The nucleus pulposus is most vulnerable, being the farthest 
away from vessels. According to Urban et al. [5], a diffusion 
decrease within the disc by subchondral bone sclerosis or 
through calcified endplates necessarily translates into a 
decrease in blood flow and cell nutrition; this typically con-
tributes to nucleus pulposus degeneration, affecting the spi-
nal hydraulic damper.

With final avascular disc architecture being obtained from 
early childhood, the conditions are consequently met for a 
rapid aging depending on local and regional biomechanical 
factors, and also genetic or nutritional properties interfering 
with the diffusion of micronutrients to the nucleus 
pulposus.

 A Genetic Predisposition?
The role of genetics has been studied by Battie and Videman 
[6]. They were able to perform MRI studies of identical 
twins’ spines: very similar disc lesions were observed in 
those twins in spite of varying physical activity levels (pro-
fession and sports). Obviously, they suggested that genetic 

background prevails over mechanical overuse. Two geno-
types of metalloproteinase-3 were determined: COL 9 A2 
and COL 9 A3.

Sambrook et al. [7] estimated, from a cohort of over 300 
twins with cervical assessment and lumbar MRI, that disc 
degeneration was inherited in 74% of them at the lumbar 
level and 73% of them at the cervical level, surprisingly 
concluding that genetics demonstrated a more influential 
role in aging, as opposed to traditional mechanical 
theories.

If this genetic factor is truly preponderant, then aging will 
logically occur in tandem in the cervical and lumbar spine. 
Following this principle, Matsumoto et al. [8] analyzed 94 
asymptomatic subjects aged 48 years on average. 78.7% of 
them presented with cervical and lumbar tandem degenera-
tion. However, one may notice that only 21.3% of them dis-
played loss of disc height and 12.8% central canal stenosis, 
which is consistent with current literature. The last two 
parameters are relatively infrequent in asymptomatic popu-
lations despite a discreet increase with age.

 Genesis and Contributions to Aging 
on Histomorphological Features
Disc degeneration is marked by decreased disc hydration, 
in parallel with glycosaminoglycan concentration decrease. 
Cracks form gradually and may constitute nitrogen pock-
ets. Considerable loss of elasticity of the intervertebral 
disc usually ensues even before loss of disc height. 
Comparative analysis between nucleus pulposus and annu-
lus fibrosus along one’s lifetime demonstrates important 
macroscopic and microscopic histological structure varia-
tions and a substantial change in the molecular and cellular 
organization. Vernon-Roberts et al. [9] showed a decrease 
in disc cellularity with age on L4-L5 discs. This decrease 
was especially pronounced when cells were in the vicinity 
of a disc crack or a cartilaginous abnormality of vertebral 
endplates.

There is a fragile balance within discs between matrix 
synthesis and destruction; numerous molecular mechanisms 
upsetting this equilibrium (metalloproteinases, apoptosis 
pathways, pro-inflammatory interleukins) have been pro-
posed. To this date, none of them has been attributed a cause 
and effect relationship. Gruber and Hanley [10] reported a 
significant increase of cell apoptosis incidence within the 
annulus fibrosus in elderly control discs (73% ± 5.1%) com-
pared to a group requiring discectomy (53.5% ± 5.6%), with 
an age difference of only 13 years.

It is commonly acknowledged that the key of the aging 
spine is the intervertebral disc. Its lesions such as radial tears 
and of concentric fissures begin during the first decade of life 
(Fig. 1). Indeed, Weiler et al. [11] showed histological altera-
tions of the intervertebral disc starting at the age of 3 com-
pared to intact newborn discs. The nucleus pulposus 
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alterations in the lumbar region are greater in subjects over 
60 years old.

It remains difficult, so far, to clearly differentiate aging 
from pathological disc degeneration. However, it is consid-
ered that disc lesions are the primum movens of the aging 
spine impacting zygaphophyseal joints, ligaments, and mus-
cles. Haeffeli et  al. [12] sequentially showed macroscopic 
morphological disc modifications in a cadaveric study of 248 

subjects of various ages (7 months to 88 years). Specimens 
included lumbar vertebrae and discs in sagittal and parasagit-
tal sections. They confirmed that the fibrous transformation 
of the nucleus pulposus associated with annulus and end-
plate disorganization anticipate fissures within the nucleus 
followed by more extensive tears. In subjects aged between 
30 and 40, they found fissures of the nucleus and tears of the 
annulus, cracks that extend with time. According to them, 
disc lesions are more common in the lumbar spine  
(Figs. 1, 2, and 3).

During aging, both the nucleus pulposus and annulus 
fibrosus become more fibrous and rich in collagen so that 
distinguishing them becomes less obvious in the elderly. 
Calcifications are formed preferentially at the level of annu-
lus fibrosus but sometimes also affect the nucleus pulposus. 
Neo-angiogenesis recruiting pro-inflammatory cells was 
shown by Roberts et al. [4]. It occurs through damaged ver-
tebral endplates and discal tears and consequently acceler-
ates intervertebral disc ossification.

Thus, a cascade of events affects the disc including an 
early dehydration well-described in the MRI degeneration 
stages by Pfirmann et al. [13]. In 2001, they proposed a five- 
stage MRI classification based on T2 sequences according to 
the following criteria: structure and color (white/black), 
nucleus/annulus distinction, signal intensity, intervertebral 
disc height (Fig. 4).

Fig. 1 Lumbar disc, sagittal section; early degeneration, dehydrated 
and unstructured nucleus pulposus

a b c

Fig. 2 Sagittal sections of lumbar spines in the newborn (a), young adult (b), and older adult (c)
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Cracks in the nucleus and annulus appear, hence causing 
disc rupture and nucleus ejection responsible for a herniated 
disc. The latter can therefore be considered as skipping a step 
in the aging process.

Cartilaginous endplates and subchondral bone display an 
inflammatory process (Modic 1 sign) with microfissures, 
probably caused by increasing constraints with reduced 
intervertebral disc damping: endplate lesions seem to be 
 secondary to disc failure though several authors believe it 
could be a primary process via impaired disc nutrition 
through cartilaginous endplates (Fig. 5).

In 1988, Modic et al. [14] proposed a classification based 
on the inflammatory reaction of vertebral endplates and ver-
tebral bone marrow in particular.

• Type I combines a T1 hyposignal with T2 hyperintensity, 
which demonstrate hypervascularization and edematous 
inflammatory reactions adjacent to the bone marrow.

• Type II comprises both T1 and T2 hyperintensity demon-
strating a fatty involution of the bone marrow.

• Type III, which is rarer, corresponds to fibrosis with poor 
vascularization and marked hyperostosis, equivalent to 
osteocondensation (Figs. 6, 7 and 8).

The last stage of disc degeneration represents disc fusion 
following hypomobility due to disc space narrowing and disc 
fibrosis, then anterior, posterior, and lateral osteophytosis.

 Aggravating Factors

Aggravating or accelerating factors of such aging phenomena 
are mechanical, vascular, genetic, and most likely combined.

 Mechanical Factors
Load repetition both in intensity and rhythm as well as vibra-
tions leads to cartilaginous endplate calcification. Rotational 
movements expose to annular tears and aggravate the previ-
ously described fissuration phenomenon. According to 
Stokes and Iatridis [15], underuse may also display detri-
mental effects by decreasing cellular stimulation and altering 
nutrient transport. Disc overuse may also lead to degenera-
tion. Examples include sudden shifts between mobile and 
stiff segments as seen in lumbosacral hinge anomalies 
(Bertolotti’s syndrome) or at surgical fusion extremities 
(junctional syndromes).

a

b

c

d

Fig. 3 Sagittal sections displaying various stages of degeneration in 
the same subject: L2-L3 normal disc (a), Medial fissure in L3-L4 disc 
(b), Posterior fissure in L4-L5 disc (c), and Loss of disc height in L5-S1 
disc (d)

1

2

3

4

5

Fig. 4 Pfirmann MRI classification [13]

J. Sénégas et al.



79

Experimental studies have permitted a better understand-
ing of the effect of mechanical stresses on the intervertebral 
disc and its components.

Hutton et al. [16] showed the production increase of type 
1 collagen in nucleus pulposus under the effect of compres-
sive stresses. At the same time, they reported a decrease in 
type 2 collagen and proteoglycans production.

Handa et al. [17] reported from disc samples a decrease in 
proteoglycan production under high hydrostatic pressure 
(10 MPa), while synthesis was increased under low pressure 
(1 MPa).

Mechanical stresses that are directly applied to cells can 
modulate matrix protein synthesis [18]. The observed effects 
are likely to be dependent on the type of stress, its intensity, 
frequency, and duration.

 Inflammatory Factors
The major role of inflammation was well-described by 
Rannou et  al. [18]: certain metalloproteinases, cytokines, 
and growth factors are involved in disc degeneration with 
direct correlation between mechanical constraints and metal-
loproteinase activity. The production origin of these different 
factors is still debated: disc cells, neovascularization, or 
inflammatory granuloma.

 Vascular Factors
Hypovascularization, especially microvascular disease,  
is also a factor of accelerated degeneration according  
to Kauppila et  al. [19]. According to Urban et  al. [5], 
smoking and vibrations also interfere by a vascular 
mechanism.

To date, studies reporting clinical and MRI observations 
of asymptomatic cohorts concerning the aging of the inter-
vertebral disc mainly use disc-based classifications (derived 
from the Pfirmann classification [13]) without taking 
account of the endplate inflammatory reaction. Indeed, 
Modic types, often attributed to pathological mechanisms, 
are less studied in the context of asymptomatic subjects 
with aging spines.

A classic MRI observation is based on the dehydration 
of lower lumbar discs (L4-L5 and L5-S1) occurring early 
compared with higher lumbar discs followed by disc 
space narrowing seen on lateral X-rays. Indeed, the aging 
of the lumbar spine is "propagated" from the bottom up 
because of the pivotal position of the L5-S1 segment, or 
even L4-L5 with respect to the pelvis (Fig. 9). This results 
in a major loss of lordosis between L4 and S1 where two-
thirds of the lumbar lordosis are normally located. The 
same phenomenon exists at the cervical level: disc space 
narrowing first occurs on the lower cervical discs (C7-
T1, C6-C7, and C5-C6), while disc height is maintained 
on the discs above. They classically remain hypermobile, 
especially in extension, to maintain the horizontal gaze 
(Fig.  10). This phenomenon, which only appears on 
dynamic X-rays, can create myelopathy, by the underly-
ing degenerated levels in terms of spinal cord 
compression.

a

b

c

Fig. 5 Disc and vertebral endplate modifications (a) Axial section of 
an intervertebral disk in a symptomatic subject: concentric annulus and 
laminate, eccentric nucleus pulposus. (b) Vertebral endplate showing a 
porous bone surface with annular ossification. (c) Changes due to 
aging: major circular osteophytes of the vertebral endplate giving a very 
irregular aspect
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Zhang et al. [20] proposed, in a pilot study, the use of dif-
fusion MRI to detect early disc behavioral abnormalities due 
to aging on a series of asymptomatic subjects at the molecu-
lar scale and in the absence of any morphological abnormal-
ity on T2 sequences. They suggested that the diffusion 
coefficient could decrease in degenerated discs and that it 
was correlated with the disc water content and the integrity 
degree of the disc matrix. It could also further specify the 
direction of the possible disc injury.

A meta-analysis published in 2014 by Brinjikji et al. [21] 
collected data on 3310 asymptomatic subjects with radio-
graphic data (CT or MRI). Signs of disc degeneration were 
found as early as 20 years old (37% of asymptomatic sub-
jects of that age group) and in 96% of subjects over 80 years 
old. A disc signal intensity decrease on T2-weighted images 
was present in more than half of the subjects over 40 years 
and 86% of the subjects over 60 years old. The disc height 
loss was correlated with age but to a lesser extent; however, 
1% per year prevalence increase was noted. In contrast, the 
prevalence of disc protrusions and annular fissures did not 
seem to increase with age.

T1
T2 Fat Sat

Fig. 6 Modic classification: 
Modic 1 on MRI [14]

T1 T2 Fat satFig. 7 Modic classification: 
Modic 2 on MRI [14]

T1 T2

Fig. 8 Modic classification: Modic 3 on MRI [14]
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Pollintine et al. [22] highlighted an innovative biomechan-
ical hypothesis regarding the absorption of compressive 
forces on the spine of elder patients. His cadaveric study on 
thoracolumbar pieces showed that aging caused a deformity 
of both vertebral bodies and intervertebral discs under com-
pressive loads. Both structures displayed a substantial “creep.” 
The lower the disc pressures were, the more deformed the 
vertebrae were when placed under mechanical load.

Videman et al. [23] showed the natural history of lumbar 
intervertebral disc MRI morphology over 15 years on a large 
series of asymptomatic Finnish twins. The authors report a 
decrease in disc height averaging of 3.4% at 5 years and 8–11% 
at 15 years on MRIs performed during follow-up. An original 
aspect of that work consisted of showing a compensation by a 
vertebral height increase on incriminated levels of 3.1% 
(0.8 mm) in the higher lumbar spine and 4.7% (1.1 mm) in the 
lower lumbar spine. These preliminary results suggest a height 
increase of vertebral endplates compensating for multilevel 
disc height loss and thereby support Pollintine’s hypothesis.

 Specific Features in the Cervical Spine

Disc degeneration plays a major role in the aging of the cer-
vical spine. Okada et al. [24] showed a significant cervical 
spine morphological aging on MRI after a 10-year follow-up 

from a series of 223 asymptomatic subjects aged 39  ±  15 
years. 34% of patients that were followed developed clinical 
symptoms including neck pain, shoulder stiffness, or subjec-
tive sensory disorders of their lower limbs; the onset of these 
symptoms was correlated disc degeneration visualized on 
MRI.

The same authors [25] analyzed the relationships between 
sagittal balance and disc degeneration in the cervical spine 
on a large cohort of asymptomatic subjects at a 10-year 
 follow- up. There was no correlation between clinical symp-
toms and cervical spine sagittal balance. In their cohort, loss 
of disc signal intensity, posterior disc protrusions, and disc 
space narrowing were found in 64.6%, 65.5%, and 28.3%, 
respectively, of subjects at a 10-year follow-up. Subjects 
over 40 years old without cervical lordosis were the most 
likely to develop posterior disc protrusions.

 Lumbar and Cervical Tandem Lesions

Okada et al. [25] demonstrated a higher prevalence of disc 
degeneration in the upper cervical spine in patients who 
already had lumbar disc herniations compared with asymp-
tomatic controls.

This association between lumbar disc herniations and 
multilevel cervical disc degeneration suggests a “systemic” 

Fig. 9 Natural history of lumbar disc degeneration on MRI: loss of disc height and dehydration of lower discs, L5-S1 disc being affected first
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effect of disc aging and a significant participation of genetics 
(Fig. 11).

Few studies were published regarding the aging of tho-
racic intervertebral discs. Of note, Matsumoto et  al. [8] 
reported on MRI degeneration of thoracic intervertebral 
discs in 46.8% of subjects from an asymptomatic series of 94 
subjects. Of these subjects, patients displayed a decrease in 
disc signal intensity on T2-weighted images, posterior disc 
protrusions, and compressions of the dural sac, respectively, 
37.2%, 29.8%, and 30.9%. Only 4.3% presented disc space 
narrowing in the thoracic spine.

The thoracic spine, which has little mobility, therefore 
does not seem to be spared by these degeneration phenomena, 
despite greater mechanical constraints than in the cervical 
and lumbar spines, which are conversely lordosed and mobile.

 The Posterior Arch

 Facet Joints or Zygapophyseal Joints
The second constituent of the mobile segment of Junghanns, 
they follow the disc aging process with a natural involution 

featuring fissures of the articular cartilage (Fig. 12), some-
times erosion, subchondral geodes and, as in any joint 
affected by osteoarthritis, hypertrophy with osteophytosis 
and eventually spontaneous fusion with time.

Weishaupt et  al. [26] described on CT and MRI four 
stages of facet joint evolution: stage 0 normal, stage 1 with 
simple narrowing, stage 2 with small geodes and osteo-
phytes, and finally stage 3 with significant osteophytes, 
geodes, and synovial cysts (Fig. 13).

Joint space narrowing is inexorable. Wang and Yang [27] 
has also shown progressive sagittalization of the lower lumbar 
facet joints, probably by increased constraints on the anterior 
and superior thirds of the superior facet of the lower vertebra, 
potentially leading to a degenerative spondylolisthesis (DSL).

Joint capsules can also be become hypertrophied along 
with a formation of posterior or anterior synovial cysts which 
may cause cauda equina with nerve root compression.

Cysts are associated with DSL in 60–89% of cases. A 
facet joint degeneration classification was proposed by 
Grogan et  al. [28]. They distinguished four MRI stages of 
cartilaginous degeneration and four MRI stages of subchon-
dral sclerosis.

Fig. 10 Natural history of cervical discs on plain X-ray: initial loss of disc height in the lower cervical spine and hypermobility of higher discs
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Fig. 11 Tandem lesions with 
cervical spinal stenosis (a, b, 
and c) with lumbar spinal 
stenosis (d and e)
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 Spinous Processes
Aylott et al. [29] demonstrated on a longitudinal CT study 
that spinous process height increased with decades; this evo-
lution leads to a posterior encumbering phenomenon which 
reduces extension capacities in the same way as concomitant 
anterior disc space narrowing (Fig. 14).

 Ligaments
The ligament flavum has the highest elastin content in the 
human body and contains numerous proprioceptive fibers 
similarly to the multifidus muscle overlying its posterior 
aspect. As people age, its elastin content, and hence  elasticity, 
decreases. Spinal ligaments can not only become hypertro-
phied and buckled due to disc height loss and facet joint 
overlap but they may also present with calcium pyrophos-
phate or hydroxyapatite deposits which are frequently found 
in lumbar spinal stenosis. Such deposits are not necessarily 
always associated with a history of chondrocalcinosis, 
hyperparathyroidism, or hemochromatosis.

The posterior longitudinal ligament and especially its 
midline fibers may become calcified, especially in the con-
text of diffuse idiopathic skeletal hyperostosis (DISH).

Fig. 12 Fissuring (cracking) of articular cartilage in the cervical spine, 
first stage of articular aging

Fig. 13 Degeneration of the 
posterior articular muscles 
after Weishaupt et al. [26]: (a) 
normal articular space, (b) 
joint space narrowing, (c) 
geodes and osteophytes, (d) 
irregular cartilage and 
synovial cysts
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b
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a bFig. 14 Evolution toward 
kyphosis (b) with respect to 
the initial state (a) by disc 
narrowing (1), articular 
hypertrophy (2), hypertrophy 
of the spinous processes (c 
and d) with interspinous 
contact (3)

 Muscles
Sarcopenia is a geriatric syndrome characterized by loss of 
muscle mass and therefore decreased physical performance 
and strength. Spinal muscles are no exception to this. This 
phenomenon starts in the early thirties and accelerates after 

50 years old: muscle mass decreases by 1–2% per year from 
this age while strength decreases by 1.5% per year. This cor-
responds to a loss of strength of 30% by decade after 60 years 
old. Both type I and type II muscle fibers are rarefied. Fiber 
atrophy is also observed and mostly affects fast type II fibers.
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Degeneration or fatty infiltration is a recognized phenom-
enon of natural muscle aging; it was quantified on the 
 lumbosacral muscle mass by Hadar et al. [30] who described 
three stages of fatty degeneration of paraspinal muscles:

• Stage 1: less than half the surface of affected muscles,
• Stage 2: 50% fatty infiltration,
• Stage 3: more than 50% of fat replacement (Fig. 15).

Interestingly, this fat replacement occurs from deep to 
superficial, the multifidus muscle being the first affected, and 
from the bottom up, that is from the lumbosacral junction to 
the thoracolumbar junction. Cruz et  al. [31] demonstrated 
that there was a direct correlation between aging, loss of 
lumbar lordosis, and the importance of fatty infiltration of 
paraspinal muscles.

Fortin et al. [32] performed a 15-year longitudinal MRI 
study on the multifidus muscle: during this rather short time-
frame, multifidus was more markedly atrophied at the L5-S1 
level than at the L1-L2 level along with fatty infiltration. 
These findings were independent of physical activity (work 
status or sports) but dependent on the body mass index. In 

degenerative or arthrogenic kyphosis, we found more pro-
nounced signs: near complete disappearance of type II fibers, 
major fibroadiposis affecting both lumbar and thoracolum-
bar muscles, the presence of an abnormal number of moth- 
eaten fibers, targetoid/core fibers and ragged red fibers. All 
these histological features are found in myopathies [33] 
(Fig. 16).

Lumbar paraspinal muscle ultrasound allowed Singh 
et al. [34] to identify a modification in fiber orientation, 
especially in multifidus, leading to loss of extension 
power (Fig.  17). This technique also evaluated atrophy 
and fatty infiltration of the psoas muscles and erector spi-
nae muscles taking into account sagittal balance: in the 
presence of thoracic hyperkyphosis, erector spinae mus-
cles are atrophied; in the case of pelvic retroversion, the 
psoas muscles are atrophied and overall the non-contrac-
tile tissue content inside multifidus increases [35]. Thanks 
to the contribution of surface electromyography of para-
spinal muscles, authors showed that there was an endur-
ance decrease using the Sorensen test [36] and delayed 
paraspinal reflex latencies after sudden flexion stimula-
tions of the trunk [37].

Fig. 15 Fatty muscle degeneration in three stages according to Hadar et al. [30]
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In summary, it should be remembered that aging is 
responsible for a reduction of muscle strength, espe-
cially in the lower limbs, of 1.5% per year after the age 
of 65. This is achieved by muscle fiber atrophy and type 
II fiber reduction with a power decrease of 3.5% per 
year. The same phenomena apply to the spine in con-
junction with fatty infiltration of extensor muscles. The 
multifidus muscle, which is the most paramedian and 
closest to the lumbosacral junction structure, is first 
affected. Then, fatty replacement propagates laterally 
and cephalad. The psoas muscles remain unaffected for a 
long time.

 Bone
Bone mineral density decreases with age due to hormonal 
and mechanical factors: type II or senile osteoporosis is dis-
tinct from type I postmenopausal osteoporosis or secondary 
osteoporosis.

Axial loads are absorbed in the spine by the intervertebral 
disc with cartilaginous endplates (1–1.5 mm thick) allowing 
exchanges between discs and vertebral bodies. The latter are 
composed of cancellous bone surrounded by a thin layer of 
cortical bone. This cancellous tissue contains vertical, hori-
zontal as well as oblique trabeculations stretched according 
to force lines that extend:

Fig. 16 Histological abnormalities: (a) mitochondrial, (b) targetoid core, (c) ragged red fibers, (d) fibro-adipose
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c d
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• in the sagittal plane, one drawn from the superior end-
plate toward the lamina and the inferior articular process, 
the other from the superior articular process to the inferior 
endplate (Fig. 18),

• in the horizontal plane in a circular fashion around the 
spinal canal.

Bone strength depends on its density which directly 
depends on its thickness and number of bone trabeculae.

Osteoporosis reduces vertical trabeculae thickness and 
reduces the number of horizontal trabeculae, which leads to 
vertical trabeculae lengthening. The strength of a cylindric 
bone specimen is proportional to its diameter and inversely 
proportional to the square of its length. Figure 19 displays 
the resistance decrease by a factor of four if the length is 
divided by two or if one of two horizontal trabeculae disap-
pears. The compressive strength of vertebral bodies decreases 
with age, especially after 40 years old. Before the age of 40, 
the cortex supports 45% of the load, compared to 55% for 

compression

shear

compression

shear

Fig. 17 Modification of muscle fiber orientation on ultrasound with 
reduction of muscular fiber angle with age from (a) to (b) [33]

a c

b

Fig. 18 Bone trabeculae in the sagittal plane (a) and in the axial plane (b); the weak anterior triangle in bone trabeculae, the very anterior con-
straints explain the frequency of the anterior wedge-shaped vertebrae (c)
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Fig. 19 Evolution of the bony trabeculae: on a normal vertebra (a), on an osteoporotic vertebra (b); 1 = cartilage endplates, 2 = vertical trabeculae, 
3 = horizontal trabeculae

the cancellous bone; after 40 years old, the cortex supports 
65% of the load.

Itoi [38] described in 1991 the sagittal profile of 100 
elderly osteoporotic subjects (Fig. 20). Lumbar and thoraco-
lumbar osteoporotic fractures were the most severe because 
they are associated with the most significant loss of lordosis. 
The domino effect of vertebral compressions, associated 
with disc space narrowing as described above, leads to a loss 
in height of up to several centimeters and severe anterior 
imbalance that can cause falls, therefore new fractures hence 
constituting a real vicious circle.

 Aging and Neurological Control of Posture
With aging, apart from any pathology, deterioration of the 
neurological mechanisms responsible for postural stability 
occurs. The frequency and amplitude of postural oscilla-
tions increases along with a greater deviation from the 
gravity line. Visual, proprioceptive, and vestibular func-
tions are altered. In the case of new sensory information, 
postural adjustments and the integration of sensory feed-
back loops are less effective. This leads to postural rigidi-
fication and alteration of the posture-movement 
coordination. Postural control is not only linked to spinal 
reflexes  (muscle tone) and sensory information quality but 

also depends on cortical and subcortical systems involved 
in motor control and sensory integration. Aging requires a 
reorganization of cortical and spinal postural control. The 
aging subject will compensate via neurological and 
mechanical strategies.

 Proprioception
Epicritic sensibility (touch and proprioception) provides 
important information for postural maintenance and necessary 
readjustments whether the subject is mobile or immobile.

Numerous factors are involved in proprioceptive aging 
[39]: decrease of intrafusal muscle fibers, muscle fiber modi-
fication, especially at the expense of type II fibers, reduction 
of receptors within muscles, tendons, joints, and skin, par-
ticularly in the foot arches, structural modification of periph-
eral nerve fibers (myelin reduction), especially for distal 
sensory fibers, with prolonged nerve conduction times; on 
examination, deep tendon reflexes are reduced or absent (the 
ankle jerk or Achilles reflex is absent in more than one-third 
of subjects over 70).

Plantar sensitivity decreases especially after the 7th 
decade. Receptors undergo morphological changes and their 
density decreases. Glabrous skin elasticity and nerve con-
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duction decrease. The alteration of plantar sensitivity begins 
at the heel and secondarily affects the forefoot [40]. Visual 
conditions do not alter the distribution of plantar pressure. 
An adaptation strategy was proposed by moving plantar 
pressure to the forefoot [41]. The epicritic afferents from the 
foot arches constitute an important feedback for postural 
control for walking and even more so, orthostatism (ortho-
static hypotension) [42].

Both plantar sensitivity and ankle dorsiflexors play a role 
in postural control. Elective vibratory stimulation of certain 
areas of the foot produces oriented postural responses with 
a displacement of the body to the opposite side. Plantar 
afferents could be a source of anticipation of the movements 
of the line of gravity during the oscillating phase of the step 
[40, 44].

The cervical spine: the receptor density within cervical 
muscles, especially in the suboccipital muscles, is largely 
higher than in most other muscles of the body.

With age, axial stiffness results in underuse of the oculo-
cephalogyric system and loss of the head–trunk dissociation. 
Joint limitations and pain lead to a lack of proprioceptive 
information. As a result, abnormal information is sent to the 
vestibules [45]. A recent study showed that vibration expo-
sure to the neck muscles reduces healthy subjects’ perfor-
mance but improves that of the subjects with cervicalgia on 
postural control [46].

Despite its involvement in age-related postural disorders, 
the clinical evaluation of proprioception remains limited in 

the course of life. Several leads have nevertheless been pro-
posed to improve postural control.

The alteration of type 2 fibers is partially reversible 
with exercise. Postural work (Tai Chi studies) enhances the 
proprioceptive capacities of the elderly. “Proprioceptive 
learning” must be done in conjunction with cognitive work 
[47]. Shoe adaptation is thought to increase proprioceptive 
feedback [41].

The maintenance of unipedal stance is a long-known indi-
cator of fall risk. When walking, there is a step height and 
length decrease. Ankles are less solicited with age as balanc-
ing strategies reorganize around the hips.

 Vision and Visual Motor Control
After 50 years old, there is a decrease in visual acuity, con-
trast sensitivity, darkness adaptation, accommodation, depth 
perception, and distance appreciation [48]. In orthostasis, the 
body oscillates on the ankles depending on the visual field 
displacement; the area of the postural oscillations increases 
by 30% standing with eyes closed [39]. Oscillations increase 
with age due to a poorer integration and interpretation of 
visuospatial information.

 The Vestibule
The vestibulo-ocular reflex allows visual fixation during 
movements of the head. The vestibulospinal reflex stabilizes 
the head and posture in orthostasis by its facilitating action 
on the extensors of the head, trunk, and limbs.

1 2 3 4 5Fig. 20 Profiles of 100 elderly 
osteoporotic subjects according to Itoi 
[38]; types 4 and 5 are the most severe 
with compensation phenomena 
including pelvic retroversion and knee 
flexion
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The medial vestibulospinal tract, which projects bilater-
ally, facilitates the activity of cervical spine extensors. The 
lateral vestibulospinal tract, which is ipsilateral and fed by 
labyrinthine afferents, facilitates limb and trunk extensors 
activity.

However, in the absence of any pathology, as early as 50 
years old, there is a decrease in sensory cells in the otolithic 
and semicircular systems, and in myelinated fibers from the 
vestibules. More than a third of individuals over 70 have 
bilateral vestibular disorders without any reported symptoms 
of instability [49].

Rotatory movements are integrated with more difficulty, 
due to an alteration of the lateral vestibulospinal tract which 
controls the thoracolumbar spine extensors, thus causing 
repercussions on the morphology of the lumbar spine.

 Central Integration
All the structures of the central nervous system are involved 
in postural control: the tone of extensor muscles by vestibu-
lar, reticular, tectal, and olivary afferents; the perception of 
the vertical line (in the sagittal and coronal planes) by ves-
tibular, thalamic, and cortical afferents; postural stabilization 
thanks to muscle synergy (basal ganglia) and muscular coor-
dination (cerebellum).

The cortical circuits intervene at several levels in postural 
control:

• Motor control.
• The interaction between sensory information and its inte-

gration in the posterior association cortex. The perception 
of the vertical line is the result of a multisensory compro-
mise. This is the basis of proposed rehabilitation pro-
grams: relationship between visual afferents and cervical 
proprioception [50]; postural exercises to improve ves-
tibular control, with and without visual control, in indi-
viduals over 60 [51]. Sensory-motor reprogramming aims 
at teaching the elderly to use sensory input that was not 
used preferentially. The age-related quality deterioration 
of all sensory messages may lead to a real loss of afferent 
innervation (deafferenciation) [52].

• Cognitive functions, especially by the prefrontal lobe, 
such as attentional ability, strategic behaviors, and mem-
ory processes.

All proprioceptive afferents are integrated centrally, either 
in the cerebellum or at the subcortical level, essentially in the 
minor hemisphere. Functional MRI studies have shown that 
putamen activation is correlated with proprioceptive capac-
ity and decreases with age [53].

Sensorimotor postural control is hierarchized. Little attention 
is required, except in the elderly as they experience a decrease in 
information quality, information integration, and a reduction in 
automatic movement control. Thus, more attention is needed 
[54, 55]. Postural corrections are slower with a greater activation 

of the cortical and subcortical circuits required to maintain good 
performance [56]. The maintenance of the erect posture in the 
elderly subject negatively interacts with their ability to perform a 
second task [57, 58]. The deterioration of holokinetic motricity 
therefore imposes a greater cortical involvement. For example, 
subjects stop walking when talking.

Postural disturbances are common in Parkinson’s disease 
at an advanced clinical stage. They are associated with an 
orientation impairment to space, a trunk flexion tendency, 
and a decrease in postural correction reflexes [59].

Muscles work synergistically on the trunk and lower 
limbs and similarly on the neck and upper limbs to maintain 
posture. Muscle synergy corresponds to muscular activation 
patterns with reproducible and stable spatiotemporal charac-
teristics, which activation threshold and latency are modified 
according to somatosensory information, thus allowing pos-
tural adjustments. Yet certain muscular synergies are thought 
to be adaptable and flexible [60].

Muscle synergies and their control could be quantified 
very early in the setting of the diagnosis of Parkinson's dis-
ease even before postural problems translate into clinical 
symptoms.

Numerous tests have been and are being developed to 
assess the origin of postural disorders and to guide rehabili-
tation more specifically [61]. This allows the reorientation of 
rehabilitation in the case of sensory disorders, to compensate 
for a specific deficit (vestibulo-ocular or proprioception- 
vision relationships…). This minimizes the mechanical 
repercussions associated with postural disorders related to 
age or specific pathologies (static disorders, falls, lumbar 
spinal stenosis…).

 Functional Alterations Associated 
with Aging

 Postures and Dynamic Balances in Normal 
Adults

In all vertebrates, a polyarticular structure, foldable/unfold-
able, made of articulated rigid segments was the solution 
selected by evolution to support the body and allows it to 
move in an unknown, irregular environment with multiple 
obstacles. Evolution favors flexibility at the expense of spe-
cialization, thus enabling a considerable number of tasks in 
the three spatial dimensions.

This solution displays the advantages listed below:

• to provide a very strong and rigid frame thanks to the 
mechanical qualities of bone tissue and its adaptive 
remodeling capacities under the effect of repeated 
mechanical stresses,

• to impose kinematic guidance to each segment and thus to 
achieve the same coordinate of the distal segment with a 
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given approach vector, using several configurations of the 
proximal segments,

• to amplify movements by summing angular motions, 
which leads to a remarkable acceleration of extremities.

Besides, this was the chosen solution to build humanoid 
robots.

However, despite the existence of numerous devices per-
mitting automatic mechanical stops and cam effects (close- 
packed position), the precise control of the motions of each 
of the segments in the three spatial dimensions also requires 
the intervention of a large number of mono- or multi- articular 
muscles, mobilizing as well as stabilizing. Their program-
ming and activation/coactivation must be constantly mea-
sured by nerve centers whose instructions are continuously 
running in perception/decision/action/feedback loops. 
Moreover, the main difficulty in anthropoid robotics lies pre-
cisely in fine task programming.

The stability of the body is not just an elementary mechan-
ics problem that can be solved with some mathematical for-
mulations. This is a much more complex problem involving a 
considerable number of regulations extrinsic to the musculo-
skeletal system. The kinematic study of this entire frame, that 
is the mechanical point-by-point calculation of the organiza-
tion of each body element relative to each other at a given 
instant in the same inertial reference frame, is itself already 
terribly complex despite the development of new formulations 
of mechanical equations, modeling, and digital simulation.

Presently, it is illusory, even when limiting oneself to 
mechanics, to aim a complete representation of such a com-
plex system as a whole at the risk of inducing inaccuracies 
and combinatorial explosion, i.e., chaotic results by unman-
ageable multiplication of data. For medical practice, reha-
bilitation and the analysis of the sporting gestures, the 
problem must be simplified, but at a level acceptable for the 
envisaged application.

To date, the only operational solution to facilitate data 
integration remains indirect. It consists of artificially mov-
ing information capture toward the projection of real events 
on each of the three anatomical reference planes: sagittal, 
frontal, and transverse. These planes do not have a physical 
existence. They are a theoretical construction intended to 
establish a simplified model of a mobile structure in an 
inertial reference frame which escapes our senses. These 
three planes have been favored because they are convenient 
for the teaching of anatomy (anatomical cross-sections) 
and also for the frontal and sagittal plane because they are 
easily accessible to physical examination and medical 
imaging. Thus, scoliosis specialists were the first to provide 
surgeons with geometrical parameters of normality formal-
ized in these planes for sagittal and frontal balance. On 
these projections, the same foldable/unfoldable structures 
are observed. However each of them carries only partial 
information, yet different from that of other planes. It is 
from the study of all these data that one can extrapolate, as 

closely as possible, what can really happen, in particular 
thanks to 3D simulation and modeling.

Digital tools such as computed tomography, MRI, full- 
body weight-bearing EOS® 3D imaging, motion capture 
devices, and virtual reality are significantly enriching data 
capture. They will enable us, in the near future, to obtain a 
more and more precise idea of the exact nature of the struc-
tural and functional alterations which affect the vertebral 
system. Therefore, surgeons will be able to “keep a cool 
head” and predict side effects (or induced effects) of more 
and more demanding operative techniques. All the more so 
as in most cases, operative decisions are not urgent, as for the 
degenerative spinal deformity of the elderly.

However, the multiplicity of the parameters in question, 
both bony and non-skeletal, must increasingly encourage 
surgeons to adopt a holistic approach to patients before pro-
posing therapeutic procedures that are in principle ideal and 
if possible definitive. We believe that only a systemic 
approach will advance knowledge in this area (cf. Chapter 
“Anatomy of the Spinal Meninges”).

 Bipedal Folding Chains
We will refer to bipedal folding chains (BFC) as the pro-
jection, on each of the three anatomical reference planes, 
of the same skeletal device that regulates postural kinemat-
ics and movements of the erect man (Fig. 21). This denom-
ination seems to us more direct and concise than 
“lumbo-pelvi-femoral complex” which seems too restric-
tive for us to describe all the osteoarticular components 
that contribute to body balance. Moreover, it neglects the 
essential role of the cervical spine and the distal segments 
of the lower limbs (knees, ankles, and feet). For example, 
characteristics of the human foot alone allow an anthro-
pologist to isolate the Homo genus by implicitly evoking 
permanent bipedalism (Bennett 2009).

Human BFC include the following:

• the entire spine from the foramen magnum to the sacrum,
• the pelvic girdle,
• and all the skeletal components of the lower limbs.

It does not seem justified to oversimplify by equating the 
skull, or even the pelvis, with a vertebra for the sole reason 
that these two elements extend the spine and that their move-
ments can be coupled. Indeed, for anatomists, nothing phylo-
genetically, embryologically, and morphologically authorizes 
this assimilation.

 Sagittal BFC

 The Spine
It is composed of multiple segments called “motors,” each 
with six degrees of freedom. From this organization arise orig-
inal kinematics comparable to that of a flexible hose. This 
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results in a distribution of mechanical stresses that makes pro-
gressive damping possible on several segments. In addition, 
bone and disc modules turn out to be particularly resistant to 
compressive mechanical stresses and act as hydraulic damp-
ers. This entire device is made of highly differentiated connec-
tive tissues capable of adaptive remodeling in a matter of days.

The cervical part and even the first two thoracic segments 
regulate the head orientation.

In all vertebrates, posture and movement stabilization 
favors the horizontal plane of the exogenous spatial refer-
ence frame, that of the environment subjected to gravity and 
external forces. This plane corresponds to the most explored 
terrestrial dimension in routine activities. The brain, fed by 
an information stream from the retina, vestibule, propriocep-
tion, and peripheral gravireceptors, controls body balance 
and maintains it through feedback loops. Wilkie and Wann 
[62] showed that the sole information from vestibular 3D 
sensors and proprioceptive receptors in neck muscles is 
insufficient to develop a precise perception of the body's 
direction in the environment. Only the access to the retinal 
streaming signal makes judgment possible [63]. By itself, the 

retinal streaming signal, which has been enriched in primates 
by stereoscopic and color vision, constitutes a third reference 
frame. To prove this point, one only needs to analyze what 
happens when a subject walks while reading a newspaper or 
carrying a filled cup in hand. These tests can also be used to 
evaluate the status of sensory and somatosensory functions 
in the clinical assessment of the elderly. It follows that, dur-
ing action, the exogenous and endogenous data subjective 
perception precision comes from the exploitation of a quali-
tative and quantitative information mix, encoded by all sen-
sory and somatosensory receptors [64].

However, as far as the two major 3D transducers are con-
cerned, evolution resulted in their spatial orientation being 
not identical. The eye, which developed in Cnidarians during 
the Precambrian period, moves freely, independently from 
the skull. The labyrinth, which appeared about 200 M years 
later in Cyclostomes, is, on the other hand, completely fixed 
in the temporal bone. The visual field covers on average 
45–50° superiorly and 60–80° inferiorly. Therefore, it does 
not necessarily coincide with the plane of lateral semicircu-
lar canals, which is parallel to a fixed cranial reference mark, 
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Fig. 21 (a) The sagittal bipedal folding chain (BFC). (b) The frontal BFC. (c) The axial BFC
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the nasion-opisthion line (nasal root—posterior margin of 
the foramen magnum) [65]. The specific role of the cervical 
spine consists of providing a compromise: maintaining the 
direction of gaze and lateral semicircular canals by oscilla-
tions, on demand, in proximity to the horizontal plane. This 
is only made possible by an uncoupling of head movements 
from those of the rest of the body. Thus head movements 
refer to a local inertial reference frame rather than to the 
global egocentric spatial reference frame. Ultimately, oculo-
motricity (vestibulo-ocular reflex) and the head/neck seg-
ment inclination adjustment (vestibulocollic and 
vestibulospinal reflexes) modulate and optimize information 
capture.

In the sagittal plane (Fig. 22), head orientation is adjusted 
by two coupled movements, on the one hand flexion/exten-
sion of the atlanto-occipital joint, and on the other hand flex-
ion/extension of the lower cervical spine. The coupling of 
suboccipital joint motions and lower cervical spine motions 
creates two natural movement stereotypes of the head/neck 
segment in the sagittal plane. Each in turn presents two vari-
ants according to the mobility direction of CO-C1: protrac-
tion associates CO-C1 flexion or extension with a flexion of 
the lower cervical spine, while retraction associates CO-C1 
flexion or extension with an extension of the lower cervical 
spine [66].

Anthropological data suggest that, in protraction with 
suboccipital flexion (P1), the plane of the lateral semicircular 
canals is established as close as possible to the horizontal 
plane of the external spatial reference frame, the gaze axis 
thus being directed downwards by 20–30° [64]. In protrac-
tion with suboccipital extension (P2) and also in retraction 
with suboccipital flexion (R1), the gaze axis in turn becomes 
parallel to the horizontal line. The plane of the semicircular 

canals is then inclined upwards by 20–30° (sthenic positions 
of action or alertness). In fact, when walking and running, 
the gaze axis constantly changes its orientation between the 
horizontal plane and 20–30° of downward tilt. The autonomy 
of the head/neck segment disappears in extreme amplitudes 
in complete flexion/extension of the whole body. In these 
extreme situations the perception of the subjective line of 
gravity becomes problematic because of an intervectorial 
conflict (gravity vectorial shift).

The biomechanics of the orientation settings of the head 
is known. We were able to demonstrate that the projection 
locus of the centers of mass of the head (CCG: cranial center 
of gravity) is closely grouped behind the sella turcica, at the 
middle of the nasion-inion line (root of the nose to external 
occipital protuberance). This landmark turned out to show 
very little variability between subjects [65]. It projects onto 
the skin, slightly above and in front of the external auditory 
meatus, at the level of the anterior implantation of the antihe-
lix. In the upright vertical position with a horizontal gaze, the 
plumb line of the center of mass of the head passes about two 
centimeters in front of the odontoid (Fig. 23).

The head weight averages 4.5 kg ± 0.7 in both sexes. The 
head/neck segment weight is 8.3 kg ± 0.8 [67, 68]. This value 
corresponds respectively to 17, 14, 12, and 6% of the body 
weight for subjects weighing 50, 60, 70, and 80 kg.

The median theoretical value of the flexion momentums 
of the head–neck segment is about 40  Nm at 20° flexion, 
81 Nm at 30°, 122 Nm at 45°, and 162 Nm at 60°, for an 
average weight of 8.3 kg of the head/neck segment.

These values are to be compared to the average maximum 
cervical spine extensor muscle strength. These muscles gen-
erate active muscle momentums (AMM) in static work, i.e., 
on average ~200 N in males and ~160 N in females [69–72]. 

P2
R1

R2P1

PROTRACTION RETRACTION

Fig. 22 Movements of 
Protraction/Retraction of the 
cervical spine (axis of gaze in 
red, plane of lateral semicircular 
canals in black). In protraction, 
the lower cervical spine is flexed 
with two variants, one 
associated with an O-C1 flexion 
(P1, resting posture), the other 
associated with an O-C1 
extension (P2, sthenic posture). 
In retraction, the lower cervical 
spine is in extension with two 
variants, one associated with 
flexion O-C1 (sthenic posture 
(R1)), and the other with 
extension of O-C1 (R2) which 
carries look up. P1 and R2 
correspond to the classical 
flexion/extension of the cervical 
spine
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Values are higher, probably by about 80%, for dynamic 
extension efforts that involve initial acceleration [72].

However, the stretching of head and neck extensor 
muscles, especially in the nuchal ligament, generates at 
the same time a non-muscular passive momentum 
(NMPM), which increases non-linearly with neck flexion 
until the movement stops. In maximal flexion (P1), a rest-
ing posture adopted for reading or sleeping in a sitting 
position, non-muscular passive momentums alone ensure 
the maintenance of the  head/neck segment by a tenodesis 
effect as evidenced by the extinction of electromyographic 
recordings.

Overall, maintaining the head brings into play important 
active/passive momentums in the maintenance of body bal-
ance. It is essential to integrate them into the biomechanical 
assessment of postural controls.

The thoracolumbar and sacral regions of the spine inter-
vene in sagittal balance by varying thoracic and lumbar 
curve angles and by driving the pelvis. The adaptation of the 
axial skeleton to bipedalism causes a volume increase in 
lower vertebrae and restricts the locomotor role of the spine 
to the lumbar region, as opposed to what is observed in 
quadrupeds.

By means of a lever arm, the shortening of the lumbar 
segment in extension pulls the pelvis upwards and projects it 
forward in anteversion. This provides, relative to the vertical 
line (there is, of course, no real angular gain in the hips), an 
apparent additional femur extension of about 25° and vice 
versa for lumbar flexion which carries the pelvis in retrover-
sion and creates an equivalent “flexion reserve.”

In all quadrupeds, the lumbosacral angle (L.S.A.) is mini-
mal, while it becomes important in primates and especially 
hominids.

Abitbol [73] studied the variations of this angle: in dogs, 
it varies from 4 to 14° (mean: 9.3°); in the rhesus monkeys, 
from 20 to 35° (mean: 26.7°); in chimpanzees from 22 to 44° 
(mean: 32°); and in humans from 71 to 83° (mean: 77°). 
Lumbar lordosis is thus clearly related to the acquisition of 
the permanent erect posture and to the ontogeny of bipedal 
locomotion.

Anthropometric reference data of the thoracic spine and 
pelvis, corresponding to the vertical comfort posture, vary 
with age [74]. In subjects younger than 35, the ideal spino-
pelvic parameters (correlated with a physical well-being and 
quality of life score, SF36 PCS), would correspond to:

• Pelvic tilt (PT) angle 10.9°
• Pelvic incidence (PI) angle 52°
• PI-LL gap = −10.5°
• C7 plumb line, SVA (sagittal vertical axis) 4.1  mm. 

Obviously, these average values should be weighted 
depending on subjects.

 The Pelvic Girdle
It is formed of the two iliac bones, united at the front by the 
pubic amphiarthrosis, and connected to the sacrum by the 
sacroiliac joints. It constitutes the base onto which the spine 
rests. It ensures the transfer and distribution of the trunk 
axial loads on both lower limbs, which creates a sufficient 

inion nasion

Fig. 23 The center of gravity of the head (G) is located at the middle of 
the nasion-inion line. When the eye is horizontal, the gravitational line of 
the head passes in front of the odontoid (in red). The lateral semicircular 

canals remain constantly parallel to the nasion-opisthion line whatever 
the position of the head. (N: nasion, I: inion, O: opisthion)
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support polygon for an economical center of mass (COM) 
projection. In addition, the enlargement of the pelvis allows 
bipeds to support the abdominopelvic organs, especially the 
gravid uterus. Indeed, these are the two main roles of the 
pelvic girdle.

The low mobility of the sacroiliac joints under “natural” 
stresses (0–8° in the sagittal plane) [75] perfectly explains 
that the pelvis follows the movements of the spine and vice 
versa. However, it is important to understand that these are 
very particular joints, made to withstand considerable shear 
stresses. They possess very powerful connections. The most 
resistant ligament in traction is incontestably the interosseous 
sacroiliac ligament, unparalleled in the rest of the body. Only 
forced movements at the extreme may give an exact idea of 
the range of motion of these joints. The potential for sacroil-
iac joint motion should not be underestimated. In some sub-
jects, it can exceed 10° according to Smidt [75]. In gymnasts 
and subjects with joint hyperlaxity, it can even be much 
higher (which must make us reconsider the theoretical invari-
ance dogma of pelvic incidence). This potential can, however, 
be expressed significantly when flexion/extension stresses 
increase, for example after a long spinal fusion from T1 down 
to the sacrum; and explain the non-exceptional instrumenta-
tion breakage when the fusion is extended to the pelvis with-
out arthrodesis of the sacroiliac joints [76]. One may fear that 
it is not only by increasing the diameter of the pedicle screw 
that these fatigue fractures will be totally eliminated.

 The Two Lower Limbs
Their morphology is particularly adapted to walking and fast 
running, but especially to endurance; which makes the Homo 
genus champion of the animal world of long distance races 
(Born to run, Lieberman) [75, 77]. Their length, important 
compared to the rest of the body, makes it possible to raise 
the center of mass, which is conducive to accelerations and 
rapid changes of direction, but, on the other hand, increases 
motion instability. The long limb segments also increase the 
kinetic energy storage-delivery phenomenon resulting from 
the passive stretching of the tendons and the elastic mole-
cules of myofibrils, notably titin, during the concentric con-
traction of antagonistic muscles [78–81]. This phenomenon 
would make it possible, in fast running, to save about 50% of 
metabolic energy [79, 82]. Bipedalism thus requires less 
energy than quadrupedalism, but in return requires more 
demanding cerebral programming [77].

The lower limbs are the most effective compensators for 
postural imbalance, especially when they involve significant 
momentum. Depending on the extent of the support surface, 
wide or narrow, its hard or soft nature, the carrying of a load 
or not, and whether it is a static or dynamic balance, a series 
of three stabilization strategies are possible in the sagittal 
plane (Fig. 24).

 1. The ankle strategy (large, flat and hard support surface, 
weak acceleration): the balance is stabilized by ankle 
extension. Hips and knees remain straight. The body, with 
the exception of the head/neck complex, moves in this 
case like an inverted pendulum without significant varia-
tion in the height of the center of mass.

 2. The hip strategy (narrow or compliant support surface, 
slow movements and low amplitude). The balance is sta-
bilized by hip flexion; knees and ankles are extended. 
This strategy permits backward movements and to quickly 
lower the center of mass.

 3. The strategy of lower limb flexion (large bearing surface, 
loaded, static state), the balance is then stabilized by a 
simultaneous flexion of the three joints. This strategy 
results in a very effective lowering of the center of mass.

In all three cases, if, despite everything, the imbalance 
persists, the subject recovers by compensatory stepping.

 Coronal BFC
It involves the same skeletal segments as the sagittal chain. 
The range of motion of the lateral bending of the spine is 
60–80° (15–30° in the cervical, 30° in the thoracic, and 45° 
in the lumbar spine). Regarding hips, the range of motion in 
the coronal plane reaches 45° in abduction and 30° in adduc-
tion. The lateral movements of the knees, with an amplitude 
of 5–10°, do not appear until after the first degrees of 
flexion.

In coronal imbalance, the sequence of the three compen-
sation strategies is as follows (Fig. 25):

 1. The strategy of the spine: the spine intervenes by 
bending contralaterally to the pelvic lateral tilt. The 
balance of the head is restored by ipsilateral bending 
of the O-C1-C2 joints. It is only suitable for small 
imbalances.

 2. The strategy of the ankle consists of contralateral foot 
extension, which causes the heel to lift off the ground.

 3. The shortening strategy of the ipsilateral lower limb. The 
hip, knee, and ankle flex. The rotation and the medial 
bending of the knee are therefore possible.

The foot is placed in inversion. The detachment off the 
ground of its medial edge augurs imbalance.

If the instability is due to lower limb shortening of 
less than 2 cm, the subject will still compensate for the 
pelvic tilt with the sole contralateral spinal lateral bend-
ing. Yet beyond and up to about 6 cm, it is the ipsilateral 
ankle extension that intervenes until the support area on 
the forefoot becomes too reduced. Beyond this, lateral 
pelvic tilt is compensated by contralateral limb flexion 
(Fig. 26).
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In the relaxed vertical postures of daily life, there are 
incessant changes of voluntary support in the coronal plane. 
These alternating supports from one side to the other use the 
same stabilization strategies.

 Transversal BFC
The transversal BFC controls body rotation. It also involves 
the entire spine, pelvis, and both lower limbs.

The axial rotation of the trunk reaches 90–95° (averaging 
50° in the cervical, 30° in the thoracic, and 10° in the lumbar 
spine). It is most often coupled to a lateral bending [84]. 
Coupling occurs in the same direction at the cervical level 

and in the L5-S1 segment, while it occurs in the opposite 
direction in the rest of the thoracolumbar spine [78, 82, 84] 
(Fig. 27).

The stabilization sequence is as follows:

 1. The spinal strategy by rotation that is inverse of the 
imbalance.

 2. The hip strategy of inverse rotation of the pelvis around 
the ipsilateral lower limb (equivalent to lateral rotation of 
the hip).

 3. The lower limb strategy completes the previous two when 
the imbalance persists. It consists of flexing the ipsilateral 

θ

θ

a b c

2. Hip strategy1. Ankle strategy 3. Lowerlib flexion strategy

Fig. 24 The three 
stabilization strategies in the 
sagittal plane
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limb and extending the contralateral limb. Unlocking the 
knee, from the first flexion degrees, allows lateral rotation 
and tilting of the leg. Ankle flexion occurs concomitantly. 
The foot moves into eversion.

In slow walking, the pelvis and thorax rotate around the 
supporting leg, in the same direction as the moving leg (in 
phase coordination), whereas, when the speed increases, the 
thorax moves in reverse direction (anti-phase coordination) 
[78, 82]. In fast walking and running, the angular momentum 
of the pelvis is therefore counterbalanced by the inverse rota-
tion of the thorax and shoulder girdle. This results in an axial 
twisting of the thoracolumbar spine. According to Gregersen 
and Lucas [85], the transition between the two inverse rota-

tions would be between the 6th and the 8th thoracic verte-
brae. On either side of this neutral point, T1 can reach a 
rotation of 5°, and L5 of 6° in the opposite direction.

According to Gracovesysky et al. [86], the rotation/lateral 
bending coupling of the trunk is the main motor of bipedal 
walking.

At this stage, after having artificially decomposed the 
body kinematics of folding/unfolding in each of the three 
anatomical planes, it seems important to us to repeat that, 
under real conditions, most of the postures and motions are 
the result of more complex kinematics, which constantly use 
the multi-directional coupling of elementary motions around 
instantaneous rotation axes of non-linear evolution. Axial 
rotations are the common denominator of most coupled 

a b c

Fig. 25 The three strategies for stabilizing frontal imbalances: (a) ver-
tebral strategy, (b) contralateral vertebral and ankle strategy (c), verte-
bral strategy, and ipsilateral flexion shortening. If the imbalance is due 

to the shortening of a limb, the compensations (b) and (c) are reversed, 
which prevents too much rocking of the pelvis
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motions, a true “groundswell movement” of body kinemat-
ics. In instrumented spinal fusions, especially long ones, the 
neutralization of rotational stresses always poses a compli-
cated problem despite the use of transverse connector’s 
which should be preferably applied at the extremities than at 
the thoracolumbar junction.

The modern possibilities for movement capture should 
allow us to renew our knowledge of the moving body bal-
ance, starting with normal and pathological walking preop-
eratively and postoperatively.

 Postural Control
For the classical theory of body stability, equilibrium is 
reached when the projection of the center of mass corre-
sponds to the vertical of the center of pressure (support poly-
gon). This is about displacement-dependency or sway ratio. 
It is on this basis that J. Dubousset proposed the existence of 
a cone of stability [87]. In fact, the projection of the center of 
mass outside the center of pressure does not necessarily 

cause imbalance at zero or low speed. Inversely, stability is 
not guaranteed either if the speed of the center of mass 
exceeds a certain critical value [77]. The position of the cen-
ter of mass is therefore not the only value which conditions 
the state of equilibrium. Its displacement, speed, and accel-
eration are also essential parameters for characterizing each 
state of equilibrium. This is the concept of Feasable Stability 
Region (FSR) [88, 89]. One may speak of a useful pressure 
surface. Even when the center of mass seems stabilized and 
the subject motionless, there are always permanent oscilla-
tions perfectly visible on a force platform. They are mainly 
due to changes in neuromuscular instructions, and second-
arily to the background noise of functioning viscera and 
blood circulation. Finally, the standing human is never in 
stable equilibrium [77].

In a relaxed standing position, the gravity axis passes in 
front of L4 and the center of the acetabulum in 75% of cases 
[86]. In this situation, in the absence of loading, flexion/
extension moments are weak. Spinal extensor muscles gen-
erate only 2–5% of their maximal force [85]. Half of the 
extension moments are passive (NMPM). Balance is adjusted 
by agonist/antagonist coactivation which increases with 
higher loads. In the absence of any load, the muscular con-
tractions remain sporadic and brief, essentially recruiting 
fast fibers (fibers IIa and b).

In a sthenic standing position without load, such as stand-
ing to attention, the strength of the erector spinae muscles 
and hip extensors are about 15% of their maximum strength. 
When this situation persists, there are signs of “relaxation” 
(creep) at the level of sensorimotor controls rather than mus-
cle fatigue [49].

When lifting loads, subjects flex their thoracolumbar 
spine, tilt their pelvis in anteversion, and flex their lower 
limbs. It is important to note that the stabilization of the spi-
nal segments is completely separate from that of the pelvis 
around the hips. Complete paralysis of the gluteal muscles, 
as observed in poliomyelitis, condemns patients to quadru-
pedalism. The thoracolumbar spine is mobilized thanks to 
the action of the erector spinae muscles (longissimus, ilio-
costalis, and spinalis muscles) and also using deep paraspi-
nal muscles (multifidus muscles) and superficial muscles 
which insert away from the spine (latissimus dorsi, quadra-
tus lumborum, serratus posterior inferior, psoas major mus-
cles). The essential role of the abdominal muscles is to adjust 
the symmetry of lifting efforts. The active moments of the 
erector spinae muscles (about 200 Nm) alone are insufficient 
to explain the lifting of large loads. NMPM (non-muscular 
passive moments), including those originating from the tho-
racolumbar fascia, need to be involved (Fig. 25).

These data are only valid for static balance. In dynamic 
lifting, trunk acceleration requires a force surplus of about 
80% [80]. Pelvic and femoral stabilization is ensured by the 
extensor muscles of the coxofemoral joints (glutei and ham-

Fig. 26 Compensation of a shortening of the left lower limb of two 
centimeters purely to a vertebral strategy
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string muscles), the moments of which are considerably 
increased by pelvic anteversion as well as hip and knee flex-
ion (Fig. 28).

 Functional Alterations Related to Aging (Table 1)
Age-related degenerative spinal deformity affects approxi-
mately 60% of subjects over 65 years of age [90]. Many are 
well tolerated, but for some, they become a factor of disabil-
ity and poor health that can significantly reduce their inde-
pendence and consequently pose a serious social problem.

In subjects over the age of 60, the volume decrease of the 
contractile part of muscles (sarcopenia), mostly affecting 
fast fibers (IIa and IIb), leads to a loss of strength (a decrease 
in muscular active moments) and endurance when required 
to make a prolonged physical effort.

On the other hand, perimuscular and intramuscular con-
nective tissue stiffens considerably due to the loss of elastin 
fibers and the thickening with crosslinking of the collagen 
fibers. A significant increase in non-muscular passive 
moments ensues. From a certain amplitude of thoracolumbar 
flexion and pelvic retroversion, the NMPM alone ensure 

most of the sagittal balance by a tenodesis effect. This mode 
of postural control has virtually no metabolic cost.

Thus, spontaneously, because of a lower energy cost and 
also because of an altered representation of the spinal system 
at the level of the central nervous system, the elderly prefers, 
between two tasks, keeping the same leaning forward atti-
tude rather than getting up each time as younger subjects 
would do.

The impact of energy costs on seniors can be appreci-
ated by measuring their VO2 Max. In the elderly, the 
decrease in VO2 Max is one of the most easily observable 
parameters of the collapse in material/metabolic energy 
fluxes: at 85, it is on average 18 ml/min/kg for men, and 
16 ml/min/kg in women. According to Paterson et al. [91], 
a value of 14 ml/min/kg corresponds to the minimal physi-
cal aptitude necessary to perform the motor activities of 
daily life. Its measurement should be systematic in the pre-
operative decision-making process. Indeed, in the postop-
erative phase, the straightening of an elongated trunk by 
deformity correction and instrumented fusion theoretically 
presents much higher energy costs.

5°

6°

T1

T6

T8

L5

Normal walking Brisk walking

Pelvis axis

Shoulders axis

Fig. 27 In normal walking, the chest and pelvis follow the bony limb. In brisk walking the transverse axis of the pelvis and that of the thorax 
intersect. This results in an axial twisting of the vertebral column
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Fig. 28 Kinematics of the lumbar and pelvic couple: The extension of 
the lumbar spine pulls the pelvis upwards and forwards (anteversion), 
and thus increases the amplitude of the femur extension compared to 

the vertical. The flexion of the lumbar segment causes pelvic girdle 
retroversion and a relative increase in flexion of the femurs

Table 1 Age-related changes in vertebral parameters (with permission of Yoshida et al. [43])

Decades 6th 7th 8th 9th 10th p
Number of subjects 36 176 315 136 8
Male, number, % 14 (38.9) 73 (41.5) 109 (34.6) 68 (50.0) 3 (37.5) 0.1336
CCG-C7 28.5 ± 13.7 29.2 ± 18.5 29.9 ± 21.7 37.1 ± 22.1 41.1 ± 26.1 0.0006
C7 SVA 29.6 ± 36.4 27.2 ± 31.6 48.9 ± 43.6 80.8 ± 50.7 79.6 ± 42.2 <0.0001
CCG-SVA 58.1 ± 40.2 56.9 ± 37.8 78.8 ± 49.9 117.9 ± 57.9 120.6 ± 56.4 <0.0001
C2-C7 angle 12.3 ± 9.4 12.4 ± 9.1 13.9 ± 9.9 15.1 ± 10.2 18.3 ± 7.8 0.0165
TK (°) 29.5 ± 10.6 33.3 ± 12.4 35.7 ± 13.5 40.0 ± 15.9 39.4 ± 5.5 <0.0001
LL (°) 42.5 ± 10.7 42.5 ± 13.5 40.7 ± 15.6 39.8 ± 17.4 39.3 ± 15.2 0.0002
PI (°) 47.8 ± 8.7 48.3 ± 10.6 49.2 ± 12.5 49.8 ± 10.9 49.2 ± 5.6 0.1471
SS (°) 32.3 ± 7.5 31.9 ± 9.7 30.5 ± 11.6 27.2 ± 10.8 31.3 ± 8.4 <0.0001

Age-related changes in CCG-C7 SVA, CGS SVA, C7 SVA C2-C7 lordosis angle, CT, LL, IP and PS on 671 subjects
CCG cranial center of gravity, SVA sagittal vertical axis, TK thoracic kyphosis, LL lumbar lordosis, PI pelvic incidence, SS sacral slope
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To maintain the balance of the body, each individual 
spontaneously adopts, according to their own anthropomet-
ric data and residual physical performance, a mechanical 
and energetic compromise to ensure that the projection of 
the center of mass best corresponds to a useful pressure sur-
face. It is important to note that this compromise is dynamic 
and results from a progressive adaptation that is osteoarticu-
lar, neurological, cognitive, and also emotional and social. 
Adaptation to aging is the adaptation to a loss of margins in 
the living.

The three BFCs (bipedal folding chains) have their 
respective share of adaptive compensations. Standard imag-
ing favors their observation in the sagittal and coronal planes, 
but 3D reconstructions also display them perfectly in the 
axial plane, as well as the pathological vertebral translations 
along the three cardinal axes (Fig. 29).

Compensatory mechanisms for the control of body bal-
ance in the sagittal plane include the following:

• Cervical hyperlordosis,
• The displacement of the center of gravity of the head 

(CCG)
• The extension of the spine,
• Pelvic retroversion,
• Hip extension, knee flexion, ankle flexion/extension, and 

foot inversion/eversion.

Yet compensatory mechanisms that involve the lower 
limbs usually elude clinical examination and imaging.

Two compensatory strategies are most commonly adopted 
by patients, depending on the level and type of thoracic 
kyphosis, the existence of residual lumbar extension (some-
times at a single level), and especially the residual perfor-
mance of gluteal muscles and hamstrings.

For example, in some high thoracic kyphoses, with pre-
served lumbar lordosis (or a single abnormally mobile 
lower lumbar segment), and a still somewhat effective mus-
culature, the compensatory strategy adopted by the patient 
consists of straightening the spine as much as possible 
while keeping hips and knees extended and the ankles 
flexed. In return, the head/neck segment is carried in R1 
retraction, but fatigue can also cause the loss of the hori-
zontal gaze. Only a certain degree of hip and knee flexion 
can then restore it.

The most usual strategy, however, when there is no pos-
sibility of lumbar extension, is to compensate for thoraco-
lumbar kyphosis and pelvic retroversion using maximal 
femoral extension (while on the imaging, one may believe 
this is hip flexion). Knees and ankles are stabilized in flexion. 
This posture lowers the center of mass very efficiently. It is 
then possible to horizontalize the gaze. However, if patients 
are asked to extend their knees, they find themselves destabi-
lized forwards.

When spinal curves worsen and cervical as well as thora-
columbar extensor muscles weaken further, gaze horizontal-
ization becomes impossible. There is a cervical collapse in 
P1 protraction. The gravity line then projects in front of the 
support polygon. Anterior support becomes indispensable 
(Fig. 30) [83, 92–95].

• Balance disorders described above greatly impede move-
ment and expose elderly subjects to falls. Their walking 
stiffens and steps shorten. Spinal rotations disappear in 
walking, and many adopt a lateral sway of the center of 
mass. Yet the coupling of rotations and other movements 
persist in the sitting position.

Fig. 29 The two strategies for the compensation of thoracolumbar 
kyphosis
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• Central or peripheral neurological disorders, even if dis-
crete, can considerably worsen the situation, especially 
Parkinson’s disease. It should be noted that these disor-
ders can suddenly decompensate postoperatively and 
compromise the outcome.

Several recent studies have shown that repositioning the 
center of gravity of the head (CCG) above the femoral 
heads and maintaining a horizontal gaze are essential 
aspects of body balance [43, 94, 96, 97]. SVA is useful to 
estimate the center of body mass projection, but it is only 
the result of the compensatory mechanisms below C7. 
Ames et al. [96] have shown that the degree of cervical lor-
dosis to maintain horizontal gaze is clearly correlated with 
pelvic tilt (PT). This result may seem a priori surprising 
because the maintenance of cervical lordosis is fully active, 
with no intervention of non-muscular passive momentums 
(NMPM), contrary to what is observed at the level of the 

spine and pelvis. However, the analysis of cervical com-
pensatory mechanisms shows that it predominates in O-C1 
and therefore solicits muscles which momentum, with 
respect to this joint, is particularly favorable, such as the 
occipito-scapular muscles (trapezius and levator scapu-
laris muscles) or long muscles, occipitospinous muscles 
(splenius capitis muscle), as well as the longissimus capi-
tus muscle. Below a critical value of active moments, the 
system abruptly collapses to stabilize again, passively, in 
P1 protraction. From then on, the gaze remains tilted down-
wards. The only way to turn it upwards is to further flex the 
knees and ankles (Fig. 31).

Yukawa et al. [90] reported the results of a study on 1230 
asymptomatic subjects that showed that cervical lordosis 
increased in the sixth decade and more so in women.

Finally, it seems that the best compromise for judging sag-
ittal balance is that which combines the parameters of cervical 
alignment (CCG plumb line) and C7 plumb line (CCG-SVA) 

a b b’ c

Fig. 30 Evolution of compensations of sagittal imbalance
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CCG SVA

+ ++ –

c b a

Fig. 31 Projection of the cranial center of gravity (CCG) and the 
plumb with C7 (SVA). (a) Normal equilibrium, without compensation, 
(b) Compensation to bring horizontalize the gaze (retraction R1), it 
diminishes the two vertical plumb lines. (c) The collapse of the cervical 

spine protraction P1 causes a separation of the two plumb lines. The 
gaze can no longer be kept horizontal (modified with the permission of 
Yoshida et al. [43])

[43]. The reduction in the gap between the two plumb lines is 
indicative of the stabilizing effectiveness of cervical lordosis, 
first in R1 retraction and then in P2 protraction before the sys-
tem collapses. Its increase (compared to the gap seen in nor-
mal adults) reflects the stabilization in P1 protraction.

 Body Balance After Surgical Correction
The correction of thoracolumbar kyphosis by vertebral oste-
otomy mathematically reduces pelvic retroversion and 
improves hip extension (Figs.  32 and 33). In contrast, it 
imposes a long instrumented fusion of T1 down to the 
sacrum, or even the pelvis, because a shorter arthrodesis 
would be rapidly exposed to adjacent segment disease 
(ASD). Deformity correction and its perpetuation by an 
extensive arthrodesis leads in fact to trunk lengthening and 
an elevation of the center of mass, which has the effect of 
significantly increasing the flexion moments of the trunk. On 
the other hand, the neutralization of the action of the erector 
spinae muscles imposes an additional effort on hip extensors. 

On the other hand, when pelvic retroversion correction is 
sufficient (PT < ~18°), the balancing moments of the gluteal 
muscles and hamstrings are increased at the same time, 
which improves stability. When the retroversion correction is 
insufficient, the moment of these muscles is in no way 
improved and if they were weak before the intervention, the 
state of the patient can be even aggravated by the surgery.

At this point in the analysis of postoperative biomechan-
ics, it appears that vertebral osteotomy techniques make it 
possible to obtain an excellent correction of the spinopelvic 
parameters in the three anatomical planes. However, they 
do not have any effect on geometrical or functional anoma-
lies that affect the lower limbs. Yet these are common in the 
elderly (shortening of a limb, sometimes secondary to a 
total hip replacement, knee recurvatum or instability, 
sequelae of foot surgery, and so on). These pathologies, to 
which patients have often become accustomed, may lead to 
new adaptation problems after surgical correction of spino-
pelvic anomalies.
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In fact, even if all the bony geometrical parameters are per-
fectly integrated preoperatively, it appears that the ideal math-
ematical correction of bony geometry does not always 
guarantee a satisfactory clinical outcome. This results in a pre-
occupying uncertainty about the outcome, which we are 
tempted to attribute to a lack of data on the initial skeletal 
parameters, and/or to neglected non-skeletal factors, which 
may compromise the control of postural balance in the elderly.

First of all, should we impose on the elderly an ideal 
kinematic paragon, calculated on much younger subjects? 
Lafage et  al. [74] studied a cohort of 772 patients aged 
35–75 (average age: 53.7 years), 83% of whom were 
women, and 54% were operated on. She correlated the val-
ues of anthropological spinopelvic parameters, those of SF 
36 PCS health and quality of life scores, and age. She 
found that the value of spinopelvic parameters correspond-

a b c

Fig. 32 Theoretical representation of the sagittal balance of the same patient before surgery (a), after osteotomy and extensive fusion with an 
inadequate correction of the reverse version (b), and in the case of an ideal correction (c)
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ing to the best health and physical well-being varied with 
age, namely:

• For subjects under 35 years of age, a pelvic tilt (PT) of 
10.9°, pelvic incidence minus lumbar lordosis difference 
(PI-LL) of −10.5°, and a C7 plumb line (SVA) of 4.5 mm.

• For subjects over 75 years, PT = 28.5°, PI-LL = −16.5°, 
SVA = 78.1 mm.

Older patients operated for degenerative spinal defor-
mity would therefore seem to be accommodating less 
demanding spinal parameters than younger subjects. For 
the time being, no satisfactory explanation can shed light 
on this phenomenon, although it explains why elderly 
patients prefer the sitting position. In fact, in the elderly, 

gradually acquired skeletal compensatory mechanisms are 
probably not the only parameters useful for the adaptive 
process. The planning of an ideal surgical correction by 
computer must be contextualized taking into account the 
numerous non-osteoarticular lesions that also affect the 
normal functioning of the locomotor system and reduce its 
robustness.

In conclusion, it is now known that the principles of surgi-
cal treatment of idiopathic scoliosis in young subjects, usu-
ally equipped with a robust system (in the sense of the 
automation specialists), cannot be simply transposed to the 
elderly. The problem of these patients is much more compli-
cated. The solution necessarily requires a more complete 
assessment of the nature and interactions of the multiple 
defects related to the aging spine.

Fig. 33 Correction of 
deformities in the frontal and 
sagittal planes (up), and 
rotations/translations in the 
transverse plane (down, EOS 
reconstruction) (from Obeid 
et al. [83, 95]
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The Standing Position: Its Principles 
and Spinopelvic Relations

P. Roussouly

 Introduction

The standing erect position is specific to humans and the 
main anatomical differentiation from the animal kingdom. 
For most terrestrial vertebrates, especially mammals, qua-
drupedalism is the rule. The four limbs are used to lift and 
ambulate; bipedalism, when possible, can only be temporary 
and difficult to maintain. However, bipedalism has found 
various expressions in vertebrates. Firstly, many dinosaurs 
were many bipeds, similar to a model that is found in birds 
today: both lower limbs (or posterior) with short femurs 
were hinged on a horizontal tank whose mass is distributed 
over the front and back of the legs. This pendulum effect was 
increased in some dinosaurs who had a long and heavy tail. 
This model of bipedalism allows efficient and rapid ambula-
tion. It is unclear whether the release of the forelimbs in 
these bipedal dinosaurs has diverted their usage for other 
purposes because they usually became atrophied. In birds, 
wing development enabled them to fly.

Some demonstrate a postural bipedalism, more akin to a tri-
pod with support from the tail, for example, marsupials whose 
wandering is by leaps and bounds. Closer to humans, apes con-
vert easily to bipedalism, allowing their forelimbs to perform 
complex tasks, but biped ambulation remains short, ineffective, 
and requires forelimb support to compensate for their imbal-
ance. Anatomically, the main differences with humans are a 
tall, narrow pelvis and a lack of lumbar lordosis.

Man is the only vertebrate capable of maintaining a pro-
longed upright standing position, and thus becomes more 
economic. Furthermore, this position can be maintained in 
ambulation by the lower limbs without support from the 
upper limbs. Unlike other bipeds, the load distribution is not 
a balance between the head and the “tail.” As shown by 
Dubousset, the human body while standing oscillates inside 

a cone whose apex is located at the floor between the 2 ft. 
This system requires a chain of suitable anatomical elements: 
feet with a large bearing surface on the ground, vertical lower 
limbs with knees extended, retroverted pelvis, spinal con-
tours with lumbar lordosis, and the center of the head in the 
same vertical axis as the pelvis.

In this study, we will analyze the role of the pelvis and its 
relationship with the lumbar spine. The various forms of the 
pelvis are identified by geometric parameters as they induce 
a close interrelationship with the shape and position of the 
spine.

 Form and Position of the Pelvis

Considered by Dubousset as a vertebra, the pelvis bones com-
prise a rigid ring which connects to the spine by means of the 
lumbosacral junction and to the legs through the hip joint. If 
these interfaces are projected on a sagittal plane, we can 
model the sacral endplate at an inclined line segment limited 
by its anterior and posterior edges and the bicoxofemoral axis 
passing through the center of the femoral heads, correspond-
ing to a point. From this model, Duval-Beaupère [1, 2] has 
defined the pelvic incidence angle and two positional angles, 
Pelvic Tilt (PT) and Sacral Slope (SS) (Fig. 1).

Pelvic incidence (PI): this is the angle formed by the 
straight line drawn from the mid-bicoxofemoral axis (center 
of the line connecting the center of both femoral heads) to 
the middle of the sacral endplate with the perpendicular 
bisector of the sacral endplate (mediator). If we consider the 
pelvis as a rigid structure, this angle is fixed for a given per-
son after the end of growth. The PI is a shape parameter.

Pelvic Tilt (PT): angle formed by a straight line drawn 
from the mid-bicoxofemoral axis to the middle of the sacral 
endplate with the vertical. PT characterizes rotation of the 
pelvis around the heads with femoral diaphyses in a vertical 
position. PT is a pelvis position parameter.

Sacral slope (SS): angle formed by the direction of the 
sacral endplate with the horizontal. SS defines the  orientation 
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of the sacral plate. SS is the second positional parameter of 
the pelvis.

PI, PT, and SS are related by the geometric relationship: 
PI = PT + SS. This means that the fixed shape parameter is 
equal to the sum of the two position parameters. This geo-
metric relationship has two consequences:

• For a given individual, PI is constant. When PT increases, 
SS decreases and vice versa. In other words, when the 
pelvis rotates backwards around the femoral heads (retro-
version), the sacral endplate horizontalizes. On the con-
trary, if the pelvis rotates forward (anteversion), the sacral 
endplate becomes vertical. This is a means of regulating 
sagittal balance of the human body.

• For two different individuals, one with a large PI and the 
other with a small PI, the pelvic positioning possibilities 
are different. Large PI allows higher PT values than 
smaller PI. By taking 0° as the minimum value of SS, the 
possibilities to retrovert the pelvis are greater for a high 
PI. In reality the largest retroversions are limited by the 
ability to extend the hips (Fig. 2).

 Limits for Pelvic Parameters

The values generally accepted in the literature are an average 
of 52° PI for white Caucasian populations. We have published 
the largest series (709 individuals) that shows extreme values 

PT

SS

PI

Fig. 1 Pelvic incidence 
angle, PI (shape angle of the 
pelvis), is equal to the sum of 
two positional angles of the 
pelvic tilt, PT and sacral 
slope, SSImage: IP = PI 
VP = PT SS = SS

SS
PT

Small PI Legra PI

Fig. 2 The pelvis on the left with a low PI allows less retroversion (low PT) than that on the right (high PI). Because of the relationship 
PI = PT + SS when SS tends to zero, PT tends to PI
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of 35–85°. There is no gender influence on PI values. In 
pathology, values can be found within or beyond these limits. 
The mean values of PT and SS are 12° and 40°, respectively. 
This does not mean a lot because we have seen that the values 
of PT and SS are related to PI. Mac-Thiong [3] gives a maxi-
mum limit for PT as PI/2. On the other hand, the direct rela-
tionship between pelvic positioning and hip amplitudes in 
extension seems to link the PT and hip limits more closely. 
Referring to quality of life criteria, Schwab and Lafage [4] 
propose a PT limit of 20°, irrespective of PI values. 
Correlations between PT and PI, and SS and PI are p = 0.65 
and p = 0.80, respectively. This shows a stronger relationship 
between PI and SS. Neither of the two parameters (PT or SS) 
cannot have a direct linear relationship with PI.

 Influence of the Pelvic Incidence  
on the Shape of the Pelvis [4]

The PI angle is a shape parameter, it affects the shape of the 
pelvis. The posterior pelvis is formed by the two iliac bones 
and sacrum, it seems that only the latter is directly impacted by 
changes in PI.  The lower the PI, the longer the sacrum, the 

higher the sacral endplate projects close to the interiliac (inter-
crest) line, and the more the sacral endplate is horizontal. On 
the contrary, the higher the PI, the shorter the sacrum, the lower 
the projection of the sacral endplate, often well below the inter-
iliac line, and the more the sacred endplate is inclined. This 
results in a low positioning of L5 with respect to the crests in 
the high PI and conversely a high L5 in low PI. This is described 
as an “embedded L5.” From the perspective of the overall 
shape, the low PI pelvis appears more vertical, with a more 
open pelvic inlet; the high PI pelvis seems more horizontal, 
with the pelvic inlet opening further up. The pelvis of very low 
PI approximates the vertical and narrow pelvis of great apes. 
The functional differences in PI may have obstetric effects: a 
horizontal pelvic inlet seems best suited to the passage of the 
fetus by natural means than a vertically oriented canal (Fig. 3).

Another consequence is the position and orientation of 
the acetabulum. In a low PI pelvis, the femoral heads are 
positioned just below the sacral endplate. Moreover, there is 
very little possibility of retroversion of the pelvis.

The orientation of the acetabulum changes minimally in 
axial rotation. On the contrary, with a high PI pelvis, the 
acetabuli are generally positioned further forward along 
the sacral plateau. In addition, the greatest opportunities of 

Fig. 3 Left, when PI is low, the sacral endplate is located higher 
(sacrum elongated) and approaches the horizontal plane passing 
through the iliac crests. The pelvis appears narrower from front to back; 
the pelvic inlet is more vertical. Right, when PI is high, the sacral end-

plate is projected below and behind the plane of the iliac crests. The 
pelvis appears wider from front to back (horizontal pelvis); the pelvic 
inlet is inclined further forward

The Standing Position: Its Principles and Spinopelvic Relations



116

retroversion of the pelvis will strongly change the orienta-
tion of axial rotation of the acetabuli (Fig. 4).

 The Lumbar Lordosis

Since Hippocrates, the anatomy of the spine has always 
been defined as distinct segments characterized by the 
shape of the vertebrae and the overall direction of the cur-

vature of the vertebrae group concerned. The classic seg-
mentation was cervical lordosis, thoracic kyphosis, lumbar 
lordosis, and sacral kyphosis. It is thus conceived that lum-
bar lordosis concerned only the lumbar vertebrae and had 
to be appreciated as T12L1 to L5S1. However, a pertinent 
analysis of lumbar lordosis has shown that the anatomical 
boundaries do not correspond necessarily with the limits of 
the vertebrae in extension. Short lordoses could be found 
ending before L1 and long lordoses beyond T12. 

Fig. 4 Variation of the axial positioning of the acetabuli according to pelvic version. Retroversion of the pelvis increases the acetabular antever-
sion, and vice versa
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Furthermore, Stagnara [5] had shown the influence of the 
orientation of the sacral endplate on the shape of the spine 
with a high sacral slope termed “dynamic,” and flat sacral 
slope termed “static.”

We propose a functional biomechanical definition of 
lumbar lordosis [6]. This comprises the vertebral area 
between the sacral endplate and the inflection point where 
the curvature in lordosis changes orientation to switch to 
kyphosis. We propose a model where the geometric curva-
ture of lordosis is divided into two arcs in accordance with a 
horizontal line passing through the apex of the curve (ante-
rior tangent point of the curve with the vertical). The upper 
arc is between the point of inflection and the apex. It has 
been shown that the angular value of the upper arc is rela-
tively constant around 15° for an asymptomatic adult popu-
lation. The lower arc is between the sacral endplate and the 

apex. Its angle is equal to the angle of sacral slope (SS). The 
upper arc is between the apex and the perpendicular to the 
tangent of the curve at the inflection point. As stated by 
Stagnara, the orientation of the sacral endplate gives rise to 
the shape of the lumbar lordosis. Considering the proposed 
geometric model, the angular variation of SS directly influ-
ences the angle of the lower arc and thus its shape. Given the 
constancy of the upper arc, the sum of the upper and lower 
arcs can be reduced to SS + 15°. This equation confirms the 
strong correlation (R = 0.85) between the SS and the overall 
angle of lumbar lordosis (Fig. 5).

From this construction and by segmenting the angular 
values of SS into three categories (SS <35°, 35° < SS < 45°, 
SS > 45°), we identified three major types of lumbar lordosis 
morphologies [7, 8]:

SS < 35°

Cervical Lordosis

Thoracic
Kyphosis

IP

Apex

SS

β

Superior Arc

Inferior Arc

β = SS

θ

α

Lumbar
Lordosis

Fig. 5 Vertebral 
segmentation according to 
Dimnet, Berthonaud. The 
inflection point (IP) where the 
spinal curvatures change 
direction separates lumbar 
lordosis (LL) and thoracic 
kyphosis (TK). Each curve 
can be divided into two arcs 
tangential to each apex. The 
lower arc of LL is equal to the 
sacral slope
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• Type 1: The lower lumbar arc is a low angle; it is very short 
or non-existent. Only the upper lumbar arc is expressed. As 
lordosis is short, kyphosis descends to the lumbar zone to 
provide a thoracolumbar kyphosis; with more kyphosis, the 
low lumbar hyperextension increases (Fig. 6).

• Type 2: The second expression of a low degree arc is to 
reduce the radius of curvature, the shape of the arc 
approximates a line segment. Lordosis is longer but very 
flat. The general form of the thoracic and lumbar spine is 
generally smooth and minimally curved. The mean angu-
lar value of lordosis is <50° (Fig. 7).

35° < SS < 45°

• Type 3: This is the average harmonious type. The lordosis 
lengthens, the apex is at the level of L4; the average value 
of lordosis is between 50° and 60° (Fig. 8).

SS > 45°

• Type 4: This is a harmonious hypercurve. The angle of 
lordosis increases with sacral inclination. As the lower 
arc lengthens, the number of vertebrae in the lumbar 
increases. In the highest lordosis, lordosis recruits fur-
ther vertebrae, by exceeding the L1T12 junction. 
Moreover, intervertebral hyperextension augments 
local spinal extensibility. The average lordosis exceeds 
60° (Fig. 9).

 Remarks

• In more lordotic type 3 and type 4, the most important 
part of the lordosis rests at the last lumbar segments L4L5 
and L5S1 which are necessary to maintain or restore in 
surgical treatment.

• The flattened shape of the lumbar lordosis in type 2 offers 
more space for posterior vertebral bone formation, includ-
ing large volume facet joints and spinous processes. This 
limits the posterior extensibility and intervertebral 
flexibility.

SS<35°

Fig. 6 Type 1: SS is low, <35°; the lower arc of LL is reduced, LL is 
short with thoracolumbar kyphosis

SS<35°

Fig. 7 Type 2: SS is low, <35°; the lordosis angle is small (LL flat)

35°<SS<45°

Fig. 8 Type 3: 35° < PS <45°, LL balanced

SS>45°

Fig. 9 Type 4: SS > 45°, lordosis has a high angle and is longer because 
of the proximal extension and angle of increase of the lower arc
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• Alternatively, the curvature associated with type 4 has 
posterior elements with a shorter radius and offers less 
space for their development. Consequently, joint and spi-
nous process volume are reduced. This anatomy improves 
extensibility and better spinal flexibility. In return, the 
small size of articular masses is exposed to risks of inter-
vertebral instability.

 Pelvic Incidence Relationship Lumbar Lordosis

All of the literature confirm a strong correlation between PI 
and SS (R = 0.80) and to a lesser degree between PI and LL 
(R = 0.65). The strong PI–SS correlation permits approxima-
tion between PI and lumbar morphologies that are indexed 
from the SS. One can consider that the lowest PI will be found 
more often in types 1 and 2 lordoses, while with the highest 
PI one will find types 3 and 4. Here we see the relationship 
between the shape of the pelvis and lumbar lordosis (Fig. 10).

 Global Balance of the Thoracic and Lumbar 
Spine. Position of C7 (Fig. 11)

The assessment of the overall balance of the human body in 
a standing position requires analysis of the cranio-cervical 
position. Until now, the conventional radiographic input on 

standard 30 × 90 cm formats rarely allowed capture of the 
skull when evaluating the cervical spine. Since the use of 
X-ray with EOS scanning, imaging of the body can be 
grasped in totality. There is no consensus yet to designate a 
cranial anatomical landmark that identifies the overall bal-
ance of the body while standing.

Until now, the consensus has been taken to consider the 
middle of the C7 vertebral body as the most reliable anatomi-
cal landmark in assessing overall balance. On standard radio-
graphs, C7 was the first identifiable vertebra regularly above 
the shoulders shadow that mostly hid T1. Otherwise, the 
position at the upper extremity of the thoracic spine reflects 
the behavior of the entire thoracolumbar spine and pelvis.

The most classical C7 positioning measures [9] were 
performed from a vertical line through the middle of C7 
(Plumb Line). Distance measures on a horizontal projec-
tion in relation to an anatomical landmark of the pelvis 
(sacrum or femoral heads) were proposed. The most 
widely accepted is the sagittal vertical axis (SVA) as 
described by Farcy which is the horizontal distance from 
the C7 plumb line to the posterior edge of the sacral end-
plate. This radiological distance measurement is question-
able because it requires a mandatory calibration of 
radiographs to ensure the validity of the measures. Finally, 
a comparison of distance measurements on different 
sources of X-rays is questionable (Fig.  12). In order to 
propose a relative rather than absolute measurement  

Type 3 Type 4

HIGH PI

Type 2

Low PI

Type 1

Type 3
Anteverted

Fig. 10 LL–PI relationship. Types 1 and 2 are always with low PI; types 3 and 4 are with high PI. However, a low PI pelvis with high anteversion 
can yield a type 3 or 4
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system, Barrey [10] proposed the C7 translation ratio, 
where the C7 plumb line lies relative to the posterior edge 
of the sacral endplate and the middle of the bicoxofemoral 
line. The C7 plumb line to mid-bicoxofemoral point (mid-
point between the center of both femoral heads) is then 
related to the posterior sacral endplate edge to the bicoxo-
femoral point. Behind the posterior edge of the sacral end-
plate the Barrey ratio is >1, between the sacrum and 
femoral heads it is between 0 and 1, anterior to the femo-
ral heads it is negative (Fig. 11).

The angular measure is another C7 positioning measure-
ment mode (Fig. 12). Unlike distance measurements, angle 

measurements are superimposed on radiographs without 
calibration.

Three angles are proposed:

• The C7 or spinal tilt angle is formed by the straight line 
drawn from the middle of the C7 vertebral body to the 
middle of the sacral endplate, to the horizontal. The C7 
tilt angle is a positional angle.

• The sacrospinal angle (SSA) is formed by a line from the 
mid-C7 point to the mid-sacral endplate and the sacral 
endplate. SSA is an angle form the sum of two angles 
position, the C7 and SS. It accounts for the overall kypho-
sis of the thoracic and lumbar spine. When SSA decreases, 
the C7 and SS decrease.

• The spinopelvic angle (SPA) is formed by the mid-C7 to 
sacral endplate line with a line drawn from the middle of 
the sacral endplate to the femoral heads. It is the sum of 
the SSA and the PI. Some recent studies attribute a prog-
nostic value to the overall balance.

 Values of Overall Balance

It is now generally accepted that the C7 plumb line must 
fall at the sacral endplate. Specifically, it is just behind the 
posterior edge of the sacral endplate. This C7 position is 
stable in an asymptomatic adult population. The average 
value of the C7-angle is 95° ± 3°. The correlation between 
SSA and SS is R = 0.9. It is almost linear, demonstrating 
the stability of C7 over the sacrum. Regarding the horizon-
tal projection of C7, Lafage [11] provides a limit of 5 cm 
for the SVA beyond which the posture is considered unbal-
anced (or  decompensated). Using the Barrey’s ratio, one 
can classify the positioning of C7 as a balance between the 
posterior sacral endplate and femoral heads or beyond 
these limits.

 Mechanisms for the Compensation 
of the Spinopelvic Balance

We have seen that the rotation of the pelvis around the femo-
ral heads causes variance of the orientation of the sacral end-
plate: when the pelvis tilts forward (PT decreases), the sacral 
endplate increases its inclination (SS increases) and vice 
versa. In view of its role as liaison between the spine and 
lower limbs, the imbalance can come from either a sub- 
pelvic or a spinal cause. The orientation of the pelvis can be 
determined by a position change that is coupled to stiffness 
of the spine, or the lower limbs, hips in particular [10, 12].

We discuss the underlying pelvic causes with relevance to 
the spine.

R1

R2

C7 PL

Posterior
imbalance
R1/R2>1

Equilibrium
0<R1/R2<1

Anterior
imbalance
R1/R2<0

SVA

Fig. 11 Evaluation of the overall balance by positioning plumb C7 
(C7PL)

C7

Sacral slope 

C7 Tilt Angle 

Spinosacral
Angle

Spinopelvic
Angle

Fig. 12 C7 Positioning angular method
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 Spinopelvic Origin Balance

The classic case is that of flexion of the hip joint. The verti-
calization of the femur induces, due to the position and stiff-
ness of the hip, a forced anteversion of the pelvis, an increase 
of SS and increased lordosis. If the possibilities of increasing 
the lordosis are exceeded, the system becomes anteriorly 
imbalanced. Forced extension of the spine is painful, which 
explains the low back pain that can accompany hip pathol-
ogy. The contracture release from hip arthroplasty is a viable 
solution, which restores freedom of the pelvis and its 
repositioning.

 Spinal Imbalance

In spinal pathology, equilibrium is always compromised by 
anterior deflection, even of the whole spine. In the face of this 
event, the spine-pelvis system puts in place compensations 
allowing to restore balance to maintain the standing position. 
Beyond certain limits, the standing position becomes diffi-
cult, not very enduring, and at most impossible.

 Primary Compensation Mechanisms

In the setting of a local spinal kyphosis (decreased spinosa-
cral angle, SSA), two mechanisms may be involved:

• When adjacent intervertebral mobility around the kypho-
sis is preserved, affected spinal zones are set in extension. 

Overall the spinal system seeks to recover the loss of SSA 
lost in kyphosis by extending the adjacent areas. This 
forced extension is usually painful and explains many 
back pains (Fig. 13a).

• When the spine is stiff, SSA decreases, pelvic retrover-
sion (PT increases) occurs. It allows SS decrease to offset 
the decline in SSA to maintain the C7 balance 
(SSA = SS + C7 Tilt) (Fig. 13b).

Both mechanisms can be involved, the forced extension 
leading to the stiffness of the spine.

 Influence of the Shape of the Pelvis on Pelvic 
Version

The shape of the pelvis is characterized by pelvic inci-
dence. It defines the positional parameters by the equa-
tion: PI = PT + SS. In absolute terms, the retroversion of 
the pelvis may be up to the cancellation of SS, or 
PI = PT + 0. At its maximum PT can match PI. The pos-
sibilities of retroversion of the pelvis when compensating 
are dependent on the value of PI. For large PI, potential 
version will be greater than for smaller PI. As mentioned, 
the retroversion mechanism is limited by the extension of 
the hips. If the femurs remain vertical, increasing PT 
increases the extension of the hips; when the limit of the 
latter is reached, the femur must then require bending of 
the knees. This knee flexion from a spinal cause is often 
overlooked and can compromise the functioning of a knee 
replacement.

a b

Fig. 13 Balance correction mechanism in the case of increased thoracic kyphosis: (a) compensation by lumbar hyperextension, (b) compensation 
by retroversion of the pelvis

The Standing Position: Its Principles and Spinopelvic Relations



122

• Compensation by increasing distal extension
• Compensation by pelvic retroversion

Although large PI allows better compensation for flexion 
of the spine, a greater retroversion mechanism is not eco-
nomical. It is difficult to maintain and often painful. 
Moreover, it causes great difficulty in walking. The anterior 
imbalance is then increased during the subsequent step that 
pushes the pelvis into anteversion and imbalance. That is 
why large pelvic retroversion patients walk with an anterior 
carrier such as a caddy or trolley (supermarket syndrome).

 Algorithm of Spinopelvic Balance (Table 1)

With the implications of PI, one may define combinations for 
the level of imbalance, the mildest to the most severe. It is 
proposed to combine two classes of PI: high (>55°) or low 
(<55°), then three pelvic positioning levels according to PT 
(anteverted, normal, retroverted), three positions of C7 (nor-
mal, mild imbalance, imbalance), and finally the type of 
lumbar lordosis (short <3 levels, long >3 levels).

 Analysis of Spinal and Discal Constraints: 
Influence of Spinopelvic Balance

The contact force: the force exerted on each disco-vertebral 
unit is called contact force (CF). CF is a product of the force 
of gravity that is usually exerted in front of the spine and its 
opposing posterior muscular forces. We can compare this 
force couple to the model of a crane where the two forces 
counterbalance the weight of each other. If anteriorly imbal-
anced, the force of gravity moves the spine forward, and 
opposite moment of muscle forces must increase accord-
ingly. The system can be quickly exceeded, firstly because 
muscle forces are no longer sufficient, and secondly because 
the pressure exerted by the CF on the disco-vertebral com-
plex increases and causes it to fail (Fig. 14).

Orientation of the vertebral endplates, force distribution 
(Figs. 15 and 16): Vertically oriented CF can be divided into 
two vectors, parallel to the endplate (sliding force) and per-
pendicular (compression force). With a 40° sloped endplate 
(average SS) both FC components are practically equal, with 
a good balance. If the orientation is closer to the horizontal 

pressure, compression forces increase, otherwise it is the 
sliding forces that predominate. Furthermore, the contact 
forces exerted on a highly lordotic spine go through the pos-
terior vertebral elements, the facet joints in particular. By 
contrast, if CF is exercised on a minimally curved spine or 
especially in bending, the forces are exerted on the front of 
the spine (vertebral bodies and discs). The combination of 
the orientation of the vertebrae and discs and CF impact area 
shows that in the slightly curved or bending spine, it is the 
discs and vertebral bodies that are the most stressed. Here we 
find early disc herniations, degenerative disc disease, or frac-
tures of the vertebral bodies. On the contrary, in the most 
curved lordosis, discs are spared and CF is on the facet joints, 
with a predominant sliding component. This is evident in the 
case of spondylolisthesis (ante or retro), with arthrosis of the 
facet joints.

If one returns to the classification of the forms of lordosis, 
one can presume that the effect of the CF is according to the 
orientation of each of the vertebral shapes (Fig. 17).

Type 1: Low PI, low SS, short lumbar hyperlordosis asso-
ciated with thoracolumbar kyphosis. The contact forces 
exerted anteriorly on the intervertebral discs in the kyphotic 
thoracolumbar area and posteriorly on the facet joints in the 
lower lumbar region.

Type 2: Low PI, low SS, slightly curved flat lordosis. The 
intervertebral discs are under compression. This type of back 
does not support the carrying of heavy loads and thrust 
forces.

Type 3: Medium to high PI, regular curved lordosis. No 
negative mechanical features.

Type 4: High PI, high SS, hypercurved lordosis. Stress 
prevails on posterior elements with large sliding forces. This 
predisposes to spondylolisthesis, and facet osteoarthritis. As 
we age, the loss of lumbar disc height may occur with degen-
eration. This loss of lordosis causes compensation by 
 retroversion of the pelvis. This retroversion is more evident 
when PI is high.

 Conclusion

The organization of the spine and pelvis in the sagittal plane 
obeys the laws of physics to maintain a biped position that is 
built to be stable and economical. It is the pelvis that is the 
fundamental hinge harmonizing the interdependencies 
between the spine and the limbs below.

The shape of the pelvis characterized by the pelvic inci-
dence angle is probably inherited from our phylogenetic evo-
lution with extreme forms less adapted for a good balance. 
The impact of the shape of the pelvis on the shape and posi-
tioning of the spine allows a better understanding of mechan-
ical phenomena that arise and their repercussion on the 
spinal and general orthopedic pathologies.

Table 1 Algorithm for spinopelvic balance

Pelvic parameters C7 plumb line
Lumbar lordosis 
(L3 Apex)

PI PT Behind S1
Between S1  
and BCFA
In front of BCFA

Short LL = TL 
kyphosis
Long LL

PI < 55°
PI > 55°

Pelvis anteverted 
normal
Retroverted

BFA Bicoxofemoral Axis
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G

LM

G

LM

G   : Gravity
LM : Lumbar Muscles
AP : Abdominal Pressure
CF : Contact Force= G+LM-AP

CF

CF

AP

Fig. 14 Modeling the contact force
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G G GM

M

M

Fig. 15 Evolution of the 
components of the contact 
force as a function of 
spinopelvic balance

NORMAL SLIP HYPERCOMPRESSION

Fig. 16 Distribution of the contact force and effect mechanical depending on the orientation of the vertebral endplates
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The Reserve of Hip Extension and Its 
Relationship with the Spine

Istvàn Hovorka and Derek Thomas Cawley

With acquisition of the erect posture, limitation of the exten-
sion of the hip appears in human development. There are 
three steps in this process (Fig. 1):

The reserve of hip extension can be defined as the ampli-
tude of maximum extension of the coxo-femoral articulation 
relative to the vertical neutral position.

This reserve of hip extension is necessary, because if there 
is a limitation during displacement, the femur would force 
the pelvis, by ligamentary and muscular tension, to have 
bending movements, with every step. Thus, it is through 
repeated hyperlordotic movements that the subject can main-
tain the fluidity of movements of walking, but when used 
regularly, it will lead to rapid degeneration of the spine and 
correlate with low back pain as has been demonstrated by 
several authors [1–4] (Fig. 2).

This dynamic element must be taken into account in the 
assessment of clinical and morphological status of patients 
and in the assessment of abnormalities of sagittal balance.

If there is a sagittal imbalance, it can be represented by 
two components: anterior spinal imbalance and femoral flex-
ion. To calculate the necessary correction, one must add 
these two components. However, the subject has a reserve 
extension which can be called “Actual Extension Reserve ”, 
which should be subtracted from the formula. This formula, 
in this representation, will allow only a balanced upright 
position and, as we have seen, a reserve extension is still 
necessary. This reserve extension, can be called “Theoretical 
Extension Reserve”, should be added to the formula [5] 
(Fig. 3).

What is the Theoretical Extension Reserve which is nec-
essary for smooth pelvic movement? We do not have a pre-
cise figure but based on optoelectronic studies [6–8], we can 

predict that slow walk requires 10° of extension reserve, for 
fast walking 15° and to run at least 20°.

This formula which makes it possible to calculate the cor-
rection angle necessary in the case of a sagittal imbalance, 
taking into account the extension reserve, does not give the 
information if the correction must be made at the level of the 
spine or pelvis, or even at the femurs. The contribution that 
can be obtained by stretching was not taken into account 
either. Thus, in practice, if a correction is necessary, one 
must assess whether a correction pre- or post-operative 
stretching could be performed, and this figure is expected to 
be subtracted from the formula.

How to measure the Extension Reserve? There are two 
traditional ways: clinical examination and optoelectronics. 
Clinical examination does not make the difference in a pre-
cise way between extension movement at the level of the hip 
joint or in the lower lumbar spine. Optoelectronics examina-
tion is more accurate in lean subjects; however, its applica-
tion is not feasible in daily clinical practice.

We propose an original method of radiological measure-
ments using specific radiograph images [9]. In Study 1, we 
compared 37 patients using two methods of measuring the 
extension reserve. The first method is to achieve an active 
retroversion movement of the pelvis in an upright position 
relative to the femur, while the second is to adopt a lunge 
position where, conversely, it is an active extension of the 
femur relative to the pelvis that will be applied.

A lateral radiograph with overlapped femoral heads and 
with a sufficient portion of the femurs as well as the lumbo-
sacral junction allows to calculate the pelvi-femoral angle 
[10] in the upright neutral position and in two positions 
tested.

This study shows that the active pelvic retroversion 
method gives a significantly inferior result compared to the 
lunge position method. In addition, the implementation of 
active movement by retroversion of the pelvis presents diffi-
culty for many patients with paradoxical results and mea-
surement failures (Fig. 4).
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We concluded that only the lunge position radiograph 
should be used in practice. This is understandable because 
this is the recommended position for stretching to improve 
the performance of runners with improving of passive exten-
sion of the hip joint.

This is a dynamic radiological assessment that can be 
criticized for its reliability, repeatability, and the influence of 

pain. However, this assessment can give information on the 
reserve of extension so far unknown in clinical applications. 
Therefore, we have decided to make this assessment system-
atic for each patient where lumbar surgery could change the 
sagittal balance. The exploration includes full spine and spi-
nal dynamic radiographs, X-ray in the lunge position for 
right and left femur as well as in neutral position (Fig. 5).

Acquisition of the
erect position

3 Steps 1 2

Limitation of hip extension

Limits:

Initial position
with wide range of
flexion and extension
of the hip joint

Retroversion of the
pelvis to the limit
of hip extension

Lordosis to permit
standing balance

More lordosis
to create
Hip Extension
Reserve

-Anterior Hip
   Capsule

- Quadriceps

- Psoas

3

Fig. 1 (1) Active retroversion of the pelvis will help straighten the 
spine, but it is limited by the extension of the hip. This limit is repre-
sented by the tension of the capsule of the hip joint, the quadriceps and 
psoas muscles anteriorly. (2) The second step is to introduce a lordosis 

that will permit balance in standing position. However, this will not be 
enough. (3) A third step is needed with more lordosis that will create the 
reserve of hip extension
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Fig. 2 With repeated end-range extensions of the hip, it forces antever-
sion of the pelvis and hyperlordotic movements of the lumbar spine, 
with ensuing degeneration and low back pain

SI

REa

FF
REt

Correction required            
Spinal Imbalance                          
Femoral Flexion                                  
Actual Extension Reserve         
Theoretical Extension Reserve      

C = SI + FF - REa + REt

C
SI
FF
REa
REt

Fig. 3 Calculation of necessary correction of Sagittal Imbalance

Upright Neutral
Position

Lunge PositionActive Pelvic
Retroversion
1.8° (SD 6.8)

H1: 15.9° (SD 6.6)
H2: 10.0° (SD 7.9)

<
       p < 0.001

Fig. 4 Profile positions for 
the neutral pelvis, retroversion 
and lunge positions. The 
lunge reliably demonstrates 
information on reserve of 
extension
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We performed a first analysis on a series of 150 patients. 
Table 1 shows the results of measurements of sagittal balance.

The measurement of the extension reserve for the right 
hip in this series is 11.6° and left hip 12.9°. The calculation 
of the required correction of the defect of sagittal balance is 
3.4°. We found a correlation between the angle of correction 
needed and the age, the angle of lordosis and the imbalance 
(the angle compared to “plumb-line”). On the other hand, we 
have not found any correlation between the extension reserve 
and spinal or pelvic parameters.

Correlations between the correction needed calculated 
and the different parameters (Table 2).

The extension reserve appears in this study as a single factor 
that is not closely related to the parameters of sagittal balance.

The study of our patients revealed some specific patholo-
gies. Several patients were found with unequal leg length 

from a developmental dysplasia in the hip and a limitation of 
the reserve extension of the dysplastic side, which leads to 
low back pain. Early orthotic correction of leg length and a 
stretching programme is hoped to avoid developing back 
problems in these cases. For some patients, knee conditions 
with stiffness can also lead to back pain.

 Applications

 Stretching

In the literature, it has been reported that stretching pro-
grammes provide an improvement in low back pain [11, 12]. 
However, the angular improvement remains very limited, as 
has been reported in a series by Kerrigan et al. [13] where a 
self-rehabilitation protocol over 10 weeks showed only 1.6° 
improvement on average.

Thus, the rehabilitation with relaxation of sub-pelvic 
segments appears useful and this programme could be 
considered in each case where the reserve seems limited, 
but it appears that one cannot count only on rehabilitation 
to compensate for extension deficits beyond a certain 
limit.

Fig. 5 Series of radiographs, clockwise from top left, postero- 
anterior  views with mild coronal plane abnormality, neutral and 
retroversion views of the pelvis, full spin radiographs in frontal 

and sagittal planes, lunge views left and right and lateral views in exten-
sion and flexion

Table 1 150 patients with measurements of sagittal balance 

Sex 108 women, 42 men
Age 51.4 years (18/80)
42 previous operations
Lumbar lordosis 42.7° (SD: 16.3)
Sagittal tilt 11.3° (SD 5.4)
Sacral slope 38.6° (SD 12.2)
Pelvic tilt 15.7° (SD 9.2)
Pelvic incidence 51.6° (SD 13.7)
Extension reserve (right) 11.6° (SD 8.1)
Extension reserve (left) 12.9° (SD 8.7)
Calculation of the correction 3.4° (SD 10.8)

Table 2 Correlations between correction and age/lordosis/plumb line

Corr./age p: 0.008
Corr./lordosis p: 0.0192
Corr./plumb-line p: <0.0001

I. Hovorka and D. T. Cawley
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 Surgery

 1. Prevention is mandatory. To limit the loss of the exten-
sion reserve, one must avoid surgical fusions with 
decreased lumbar lordosis. When positioning the patient 
for lumbar fusion, femoral flexion should  be avoided 
because in this position a loss of lordosis will occur 
which not only decreases the patient’s extension reserve 
and disrupts sagittal balance, but in addition limits the 
 possibilities of compensation for the lumbar spine. This 
may be considered as one of the causes of adjacent seg-
ment syndrome and may partly explain why these syn-
dromes appear more frequently after posterior than 
anterior surgery. In the case where long instrumentation 
is performed, and specifically with lumbo-pelvic fixa-
tion, at the end of the operation, it is imperative that the 
patient can have at least 10° hip extension compared to 
the fused spine. This is a prerequisite for post-operative 
spinal balance and the ability to walk without lumbo-
pelvic limitation (Fig. 6).

 2. The exploration of Extension Reserve  will identify 
patients who have a hip extension limitation particularly 
as this does not appear on the full spine radiographs. In 
this case, an arthrodesis correcting defects of sagittal bal-
ance up to the neutral position can cause a failure because 
it will consolidate a limited extension reserve while 
removing the ability to compensate with the lumbar spine. 
Thus, it appears necessary to carry out a more important 
lordotic correction.

 Conclusions and Perspectives

The Extension Reserve appears as an important factor that 
must be integrated into diagnostic approaches, into surgical 
correction planning and also into physiotherapy programmes 
for low back pain patients.

This should also be considered by hip, pelvis and knee 
surgeons, especially whenever planning a surgical treatment.

In the prevention of low back pain, it is also possible to 
explore the Extension Reserve to track individuals who rep-
resent limitations and avoid back pain that develops later by 
implementing rehabilitation programmes either through self- 
or supervised rehabilitation.

The correction formula can help with more precision in 
the development of the operative strategy for sagittal 
imbalance.

References

 1. Badelon AB, Dumas M, Fabre M.  Facteurs constitutionnelles ou 
acquis favorisant le surmenage du segment mobile vertébral lom-
baire. Lombalgie et médecine de rééducation. Paris: Masson; 1983. 
p. 69–78.

 2. Ingber RS.  Iliopsoas myofascial dysfunction: a treatable cause 
of “failed” low back syndrome. Arch Phys Med Rehabil. 
1989;70:382–6.

 3. Kottke FJ, Pauley DL, Ptak RA.  The rationale for prolonged 
stretching for correction of shortening of connective tissue. Arch 
Phys Med Rehabil. 1966;47:345–52.

 4. Offierski CM, Macnab I.  Hip-spine syndrome. Spine. 
1983;8:316–21.

 5. Hovorka I. Extension reserve of the hip in relation with spine. In: 
Spine concepts. Sauramps: Montpellier; 2007. p. 2007.

 6. Dujardin F, Aucouturier T, Bocquet G, et  al. Kinematics of the 
healthy and arthritic hip joint during walking. A study of 136 sub-
jects. Rev Chir Orthop Reparatrice Appar Mot. 1998;84:689–99.

 7. Kerrigan DC, Lee LW, Collins JJ, et al. Reduced hip extension dur-
ing walking: healthy elderly and fallers versus young adults. Arch 
Phys Med Rehabil. 2001;82:26–30.

 8. Lee LW, Kerrigan DC, Della Croce U. Dynamic implications of hip 
flexion contractures. Am J Phys Med Rehabil. 1997;76:502–8.

 9. Hovorka I. Mesure de la réserve d’extension de la hanche en rela-
tion avec le rachis. Rev Chir Orthop. 2008;94(8):771–6.

 10. Mangione P, Senegas J.  Sagittal balance of the spine. Rev Chir 
Orthop Reparatrice Appar Mot. 1997;83:22–32.

 11. Godges JJ, Macrae PG, Engelke KA.  Effects of exercise on hip 
range of motion, trunk muscle performance, and gait economy. 
Phys Ther. 1993;73:468–77.

 12. Winters MV, Blake CG, Trost JS, et al. Passive versus active stretch-
ing of hip flexor muscles in subjects with limited hip extension: a 
randomized clinical trial. Phys Ther. 2004;84:800–7.

 13. Kerrigan D, Xenopoulos-Oddsson A, Sullivan MJ, et al. Effect of a 
hip flexor-stretching program on gait in the elderly. Arch Phys Med 
Rehabil. 2003;84:1–6.

≥ 10°

Fig. 6 Kyphoting position on 
the left, lordoting position on 
the right

The Reserve of Hip Extension and Its Relationship with the Spine



133© Springer Nature Switzerland AG 2020
J. M. Vital, D. T. Cawley (eds.), Spinal Anatomy, https://doi.org/10.1007/978-3-030-20925-4_8

The EOS System: Overall Assessment 
of Balance of the Vertebral Column 
and Its Movements

J. Dubousset

The creation of the EOS system was a confluence of the right 
people at the right time.

In the first instance where, since 1972, one had noted in 
the study of the paralytic oblique pelvis [1].

• That radiographs only showed the planar projection of a 
three-dimensional reality,

• That the whole pelvis could be considered as the “pelvic 
vertebra” between the lower limbs and the trunk,

• That the whole head, or “heavy cephalic vertebra”, the 
opposite of the support polygon, played a role of inverted 
pendulum, in posture and the chain of balance, for sitting 
and standing.

All of this led in 1975 to the three-dimensional notion of 
the “cone of economy” (Fig. 1) of the muscular work neces-
sary to keep the erect station of the trunk upright or seated.

In this space, joint work had become obligatory between 
computer engineers and biomechanic engineers, in particular at 
the LBM (Laboratoire de Biomécanique) of ENSAM (École 
Nationale Supérieure D’arts Et Métiers) in Paris. This allowed 
to obtain, from two radiographic planar projections, surface 
modelling and three-dimensional measurements of scoliotic 
deformities, until then only confined to 2D planar projections.

Still in the space where the genius of Georges Charpak, 
rewarded by his Nobel Prize in 1992, allowed, thanks to his 
invention (multi wires proportionate chamber) with a signifi-
cant reduction in radiation of each radiograph.

In time, finally, where all these elements were together in 
the radiography department of Gabriel Kalifa, at Saint 
Vincent de Paul Hospital, to inspire the team of Georges 
Charpak to decide to build the prototype of the EOS device, 
and experimented in 2000 at the same hospital. Jacques 
Deguise, of LIO Montréal, helped to automate 3D recon-
struction [2].

The device that gives simultaneous anterior-posterior and 
lateral view radiographs, without distortion or enlargement 
of the entire standing skeleton, sitting or squatting, gives 2D 
precise information on the alignment of the different skeletal 
parts, particularly the lower limbs and trunk. Numerous 3D 
reconstruction software programmes have since developed 
based on these raw radiographic data. This allowed at the 
level of the spine, thorax, pelvis, lower and upper limbs and 
also the global skeleton to have an exact idea, not only the 
alignment but also the 3D static morphology and in particu-
lar the stacking of skeletal parts in the horizontal planes, with 
considerably lower radiation compared to the same recon-
structions obtained from CT sections whilst maintaining 
precision.

Despite availability of the first EOS devices for more than 
10  years, orthopaedic surgeons, especially spinal, have 
largely remained using 2D imaging, very centred on the sag-
ittal plane, oblivious to the rotatory aspect, often coupled 
elsewhere, which happens in the horizontal plane. This sug-
gests a familiarity that has occurred with the various classifi-
cations of Lenke for scoliosis or Roussouly for sagittal 
morphology, which have their merits, but who have neglected 
this third horizontal dimension that is nevertheless funda-
mental for function especially the movement despite being 
“hidden” at first glance.

 Information Provided  
for 2D Alignment of the Body (Fig. 2)

It is understood that with EOS, the X-rays exiting the emitter 
have the advantage of not being deformed as they are colli-
mated and are always perpendicular to the target. They require 
a perfect position of the upper limbs, fingers of each hand 
placed on the corresponding cheekbone of each cheek (so as 
not to interfere with the posture) and immobility of the patient 
during the duration of the scan—which may be a possible dif-
ficulty in the young child. It takes about 10 s for an adult, less 
of course for a purely spinal simple sweep, but then we would 
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lose a lot of postural information. These 2D images, obtained 
with a single shot, thus allow, from a line perpendicular to 
starting point from the centre of the “Polygon of Support” to 
give precise measurements on frontal and sagittal body align-
ment. By measuring the reference points, various bone parts 

with respect to this axis of reference have been shown to be 
even more precise and reliable than the no less famous plumb 
line. They are commonly used for preoperative and post-oper-
ative static measurements of orthopaedic surgical procedures 
involving lower limbs or trunk, and especially the spine.

Cephalic
vertebra

Pelvic
vertebra

Polygon of 
sustentation

G

The Chain of Balance

The Cone of Economy

Pelvic vertebra is
an intercalary bone 

Fig. 1 The Chain of Balance, the cephalic vertebra, the intercalary pelvic vertebra, and the “Cone of Economy”
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 Information Provided by 3D Volumic Surface 
Reconstructions Obtained Through 
Computer Software

They give the same static information as before (Fig. 3), with 
better reliability because the measurements are generated 
from well-defined points or reference lines (e.g. mechanical 
axes of the lower limbs, leg length inequalities and Cobb 
angle).

Above all, this makes it possible to understand the spatial 
position of the skeletal elements, especially in the horizontal 
plane: thus the measurement of the vertebral rotation of each 
vertebra, and also intervertebral relationships within a scoli-
otic curvature, with this unique vision of the vertebral col-
umn seen from above or below (which demonstrates and 
visualizes the true basal torsional phenomenon of scoliotic 
deformity) (Fig. 4).

This approach to the horizontal plane, for the moment, 
has not been the object of extensive research. It is in stark 
contrast to the planar radiographic material used for more 
than a century. The development of 3D CT reconstruction 
has been used mainly for local morphological purposes and 
not for a postural and functional approach.

It is therefore easy (Fig. 5) to compare the post-operative 
and preoperative states in 3D, with reconstruction seen from 
above, clearly demonstrating the spatial disorder often mini-
mized on simple X-ray images.

However, thanks to dedicated software, EOS makes it 
possible to perform simulations of scoliosis surgery in 3D 
(Fig. 6) by varying the implantation levels of the patient.

Similarly, one can simulate levels and values   of vertebral 
osteotomies of large deformities of the child or adult, which 
minimize or even eliminate malalignment.

EOS allows measurement of anteversion or retroversion 
of the acetabulum and has direct applications in preoperative 
simulation and intraoperative navigation of total hip 
prostheses.

EOS measures the torsional and malalignment phenom-
ena at the level of the lower or upper limbs allowing plan-
ning in 3D correction with osteotomies or prosthetic 
replacement. One has to account for the limitations of intra-
operative navigation that this presupposes. The assessment 
of the anatomical results is then carried out according to 
real 3D criteria.

EOS allows measurement of thoracic morphology before 
and after scoliosis surgery, or before and after bracing. EOS 
can also measure more thoracic data such as thoracic volume 
(Fig.  7) and/or the spinal penetration index (quantifies the 
portion of the rib cage occupied by vertebrae) and its out-
come after scoliosis surgery, for example [3].

Moreover, EOS perfectly shows the areas at risk of insta-
bility or potential rotational dislocation, provided that we 
analyse the deformed spinal morphology, vertebra by verte-
bra or disc after disc, favoured by the influence of gravity. 
The traditional global Cobb angle, with its lumbar and tho-
racic measurements, which measure only the collapse, are 
far from the 3D reality [4].

Nothing prevents a surgeon and their computer engineer 
from developing their own benchmarks and their own soft-
ware for such a personal study, for the spine or for any other 
skeletal sector.

For example, Tamas Illès [5] developed the concept of 
“vertebral vector” (Fig. 8) that quantifies exactly what hap-
pens in the horizontal plane at the level of the scoliosis, devel-
oped during childhood—regardless of aetiology, or developed 
in adulthood under the effect of degenerative discs.

We propose that the systematic measurement of this vec-
tor during the evolution of childhood or adolescent (“ascend-
ing”) just as much as for degenerative (“descending”) 
scoliosis will predict its occurrence and if they are only seen 
once the deformity has been established, the correction strat-
egies are improved.

Finally, EOS is the essential step to understand and mea-
sure adequate postural alignment. It should not be confused 
with the assessment of spinal balance, although it causes 
confusion everywhere in the spinal world!

Fig. 2 Two-dimensional (2D) measurements of alignment to the verti-
cal axis drawn from the centre of the Polygon of Support, made from 
simultaneous images both of the coronal and sagittal profiles of the 
entire standing skeleton

The EOS System: Overall Assessment of Balance of the Vertebral Column and Its Movements
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Balance is not a static image as seen on a radiograph. 
Balance is dynamic, it can be defined as stability in move-
ment. Laboratory measurements require sophisticated mul-
tiple systems applied to posture and segmental body mobility, 
plantar pressures observed on a platform of forces using 
monopedal or bipedal support, etc. It can only really be 
learned during dynamic events, causing the movement of the 
whole body, such as sitting or standing, propulsion or retro-
pulsion, running and up or down the stairs.

The equilibrium of an individual depends in fact on many 
neurological factors, be they sensory (ocular, vestibular, 
proprioceptive), motor or automatic reflexes of cerebromed-
ullary origin, where the cognitive implications are relevant. 
It is therefore understandable that to measure this equilib-
rium (which when it deteriorates becomes more and more 
energy consuming), multiple tests are necessary, but do not 
always require an ambulatory assessment in the laboratory. 
They can and must be performed in the clinic in the consult-

Fig. 3 3D Reconstruction of the entire skeleton while standing
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ing room, usually based on a timed speed to perform refer-
ence  exercises, including when performing a dual task, such 
as walking by phoning or counting backwards from 100 to 
90. Personally, four timed tests seem to be sufficient:

• The patient gets up from the chair and walks 4 m forward 
and backward and sits back.

• He goes up and down three steps.

Gravity Line
Reference Lateral « Ejection » T1

L5
L1

Torsion
Index

Fig. 4 3D reconstruction of a 
scoliotic patient’s spine, with 
the axial view from above 
demonstrating the spinal 
torsion. This opens a vast field 
of research

Obvious spatial imbalance

Preoperative

View from above

Postoperative

View from below

Fig. 5 Preoperative and post-operative comparisons of the 3D correction of scoliosis with the importance of axial reconstruction demonstrating 
the spatial alignment of the construct
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• He sits down squat on the floor and stands up (probably 
the most discriminating test), but this test is refuted by 
some for very old people because of the risk of falling

• The double-task test.

All this makes it possible to appreciate the relevance of 
the “cone of economy” at each point of assessment- 
preoperatively, and on follow-up to appropriately judge the 
functional outcome.

When performed at a regular interval, starting at a certain 
age, longitudinally for a given individual with a spinal disor-
der, a rate of deterioration can be assessed and the appropri-
ate time for a possible realignment surgery can be discussed, 
encompassing the cardiovascular, nutritional and renal func-
tion of the patient.

It is true that the improvement of sagittal alignment is a 
condition often necessary, even essential to improve balance 
in kyphotic or kyphoscoliotic collapse of degenerative defor-
mity patients, but it is not sufficient. Ignoring the reality of 
the multiple mechanisms that comprise the vertical equilib-
rium can lead to very disappointing functional results despite 
excellent spinal realignment. Thus (Fig.  9) our current 
research involving EOS is applied to a mix of static 3D infor-
mation with data obtained from movement.

Post op

Simulation

Pre op 

Local simulation 

of the osteotomy

3D reconstructions

Pre/ post op and  simulation

Upper
osteotpmy

Right pedicle

Characterization of the 

position of the cutting planes

with respect to the pedicles

Fig. 6 Planning of the 
sagittal correction performed 
by a transpedicular osteotomy 
on a 3D reconstruction, and 
comparison in 3D of the result 
obtained compared to the 
preoperative simulation

Fig. 7 3D reconstruction of the skeleton of the trunk and in particular, 
the thoracic cage

I think you have understood that alignment and bal-
ance are two elements that are not opposed but 
complementary.
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Pre op Post op

Fig. 8 The “Vertebral 
Vector” (T. Illes). It is the 
precise spatial measurement 
of the 3D orientation of each 
vertebra, with preoperative 
and post-operative examples

Dynamic 3D
Equilibrium

3D Dynamic
Measurements

3D
EOS

Force
Plateform

External
Markers 

Fig. 9 This is the future: an attempt to mix the static information provided by the EOS system with 3D dynamic movement recordings, to appreci-
ate the dynamic balance of the individual and its evolution over time, either spontaneously or post-operatively
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The Cranial Vertebra

Jean Marc Vital and L. Boissière

The skull can be likened to a so-called cranial vertebra, 
located above the cervical spine with the main function of 
maintaining in the biped a horizontal gaze. As demonstrated 
in the chapter of phylogeny, evolution has ensured this 
important visuo-spatial principle. If one wants to appreciate 
the sagittal balance of the cervical vertebral column, it is 
necessary to recognize the radiological references of the cra-
nial vertebra and especially to determine from these refer-
ence marks a position, reproducible on lateral radiographs. 
We will also see in this chapter that it is important to recog-
nize the centre of gravity of the head to locate it above the 
neck, the trunk, the pelvis and in particular the acetabulum 
and femoral heads.

 Phylogenesis

Many angles have been described by anthropologists to 
study the evolution of the skull shape according to animal 
species and in the evolution of hominids, and also to better 
specify the orientation of the occipital foramen (or foramen 
magnum) and the orbital cavity. Thus, the occipital angle of 
Broca (Fig. 1) is delimited by a line joining the nasion (point 
at the root of the nose) and the opisthion (posterior edge of 
the occipital foramen) and a line joining the same opisthion 
at the basion (anterior border of the occipital foramen); this 
angle decreases when comparing a quadruped skull (45° in a 
carnivore) to a human skull (10°). This decrease in the 
occipital angle of Broca corresponds to a horizontalization 
of the occipital fossa that could be called “intracranial” hori-
zontalization. This horizontalization of the occipital fossa is 
very clear, moreover, when we compare a primate skeleton 
with global, cervical, thoracic and lumbar kyphosis and the 
human skeleton with lumbar lordosis and cervical lordosis. 
The second angle described by anthropologists is the orbito- 
occipital angle drawn between the axis of the orbit and the 
line joining the basion and the opisthion. This angle is 
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nasion opisthion
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Fig. 1 Occipital angle of 
Broca; horizontalization of 
the foramen magnum in the 
skull

We can consider that the nasion-opisthion line is the reference of 
the horizontal plane.
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opisthion

nasion

Fig. 3 The lateral (or 
horizontal) semicircular canal 
is parallel to the nasion- 
opisthion plane (Beauvieux)

opisthion

nasion

30°

Fig. 4 Reference position; the nasion-opisthion line is horizontal 
and the axis of the orbit is 30° to this line

63–90° in carnivores, decreases to a value of 30–69° in 
monkeys and reaches 20° in humans (Fig. 2). Beauvieux, a 
Bordelaise anatomist, demonstrated that the nasion-opis-
thion line is parallel to the lateral semicircular canal of the 
inner ear. We can therefore consider that the nasion-opis-
thion line is the reference of the horizontal plane. The axis of 
the orbit (and therefore that of the gaze) is oriented at 30° 
downwards and forwards, corresponding to the reference 
position of the head proposed by many ergonomists (Figs. 3 
and 4).

Finally, François Clarac (CNRS, Timone, Marseille) has 
shown that the foramen magnum has become more and more 
anterior in the evolution of primates, which tends to increase 
the leverage of the extensors on the occiput, an essential phe-
nomenon for keeping the head and the eyes horizontal 
(Fig. 5).

opisthion
basion

20°

Fig. 2 Orbito-occipital angle in humans: 10°; monkeys: 30–69°, car-
nivorous: 63–90°
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Chimpanzee Australopithecus Pithecanthrope Homo sapiens 

Fig. 5 Evolution of the 
foramen magnum position in 
primates (Clarac)

Table 1 Centre of gravity of the head; characteristics of studied skulls

Specimen number Sex Head weight (kgs) Cranial index Type
1 F 3.67 85 Brachy
2 F 3.73 76 Dolicho
3 F 4.03 72 Dolicho
4 M 4.33 80 Brachy
5 M 5.21 83 Brachy
6 M 4.82 73 Dolicho

 Centre of Gravity of the Head

This centre of gravity was the subject of an anatomical study 
published in Surgical Radiology Anatomy in 1986 [1]. The 
so-called suspension method was applied to six cadaveric 
skulls from three women and three men weighing between 
3.7 kg and 5.2 kg, with cranial indices ranging from 72 (doli-
chocephalic) to 85 (brachycephalic). The penetration points 
of Gardner’s tongs that allowed the centre of gravity of the 
head to be recognized were all projected over an area of   one 
square centimetre above the tragus. Radiologically, the cen-
tre of gravity projected in the middle of the nasion-inion 
(external occipital protuberance) line. Slightly behind the 
sella turcica and directly above the external auditory canal 
(Table 1 and Figs.  6, 7, and 8). It is interesting to note in 
Fig.  9 that in the reference position, antagonizing anterior 
and posterior muscles maintain the head above the cervical 
spine. The lever arm of the weight of the head applied to the 

centre of gravity, previously described, is strictly equal to the 
lever arm of the extensor muscles inserted on the occipital 
aspect (Fig. 9); on the other hand, when the gaze is horizon-
tal, the leverage of the extensors is greater than that of grav-
ity (Fig. 10).

 How to Recognize the Exact Position 
of the Head on Lateral Radiographs?

Since the cranial vertebra is located above a cervical spine that 
has a certain flexibility and mobility, it has always been diffi-
cult to determine a reference position. Thus some prefer to 
study the sagittal balance of the vertebral column only from 

The centre of gravity of the head is projected directly 
above the external auditory canals.
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inion

nasion

Fig. 6 Description of the 
suspension method

EAC T

2
6

5

1

4

3

1 cm

Fig. 7 Demonstration of the centres of gravity of the six specimens. 
EAC External Auditory Canal, T Tragus

inion

nasion

center of gravity

sella turcica

external auditory canal

Fig. 8 Projection of a lateral radiograph of the skull with the centre of 
gravity

the vertebra C7, using in particular the C7 plumbline or verti-
cal line lowered from the middle of the body of C7. Nevertheless 
Sokolov [2] and Peng [3] have studied the reproducibility of 
the natural position of the head in the standing position using 
a mirror placed in front, with which the subject will fix his 
eyes. They advocate the use of a mirror placed in front, with 
which the subject will fix his eyes. This mirror can be applied 
at the EOS system panel in front of the X-rayed subject 

(Fig. 11). More recently, Sugrue [4] proposes to position the 
head of the X-rayed subject by aligning the nasion-inion line 
along the horizontal (Fig. 12). This technique requires repeated 
snapshots to ensure the correct position of the head. We 
undoubtedly prefer the use of the mirror. It should be noted 
that this reference position of the head on the radiograph cor-
responds to a horizontal gaze, contrary to the ergonomic refer-
ence position with a look that is at 30° downwards.
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Fig. 9 Inter support lever system in the reference position with equiva-
lent loads

Fig. 10 Inter support lever system with horizontal gaze

Fig. 11 Control of the position of the head by a mirror

inion
nasion

Fig. 12 Horizontal reference nasion-inion line (Sugrue [4])
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 What Radiological References May We Use? 
(Fig. 13)

The line of McGregor is the most classic reference at the 
level of the skull: it is drawn from the bony palate to the 
opisthion (posterior edge of the foramen magnum).

The sella turcica is easy to spot; it is slightly anterior to 
the external auditory canals (EAC) which are more difficult 
to recognize. It should be noted that the EACs are always 
vertically above the tip of the odontoid. In a study of 53 
patients treated for scoliosis, with a mean age of 61 years 
(27–81), measurements were made of the EAC–sella turcica 
distance, EAC–odontoid apex distance and sella turcica–

odontoid apex distance. In this study, the sella turcica was 
visible and clearly identifiable in 100% of cases, while the 
EACs were poorly visible in 41% of cases, perfectly identifi-
able in 25% of cases and average visibility in 24% of cases. 
The average distance between the sella and the EAC was 
21.8 mm (10–34 mm), the distance between the sella and the 
odontoid was 19 mm (4.6–34 mm) and finally the average 
distance between the odontoid and the EACs was 2.7 mm 
(1.3–8.7 mm). Knowing that the centre of gravity is projected 
near the EAC, it seems preferable to retain this as the main 
landmark with, if there is a difficulty of identification, 
recourse to that of the odontoid apex which is projected, as 
we have said, vertically below these EACs.

MC GREGOR’S LINE

EXTERNAL AUDITORY CANAL 

SELLA TURCICA 

ODONTOID

Fig. 13 Main cranial 
landmarks
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Fig. 14 Relationship between the C7 slope and cervical lordosis (Marnay [5])

Mg

Fig. 15 The upper cervical spine functions as an inverted pendulum 
above the lower cervical spine

 How Is the Sagittal Cervical Balance Below 
the Cranial Vertebra?

The cervical spine adapts its position between the horizon-
tality of the gaze at the top and the orientation of the vertebra 

C7 (or T1) at the bottom. The so-called slope of C7 (or T1) 
drawn between the horizontal and the upper endplate of C7 
(or T1) is determined by the value of thoracic kyphosis, 
which is determined by the type of patient’s profile, static 
(with low curvatures and small pelvic incidence) or dynamic 
(with large curvatures and high pelvic incidence). Vidal and 
Marnay [5] noted, in 1984, that a small C7 slope is associ-
ated with cervical hypolordosis, or even kyphosis, and that, 
conversely, a large C7 slope is associated with hyperlordosis 
(Fig. 14). In fact, this cervical lordosis is unequally distrib-
uted between a lordosis of the high cervical spine (C1C2), 

The cervical spine functions as an adjustment rod, upwards to 
ensure the horizontal gaze and downwards to accommodate the 
thoracic kyphosis.

The Cranial Vertebra



150

Fig. 16 Compensation of the 
upper cervical spine above the 
lower cervical spine to 
maintain horizontal gaze

Fig. 17 The cervical spine functions as an upward adjustment rod 
to ensure horizontal gaze and downward to accommodate thoracic 
kyphosis

with a mean value of 26–29°, and a lordosis of the low cervi-
cal spine (C2C7), much lower since it varies between 5 and 
6°. The upper cervical spine functions as an inverted pendu-
lum above the lower cervical spine to ensure the horizontal-
ity of the gaze (Figs. 15 and 16). The cervical spine, therefore, 
as a whole, can be thought of as an upward adjustment rod to 

keep the gaze horizontal and downward to fit the cervicotho-
racic junction (Fig. 17), all of which aims to ensure a correct 
vertical alignment between the cranial vertebra and its centre 
of gravity, which is the EAC and the pelvic vertebra with its 
femoral heads, as suggested by Braune and Fischer in 1936 
(Fig. 18).
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Surgical Anatomy  
of the Vertebral Pedicle

I. Obeid and Jean Marc Vital

The vertebral pedicles are an anatomical structure that con-
nects the posterior arch to the vertebral body. The pedicle 
has a cylindrical shape with an oval section and flared ends. 
The exterior is of cortical bone and within is cancellous 
bone, which may be more or less dense but is sometimes 
non- existent. The pedicle is an essential element of stability 
in the vertebra and its involvement, particularly in tumour 
pathology, is a major sign of instability and increases the 
risk of fracture, as shown in recent vertebral tumoural 
classifications.

The pedicle is an essential element in spinal instrumenta-
tion as it provides a strong anchorage for osteosynthesis that 
allows a satisfactory correction of spinal deformities as well 
as a rigid stabilization of traumatic, degenerative, infectious, 
iatrogenic or tumoural instability. Direct instrumentation of 
the pedicle can be performed either through a pedicle screw, 
which was introduced by Roy-Camille in the early 70s [1, 2], 
or by a “pedicle” hook which rests on the posterior edge of 
the pedicle, but which can only be used at the level of the 
thoracic vertebral column. The pedicle also plays a role of 
indirect stability in the instrumentation of the vertebral body 
(anterior and lateral osteosynthesis) or of the posterior arch 
(hooks, wires or laminar links) while ensuring the transmis-
sion of the stresses between the posterior and anterior col-
umns of the vertebra; thus a fixation of the vertebral body or 
of the posterior arch can be solid only where this structure is 
intact.

Many recent studies have focused on the morphology and 
biomechanics of the pedicles. Knowledge of the dimensions 
and orientation of pedicles is important in order to adapt the 
spinal instrumentation and reduce iatrogenic risk. The ana-
tomical variations depend on the spinal segment and the 
presence or not of a deformity, in particular scoliosis.

We will, in this article, study the anatomy of the thoracic 
and lumbar vertebral pedicle on both a normal and deformed 
spine.

 Anatomical Studies, Dimensions 
and Orientation of Vertebral Pedicles 
in a Normal Spine

 Overview

The tubular-shaped pedicle bridges the anterior vertebral 
body to the posterior structures at the confluence of the lam-
ina, the transverse process, the superior and inferior articular 
processes. It is bordered proximally by the overlying inter-
vertebral foramen at the retrodiscal aspect and distally by the 
next underlying intervertebral foramen in its retrocorporeal 
part. The outgoing root is in contact with the inferior edge of 
the pedicle. The medial side of the pedicle forms the lateral 
wall of the lateral recess; which is therefore in contact with 
the neurological structures. At the proximal thoracic and 
lumbar level, the medial wall is in contact with the dural sac, 
at the middle lumbar level and at the lumbosacral junction, it 
is in contact with the nerve root at its lateral recess. The lat-
eral wall of the pedicle is in contact with the psoas muscle at 
the lumbar level and with the costal heads at the thoracic 
level (Fig. 1).

Lateral or proximal escape of a screw during transpedicu-
lar instrumentation results in decreased mechanical strength, 
while a medial or distal breakage may be more likely to 
result in or spinal nerve root or cord injury, depending on the 
region.

The width of the pedicle is defined by the narrowest trans-
verse diameter, and the height by the narrowest sagittal 
diameter. The transverse angle is defined by the obliquity in 
the transverse plane between the axis of the pedicle and the 
anteroposterior axis of the vertebra; this angle often has an 
anterior apex, thus convergent. The sagittal angle is defined 
by the obliquity in the sagittal plane between the axis of the 
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Fig. 1 (a) Schematic of a right-side view of a lumbar vertebra showing 
the position of the pedicle (P) between the vertebral body in front (1) 
and posterior arch. The posterior point of entry to the pedicle is located 
at the junction of the upper facet joint (2), the lamina (3) and the trans-
verse process (4); it is separated from the lower facet joint (5) by the 

isthmus (6). We note the relationship of the pedicle with the exiting root 
from the intervertebral foraminal position (yellow circle). (b) Schematic 
oblique view of a lumbar vertebra showing the position of the pedicle 
(P) between the vertebral body anteriorly (1) and the posterior arch

Fig. 2 Diagram of a vertebra, from above showing the transverse angle 
of the pedicle (between the two lines in black) and the transverse diam-
eter of the pedicle (double red arrow) which is its smallest dimension

pedicle and the superior endplate of the vertebra (Figs. 2 and 
3). The transverse interpedicular distance is the distance 
between the centres of the pedicles of the same vertebra and 
the vertical interpedicular distance is the distance between 
the pedicles of two adjacent vertebrae.

The lateral and proximal cortices of the thoracic pedicles 
extend beyond the limits of the vertebral bodies and end-
plates, respectively, while at the lumbar level the vertebral 
bodies and endplates are beyond these same pedicular corti-
ces [3].

 Comparative Anatomy by Location

The height but especially the pedicle width are essential ele-
ments to know in order to adapt the diameter of the pedicle 
screw. Several cadaveric and radiological CT anatomical stud-
ies have been conducted to identify pedicle dimensions [3–5].

Pedicle width is the essential and determining element. It 
reaches its minimum at the level of T4 and T5 with an aver-
age pedicle diameter of 4.5  mm, sometimes with values 
<3 mm. This dimension increases by moving away from T4 
and T5 to reach 8 mm at T1 and at T11.

At the lumbar level, the pedicle of L2 has the smallest width 
with an average of 6 mm but can sometimes fall well below 
this; the lumbar pedicle width increases progressively to reach 
15 mm at L5. The pedicle height increases gradually from the 
T1 up to T12 where it reaches its maximum then decreases 
until L2 remaining similar through to L5. The height at T1 is on 
average 8 mm; the height at T12 is 17 mm; at the level of the 
lumbar region it is around 15 mm. Pedicle height is therefore 
not a limiting factor in pedicle screw instrumentation.

 Orientation [6] (Figs. 2 and 3)

It is essential to know the orientation of the pedicle to opti-
mize the quality of the pedicle screw.

In the sagittal plane, the sagittal pedicle angle is maximal 
at the thoracic level: it varies between 15 and 20° with a pos-
terior and proximodistal (descending) orientation and then 
decreases very rapidly between T12 and L1 to reach 5° in L1 
and a direction almost parallel with the endplate at L5. For 
an anatomic trajectory the thoracic pedicle screws are thus 
oriented more downward than lumbar screws.

In the transverse plane, the convergence is minimal at the 
level of the 12th thoracic vertebra with a transverse angle 
which is sometimes negative—a divergent pedicle; the aver-
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age remains 5° of convergence nevertheless. This conver-
gence increases progressively from T12 to reach 25° on 
average in T1 and L5. It should be noted that the pedicles 
between T10 and L1 have a mean convergence of <10°: the 
orientation when inserting a pedicle at these levels is “straight 
ahead”, without convergence.

 Interpedicular Dimensions [3, 6]

The vertical interpedicular distance gradually increases from 
T1 to S1; this corresponds with the increase in the height of 
the vertebral body as well as the increase in the height of the 
intervertebral disc. This distance decreases with age espe-
cially at the lumbar level, due to natural disc narrowing.

The interpedicular transverse distance is minimal at the 
level of the mediothoracic region (T4 to T8) where it mea-
sures 20 mm on average. It increases gradually to T1 where 
it reaches 30 mm, and it also increases towards L5, where it 
reaches almost 40 mm.

To these quantitative parameters should be added qualita-
tive parameters concerning the abundance of the cancellous 
bone within the pedicle; indeed in some cases the outer and 
inner cortices touch each other and there is no presence of 
cancellous bone between the two, which makes a classical 
pedicle target impossible (Fig. 4).

 Radiological Assessment of Pedicle 
Dimensions

All the elements just mentioned and analysed vary according 
to each individual. This anatomical variability depends on 
the patient’s age, size and morphology.

In order to plan a surgical procedure in which a pedicle fixa-
tion is required, one should conduct a radiological estimation 
of these different dimensions and orientations. Standard radi-

ography can be used which is sufficient in the majority of cases, 
especially when the pedicle width exceeds 5 mm. This corre-
sponds with the anteroposterior radiographs that show well 
rounded pedicles with dense cortical and clearer cancellous 
bone, clearly visible inside. For this, radiography of good qual-
ity is necessary. EOS radiography meets these objectives. CT 
imaging allows a more accurate measurement of the pedicle 
dimensions but with much greater irradiation of the patient. It 
is useful in cases where standard radiography does not allow 
visualization of the pedicles. MRI with fine cuts, much more 
expensive, also allows morphological analysis of the pedicles 
without the drawbacks of the irradiation of the scanner. Up to 
date, the reference method remains CT. All these examinations 

Fig. 3 Diagram of a lateral 
view of a lumbar vertebra. 
The sagittal pedicle angle 
(between the two black lines) 
is almost nil. The double red 
arrow indicates the vertical 
diameter of the pedicle

Fig. 4 CT scan of a teenage girl with idiopathic scoliosis. We note the 
complete disappearance of the cancellous bone and the thin diameter of 
the right pedicle. This is the anatomical level where the pedicles are the 
thinnest; to this complexity must be added the effect of the scoliotic 
concavity. Classic pedicle screw insertion is impossible on the right 
whereas it is easy to access on the left
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will allow preoperative planning of the instrumentation and 
will determine the possibility of free hand screw insertion or 
with radiological or navigation assistance.

 Applications to the Target Pedicle 
and Contribution of Navigation

The classic transpedicular trajectory is through the spongi-
osa or cancellous bone present in the pedicle canal. It 
requires the presence of this cancellous canal through which 
a perforator can find the path. The drill or probe will follow 
the path of least resistance and thus allows the cannulation 
of the pedicle without breaking the walls. When this channel 
is absent or when it is very thin, the classic direct path 
becomes impossible, and it may be necessary to replace it 

either by a hook at the level of the posterior arch or through 
an extrapedicular that will end in the vertebral body—the 
“in-out-in” technique. When the anatomical landmarks at 
the level of the posterior arc are intact and when the pedicle 
diameter permits, using a free hand technique, without the 
use of special technology, is very possible and gives satis-
factory results with extremely low risk of screw mal-place-
ment. Where this is not possible, the use of fluoroscopic 
guidance or even better with navigation guidance, it is pos-
sible to increase the precision of this technique.

 Point of Entry to the Pedicle [7] (Fig. 5)

The posterior entrance of the pedicle lies at the junction of 
the superior articular facet, the transverse process and the 

a

b

Lumbar mamillary tubercle

Lumbar accessory tubercle

Convergent pedicle screw insertion

Straight pedicle screw insertion

a

c d

b

Fig. 5 (a) (a) Vertical lines passing through the middle (red line) and 
the lateral edge (black dashed line) of the base of the superior articular 
facet; the point of entry is always between these two lines. (b) Horizontal 
lines passing through the middle (red) and the upper edge (black dashed 
line) of the base of the transverse process. The point of entry of the 
pedicle (coloured dots) is in the superexternal quadrant; the height is 
variable according to the vertebral level: yellow for T1, T2, T12 and the 
lumbar vertebrae, red for T3, T4 and T11, green for T5, T6 and T10 and 

blue for T7, T8 and T9. (b) After the resection of the inferior articular 
facet and exposure of the base of the superior articular facet, a cancel-
lous zone is evident (in yellow); the point of entry is located at the 
middle of the base of the transverse process (black line) and medio- 
lateral entry depends on the type of trajectory desired, straight anterior 
or anatomical convergence (red ellipse). (c) The point of entry is near 
the mammillary tubercle and medial to the accessory tubercle. (d) The 
2 types of pedicle screw insertion, convergent and straight ahead
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lamina; its exact position is variable according to the verte-
bral level. The exact knowledge of the point of entry and the 
orientation of the pedicle is necessary.

In general, the point of entry is located in the proximal 
and lateral quadrant of a cross drawn between a transverse 
line passing through the middle of the base of the transverse 
process and a vertical line passing through the middle of the 
base of the superior articular facet. This leaves little choice 
on positioning in the transverse plane where the point of 
entry is limited by two vertical lines passing through the 
middle and the lateral edge of the base of the superior articu-
lar facet. On the other hand, several possibilities exist in the 
vertical direction and depend on the vertebral level.

The height is variable depending on the level: we must 
first imagine two transverse lines passing through the middle 
and the upper edge of the base of the transverse process. In 
the lumbar spine the point of entry is located at the level of 
the lower line. In the thorax, the pedicles of T12, T1 and T2 
are the lowest located at the level of the lower line. The ped-
icles of T7, T8 and T9 are the highest located just above the 
top line. The rest of the pedicles have intermediate positions: 
T3, T4, T11 between the two lines, T5, T6 and T10 at the top 
line.

This entry point is hidden by a cortex that must be 
removed in order to access the pedicular cancellous bone.

 Special Cases

 The Pedicle in Scoliosis (Figs. 6 and 7)

Scoliotic deformation causes a change in the shape, dimen-
sions and orientation of the pedicles.

The pedicle on the concave side becomes thinner, longer 
and denser with less cancellous bone in its interior. 
Estimation of its dimensions on standard radiographs is also 
more difficult because of the rotation of the vertebrae. The 
dimensions of the pedicles of the concave side are underes-
timated with respect to their actual dimensions because the 
rays are oblique with respect to the pedicular axis, whereas 
on the convex side the rays are parallel to this same axis. It 
is therefore easier to estimate the width of the pedicle of the 
side of the convexity. The presence of a rotation should be 
taken into consideration in the orientation of the pedicle tra-
jectory. This aim is much more convergent on the concave 
side than on the convex side. In fact, from a concave side it 
is necessary to add the angle of vertebral rotation to the 
transverse angle and on the convex side, it is necessary to 
subtract the angle of rotation. The convex trajectory can 
therefore sometimes be divergent. Knowing the anatomy 
and dimensions of the pedicles on the normal spine and 
knowing that the most important limiting factor is the width 

of the pedicle, it is understandable that in a right-side tho-
racic scoliosis, it is at the level of the concavity against the 
high thoracic curve we will find thinner pedicles and there-
fore more difficult to instrument, often corresponding to the 
right-side pedicles of T3, T4 and T5.

In lumbar curvatures, the concave pedicles of L1 and L2 
are the narrowest.

 Dysplastic Pedicles of Neurofibromatosis [8]

In the vertebral dysplasia of neurofibromatosis, all structures 
of the vertebrae can be affected—giving rise to thin pedicles, 
or even their complete disappearance. The vertebral body is 
often also marked with an anterior and especially posterior 
scalloping. Dural ectasia fills the void (Fig. 8). Significant 
destabilization may result in subluxation or even complete 
spinal dislocation; the appearance of neurological disorder is 
not uncommon.

A dislocation of the rib head through the intervertebral 
foramen is regularly observed in dysplastic scoliosis of neu-
rofibromatosis (Fig. 9); particular attention must be observed 
in order to avoid any neurological event during the surgical 
procedure and preoperative CT is required to precisely eval-
uate all these anatomical structures before considering screw 
insertion.

Dysplastic pedicles may exist in other diseases such as 
Marfan’s disease or Larsen syndrome [9].

Fig. 6 Pedicles of a T9 vertebra, the apex of a thoracic scoliosis. The 
black line is the sagittal axis of the patient, the direction of the pedicle 
screw of the concave side (red) is divergent to 30° while that of the 
concavity (blue) is convergent to 40°

Surgical Anatomy of the Vertebral Pedicle
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Fig. 7 Left: Posteroanterior radiograph of a thoracic scoliosis with 
high vertebral rotation: convex and visible pedicles because the rays are 
parallel to the axis (yellow circle), while the concave pedicle is impos-
sible to see and especially to assess its dimensions (red circle). Right: 

Screw insertion of these two pedicles was nevertheless possible; we can 
see the difference in orientation between the convex pedicle screw 
which is parallel to the radiograph (yellow circle), whereas the concave 
screw is oblique to the radiograph and more convergent (red circle)

 The Pedicle in Vertebral Malformations

In vertebral malformations, pedicles may be normal but may 
be normal or equally could be small or even absent. The 
detailed description of pedicle malformations is beyond the 
scope of this article.

In practice, an assessment of the pedicle morphology 
using a CT reconstruction parallel with the discs is required 
each time a surgery is planned; intraoperative navigation can 
also be useful.

I. Obeid and J. M. Vital
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 Conclusion

The vertebral pedicle is an essential structure in spinal stabil-
ity. Its mechanical importance is widely studied in the litera-
ture. The pedicle screw is today considered the cornerstone 
of spinal osteosynthesis. The anatomical and morphological 
study of the pedicles has thus become an indispensable pre-
requisite for pedicle screw insertion. A preoperative multi-
modal image analysis is essential and makes it possible to 
analyse the difficult cases for which the use of intraoperative 
fluoroscopy or navigation guidance is desirable.

Fig. 8 Example of kyphoscoliosis with spinal subluxation in a 32-year- 
old patient with type 1 neurofibromatosis. Standard X-ray analysis fails 
to assess the pedicle anatomy from the seventh to the tenth thoracic 

vertebrae. CT shows the presence of dural ectasia with disappearance of 
two-thirds of the vertebral body and dysplastic pedicles reduced to thin 
strips

Fig. 9 16-year-old with a scoliosis from neurofibromatosis type 1; we 
note the dislocation of the rib through the intervertebral foramen on the 
right (red circle) as well as the dysplasia of the left pedicle (blue circle)

Surgical Anatomy of the Vertebral Pedicle
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Sacrum Anatomy: New Concepts

O. Gille and T. Chevillotte

Rather than revise concepts of anatomy already known and 
searchable in the literature, we aimed, in the spirit of this 
book, to answer some new questions that emerge in the cur-
rent management of pathologies of the lumbosacral spine.

 1. The importance of the study of posture through the pelvic 
angle of incidence as described by Duval-Beaupère is 
now well recognized. Numerous studies have shown that 
pelvic incidence, an anatomical parameter, conditions 
pelvic positional parameters (pelvic tilt and sacral slope) 
as well as lumbar lordosis. Thus, a new dogma has gradu-
ally emerged in spinal surgery: to align the lumbar lordo-
sis angle with the pelvic incidence using regression 
equations or other simplified formulae. Nevertheless, 
these studies have always been performed while standing. 
Also, we were interested in other positions of everyday 
life, the sitting and supine positions, to analyse the value 
of the pelvic incidence in these additional two postures.

 2. Screw insertion at S1 is a routine surgical procedure to fix 
the lumbosacral junction. However, essential data of mor-
phometric anatomy are not known or have never even 
been studied. We will recall the neurovascular risks dur-
ing instrumentation of the S1 target. We also measured, 
on the one hand, the distance of S1 bicortical screws to 
the anatomical structures that could potentially be injured 
and, on the other hand, the distance between the S1 screw 
and the S1 root in the first sacral foramen.

 3. Extension of spinal osteosynthesis to the sacrum: these 
fixations are usually done with screws implanted in the 
first sacral vertebra. But to correct a sagittal deformity of 
the spine or in the lumbosacral arthrodesis extended to 
more than five functional units, it is now recommended 
not to finish the assembly with two sacral screws but to 
reinforce this grip by extending the instrumentation to the 

pelvis. Also, we will report on the different surgical pos-
sibilities of pelvic fixation.

 Study of Radiological Correlation  
of Pelvic Parameters and Lumbar Lordosis 
in Standing, Sitting and Lying (Supine) 
Positions (Fig. 1)

 Introduction

Pelvic incidence is an anatomical parameter that, convention-
ally, does not vary. Correlations between pelvic parameters 
(PI: pelvic incidence, SS: sacral slope and PT: pelvic tilt) and 
lumbar lordosis (LL) in an erect position are well known and 
widely described [1]. In the literature, a fundamental role is 
given to the PI for the adjustment of the lordosis for lumbar 
arthrodesis. A large LL must accompany a large PI. This sur-
gical paradigm, which has imposed itself, only takes into 
account of the static erect position. We can ask whether this 
PI/LL correlation persists in the other positions of daily sit-
ting or lying down and therefore if relevant to refer to the 
pelvic incidence in the planning of lumbar or lumbosacral 
arthrodesis. The adaptation of the lumbopelvic spine during 
the transition from standing to sitting shows a decrease in 
lumbar lordosis and sacral slope and a pelvic retroversion [2]. 
The aim of this study is to analyse the correlations between 
lumbar lordosis and the different lumbopelvic parameters in 
the three positions: standing, sitting and supine.

 Patients and Methods

We included healthy volunteers aged 18–50  years, non- 
lumbalgic, with no history of surgery, infection or pelvic or 
spinal tumoural pathology. This study was approved by a 
local ethics committee.

O. Gille (*) · T. Chevillotte
Spinal Unit, University Hospital, Bordeaux, France
e-mail: olivier.gille@chu-bordeaux.fr

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-20925-4_11&domain=pdf
mailto:olivier.gille@chu-bordeaux.fr


162

 Radiography

A strict standard radiograph of the twelfth thoracic vertebra 
(T12) to the femoral heads was performed in the following 
three positions:

 – Standing: erect and relaxed, hands on the clavicles, hori-
zontal gaze.

 – Sitting position: patient in a comfortable, natural position, 
with variable height seat, horizontal thighs, knee flexion 
at 90°. The upper limbs also relaxed, hands placed and 
crossed on the thighs to allow visualization of the lumbar 
spine.

 – Supine position: strict supine position on horizontal radi-
ology table. Hands crossed on the chest, in a comfortable 
and natural position.

 Radiological and Statistical Analyses

Pelvic parameters and lumbar lordosis from L1 to S1 were 
calculated using Surgimap 2.1.1. In the supine position, 
the sacral slope was calculated with respect to the vertical 
and the pelvic tilt in relation to the horizontal. Statistical 
analysis was performed using SPSS software. For each 
parameter we calculated the means with standard devia-
tion. Normality of distribution of values was verified by 
the Shapiro–Wilk test. The correlation test used was the 
Spearman test.

 Results

Radiographs of 15 patients, five women and ten men, with an 
average age of 42.9 years were analysed.

The PI is stable in the standing, sitting and lying positions 
with respective measurements of 49.3° ± 8, 48.7° ± 8 and 
50.4 ± 7°. The LL is 54. 8° ± 10  in the standing position, 
decreases to 15.9° ± 15 in the seated position and increases 
to 50.2° ± 10  in the supine position. The PT is 12.1° ± 6, 
37.7°  ±  10 and 9.5  ±  5.1  in standing, sitting and supine, 
respectively. The standing SS is 37.1°  ±  6.3, decreases to 
11.3°  ±  11  in sitting and increases to 41°  ±  7  in supine 
(Table 1) (at the end of the text). We checked the normality 
of distribution of the values. Correlation coefficients between 
LL and pelvic parameters are shown in Table 2 (at the end of 
the text).

 Discussion

The majority of studies on spinopelvic balance are done in a 
static erect position. These studies have shown strong corre-
lations between pelvic incidence and sacral slope, pelvic 
incidence and lumbar lordosis or lumbar lordosis and 
 thoracic kyphosis. In fact, in real life, when standing, the 
human is most often in motion. He adopts other static pos-
tures in daily life, but most often in a sitting or lying position. 
The time spent during the day while sitting or lying down 
varies according to the individual, which depend in particu-
lar on socio-economic factors and age [3]. Some elderly 

Fig. 1 XRays in standing, sitting and supine position; measurements of pelvic parameters and lumbar lordosis
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people spend <10% of a day while standing [3]. In addition, 
disability may limit a patient to only seated and lying posi-
tions. So it seems restrictive to refer exclusively to the erect 
position for the study of the relationships and correlations 
between the pelvis and the lumbar spine.

Nevertheless, there has never been a study into the corre-
lation between lumbar lordosis and pelvic incidence in other 
positions of daily life, particularly sitting or lying. However, 
it is important to know if this correlation persists in order to 
confirm the importance of pelvic incidence in posture, 
whether it is standing, sitting or lying down. It therefore 
seemed necessary to know if there is a correlation between 
pelvic parameters and lumbar lordosis in the sitting or lying 
position. A lack of correlation could suggest that much too 
much attention has been paid to the PI, for example in the 
planning of lumbar spinal fusion.

PI, a parameter specific to an individual [4], is neverthe-
less used in the calculation of theoretical lumbar lordosis 
when planning lumbar arthrodesis. Its importance is recog-
nized: the suboptimal adjustment of lumbar arthrodesis can 
accelerate the degeneration of the adjacent level [5] and 
cause muscle pain. The lack of approximation between post-
operative lumbar lordosis and pelvic incidence is correlated 
with poor clinical outcomes [6, 7].

In a standing position, the values of the pelvic and spinal 
parameters in our study are comparable to large data from the 
literature [8]. Similarly, the correlation coefficients PI/LL, 
LL/SS and PI/SS are superimposable on the coefficients 
found in the literature. The correlations found in the literature 
between PI/SS and LL/SS are statistically stronger, i.e. with a 
coefficient greater than 0.7 than the LL/PI correlation 
[2, 9–15]. Our population is therefore representative of the 
general population concerning the lumbopelvic complex.

In the sitting position, the coupled movements of the cox-
ofemoral joints and the lumbar spine have been well 
described in the literature and specified by Lazennec [16]: 
hip flexion is accompanied by flexion of the lumbar spine, 
pelvic retroversion (increased PT) and decreased SS. These 

changes in pelvic parameters and lumbar lordosis are well 
documented in our study. These modifications are done har-
moniously, with persistence of a strong correlation between 
PI/LL and SS/LL. The pelvic floor therefore also conditions 
the posture while seated.

In the supine position, we find a strong correlation PI/LL 
and very strong LL/SS. It is in a supine position that the PI/
LL, LL/SS and LL/PT correlations are the strongest. 
Presumably, the suppression of gravity excludes the mecha-
nisms of pelvic adaptation to gravity which appear when 
standing or sitting and must distort the excellent correlation 
found in the supine position. Nevertheless, surprisingly, we 
find an increase in the sacral slope and a decrease in PT and 
LL, which does not correspond to the coupled movements 
previously described. Perhaps while lying on the X-ray table, 
there is a discreet extension of the coxofemoral joints that 
has not been studied in this article. This hyperextension of 
the hips, which induces an increase of SS by coupled move-
ment, cannot possibly be coupled with hyperextension of the 
lumbar spine because the back of the patient rests on the 
table. We had not considered this hypothesis, which should 
be confirmed by the measurement of the pelvifemoral angle. 
In our study, this angle could not be measured because the 
supine radiographs did not include the upper third of the 
femurs. The other potential explanation for this asymmetric 
variation of PT and LL in the supine position is secondary to 
the suppression of gravity constraints on the lumbopelvifem-
oral complex.

The PI is therefore an essential parameter not only in the 
erect position but also in sitting or lying. It is therefore essen-
tial to regulate lumbar arthrodesis according to the value of 
PI [1, 17–19], even in elderly patients with reduced physical 
activity.

The limitation of this study concerns especially the 
absence of analysis of the subpelvic sector, in particular the 
pelvifemoral angle which could have helped us in the under-
standing of certain angular variations.

 Neurovascular Risks During the Insertion 
of the S1 Screw: An Anatomical Study

 Introduction

The placement of sacral screws in S1 is routinely practiced in 
spinal surgery. The surgical technique of introducing these 
screws is known:

 – The point of entry of the S1 screw is located at the lateral 
portion of the lower edge of the upper articular facet of 
the sacrum [20–26]. The aim is classically convergent 
from 30° to 40°, targeting the anterosuperior corner of the 

Table 1 Mean values of spinopelvic parameters (in degrees)

Pelvic incidence Pelvic tilt Sacral slope
Lumbar 
lordosis

Standing 49.3 12.1 37.1 54.8
Seated 48.7 37.7 11.3 15.9
Supine 50.4 9.5 41 50.2

Table 2 Correlation coefficients

LL/PI LL/SS PI/SS PI/PT
Standing 0.57∗ 0.67∗∗ 0.63∗ 0.54∗
Seated 0.68∗ 0.80∗∗ 0.23 0.43
Supine 0.72∗∗ 0.9∗∗ 0.84∗∗ 0.72∗
∗Significant for p < 0.05; ∗∗Significant for p < 0.01
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sacrum. According to a cadaveric study [23], the ideal 
convergence would be 35° ± 4. Roy-Camille [27] initially 
described screw insertion parallel to the vertebral  endplate 
of S1 in 1983. De Peretti [28] describes a better bone fixa-
tion if the screw is upward of 10°.

Nevertheless, the behaviour of these screws depends on 
the quality of the bone, as the quality may be poor in osteo-
porotic patients. In addition, it has been shown that taking 
the anterior sacral cortex (bicortical screw) significantly 
enhances this sacral screw strength. But these bicortical 
screws expose the risk of damage to neurological and vascu-
lar structures located in the inner pelvis [29–31]. Also, we 
wanted to define the safety zone for these sacral screws and 
measure the distance between an ideally placed screw and 
the vascular and nerve structures that could potentially be 
injured by the screw.

 In Vivo CT Measurements

In order to evaluate the risk of neurological or vascular injury 
during S1 screw insertion, we simulated the positioning of an 
S1 screw on ten pelvic CT scanners. Measurements were 
performed on CT scans of patients with no traumatic, tumour 
or infectious condition on the L5, S1 and S2 vertebrae. There 
were 6 men and 4 women with a mean age of 56 years.

Measurement of the distance of the S1 screw from the first 
sacral foramen. We simulated the implantation of two S1 
right and left screws of 6.5 mm diameter on each scanner, for 
a total of 20 screws, using the Osirix Viewer® software. The 
entry point of the screw was classically located at the lateral 
aspect of the base of the upper articular facet of S1. The 
angle of convergence of the screw was determined in the 
axial plane with respect to the axis of the pedicle of S1. Then, 
in the sagittal reconstruction plane, this angle of convergence 
was reported to lie exactly in the plane of the pedicle. The 
path of the screw was then simulated by a 6.5-mm-thick line. 
We then measured the distance separating the line simulating 
the screw of the first sacral hole.

Measurement of the distance of the S1 screw with respect 
to the lumbosacral trunk. On these same scanners we simu-
lated by a line of 6.5-mm-thick with the implantation of two 
S1 screws on the axial section passing below the upper plate 
of S1. We then measured the distance separating the end of 
the line simulating the head of the lumbosacral trunk screw.

Measuring the distance of the screw S1 from the iliac ves-
sels. On these same scanners we simulated a line of 6.5-mm- 
thick for the implantation of two screws S1 on the axial 
section passing below the upper plate of S1. We then mea-
sured the distance between the end of the line and the com-
mon iliac artery screw on the right and the common iliac vein 
on the left.

The measurement for the medial sacral artery was hardly 
feasible since it is too small a vessel to be viewed on a stan-
dard scanner.

 Results

On average, the S1 screw goes to 5.2 mm from the first sacral 
foramen (±0.75 mm). It can be considered that screw inser-
tion of S1 is a low risk procedure for the S1 root if it is 
inserted appropriately. In our experiment, we recommend 
performing S1 screw under fluoroscopy magnification in 
order to target the anterosuperior corner of the vertebral body 
of S1.

The distance between a bicortical S1 screw and the iliac 
vessels is on average 22 mm ± 2 mm. The average distance 
between a bicortical S1 screw and the lumbosacral trunk is 
on average 8.5 mm ± 0.8 mm.

 Discussion

Mirkovic et al. performed an anatomical study to define the 
anatomical lesions that can be damaged when inserting a 
screw to S1 [30]. They defined two safety zones for S1: a 
median zone and a lateral zone (Fig. 2). The median zone is 
situated between the medial sacral artery on the one hand 
and the lumbosacral trunk and the primary iliac vessels on 
the other. The lateral zone is located outside the internal iliac 
vessels. The median area should be preferred because of the 
better bone quality for holding the screw. At this point, the 

Common
iliac a.

Lumbosacral
trunk

Sacral a.
Internal
iliac a.

Lateral
safe
zone

Medial
safe
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Fig. 2 Safe zone for S1 and S2 screws
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S1 screw can cross the anterior cortex of the sacrum to obtain 
a greater resistance to pull out.

The common iliac vessels can be reached if the screw in 
S1 is insufficiently convergent. On the right, the common 
iliac artery is in contact with the bone surface. The vein is 
located just in front of the artery. On the left, it is the com-
mon iliac vein which is located against the bone and which 
could therefore be reached. In another cadaveric study of 30 
cadavers, screwing S1 with the entry point at the foot of the 
articular facet of S1 and a median convergence of about 10° 
did not produce injury of the iliac vessels. In this study, the 
medial sacral artery was reached in 4 out of 30 cases.

In our study, we were able to measure the distance between 
an ideally located S1 screw and the iliac vessels and the lum-
bosacral trunk. In case of a bicortical screw, the risk of vascu-
lar injury is very low, the distance between a converging 
screw of about 30° and the iliac vessels being >20 mm. On 
the other hand, the distance between the tip of the screw and 
the lumbosacral trunk is much smaller, 8.5 mm. It is therefore 
sufficient that the aim is not sufficiently convergent for a S1 
screw to cause conflict with the lumbosacral trunk. The lum-
bosacral trunk is bulky, 8 mm wide, applied to the anterior 
surface of the sacral ala (wing). In addition to its volume, its 
vulnerability is increased by the fact that it is adherent to the 
bone to which it is attached by fibrous tissue [26].

Finally, the distance between the S1 screw and the S1 
foramen had never been measured. Presumably, the breach 
of the sacral foramen by the S1 screw is rare; the S1 foramen 
can be visualized on the posterior aspect of the sacrum dur-
ing the placement of the screw. Nevertheless, the distance 
between the ideally positioned S1 screw and the S1 foramen 
is small, of the order of 5 mm.

One must therefore be particularly careful when inserting 
a screw at S1 not to have a point of insertion that is too low 
and/or a downward trajectory that would risk compression 
of the S1 root.

 Pelvic Fixation: Surgical Techniques

 The Biomechanical Zones at the Level 
of the Sacrum (Fig. 3)

Achieving fusion of the lumbosacral junction is a complex 
problem in spine surgery, a source of mechanical (mobility 
segment, screw or rod fracture, screw pull-out), neurological 
or even vascular complications (lesion of a nerve structure or 
a vessel by an extra-heavy or malplaced screw) [32]. In addi-
tion, the sacrum does not have a uniform fixation quality for 
instrumentation. At the level of S1, De Peretti [33] recalls the 
postero-anterior screw insertion techniques including the 
“straight ahead” trajectory as described by Roy-Camille and 
the oblique anteromedial pediculo-corporeal convergent screw 
trajectory. In an in  vitro biomechanical study, De Peretti 

showed that the latter is the most resistant to pull out. The 
density of the S1 and S2 vertebrae was measured by CT and 
expressed in Hounsfield units (UH) in 20 healthy subjects of 
mean age of 32 years. At the level of S1, the best bone density 
is found in the pedicles (335 HU), followed by the body (281 
HU), and then the sacral ala (60 HU). At S2, the bone density 
is lower: pedicles (108 HU), body (108 HU), then the sacral 
ala (42 HU) [33].

According to Dubousset [34], the sacral screw insertion 
directed forward and outward at 45° would allow a solid 
anchoring and with easy access provided that the bone is not 
too porous. The cadaver study of De Peretti clearly shows 
that the divergent aim in the sacral ala does not have a good 
anchorage in the elderly person.

Moshirfar et  al. described the lumbosacral pivot point 
[32]. This point belongs to the middle column between the 
L5 and S1 vertebrae. Implants that attach anterior to this 
point provide greater rigidity [32, 35]. Note that a triangular 
assembly improves the pull-out resistance [8]. Finally, a sec-
ond point of attachment to the pelvis is more effective than 
S1 fixation alone [35].

We define three biomechanical zones at the level of the 
sacrum. The mechanical resistance decreases from zone 1 to 
zone 3. Zone 1 corresponds to the vertebral body of S1, zone 2 
corresponds to the vertebral body of S2. Zone 3 corresponds to 
the ala of the sacrum.

We propose the following scheme (Fig. 3):

 Screw Insertion at S1 and S2 (Fig. 4)

The addition of an S2 screw increases the rigidity of the 
assembly with respect to S1 alone but minimally increases the 

Zone 1

Zone 2

Zone 3

Fig. 3 Bone density in the sacrum
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flexural strength with respect to S1 alone [36]. This assembly 
is mechanically weaker than an iliac screw [37]. This arrange-
ment allows good control of the sagittal plane but less so in 
the frontal (coronal) plane because of the more medial posi-
tion of the screws compared to an iliac anchor [38].

Anatomically, the S1 and S2 screws are in the same axis, 
but the passage of the rods though the S1 and S2 screw heads 
can be difficult [36]. There are several types of sacral plates to 
position these two screws with a single anchorage for the rod.

 Jackson’s Intrasacral Rod (Fig. 5)

It is an intrasacral rod introduced through S2 [39]. This rod 
is attached to an S1 pedicle screw. It rests on the anterior 
cortex of the sacrum [39]. This rod has a supportive effect 
that is effective in osteoporotic patients [38]. In fact, the pos-
terior cortex of the sacrum and the two cortices of the poste-
rior part of the iliac wing will resist flexural forces. It 
provides a stiffness in bending, rotation [40] and a long lever 
arm. It therefore spares sacroiliac fixation [41]. As for S1 and 
S2 screws, the medial position of this fixture would make it 
less effective on frontal correction [38]. Like the Galveston 
rod, it can have a “windscreen wiper” effect [42]. It poses a 
risk of fracturing the sacrum [41].

 The Galveston Stem (Fig. 6)

This technique consists of attaching to the iliac wing with a 
point of entry in the posterior superior iliac spine [40] via a 
curved rod. This rod is fixed in front of the pivot point [37]. It 
affords a good resistance in torsion [37] and flexion move-
ments [42]. It allows the incorporation of the pelvic bone into 
the assembly [32] while maintaining a small footprint [40]. 
On the other hand, the fixation being ensured by a smooth 
stem, it can create a wiper effect in the iliac bone. The triple 
contouring of this rod can present a technical difficulty.

 Iliac Screw Insertion (Fig. 7)

This is an evolution of the Galveston technique. The point 
of entry is at the posterior iliac spine [43]. The path of the 
screw is oblique downward, outward and forward, at a vari-
able angle with the sagittal plane depending on the orienta-
tion of the iliac wing. This orientation can be calculated on 
preoperative imaging. Downward, the orientation is at an 
angle of 30° to the horizontal, towards the greater trochan-
ter which is a good external marker. This iliac screw is per-
pendicular to the screw of S1, allowing a triangulation 
assembly resistant to pull-out forces [32]. As for other 

Fig. 4 Position of S1 and S2 screws
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means of fixing to the pelvis, the iliac screw makes it pos-
sible to reduce the stresses on the sacral screws [44], reduce 
the risk of lumbosacral pseudarthrosis [32] and provide 
loosening resistance three times greater than the Galveston 
rod. Iliac screw fixation shows better efficacy in correcting 
pelvic obliquity compared to Galveston rods [37]. Similarly, 
the use of sacral S1 screws decrease the forces exerted on 
the iliac screws [38].

Side connectors are required [43]. The placement of this 
iliac screw connector proximally or distal to the S1 screw 
does not alter the biomechanics [37]. Adding a transverse 
connector can reduce pull-out of the iliac screws [42, 44].

 Iliosacral Screw Insertion (Fig. 8)

There are ancillaries for the easy placement of this screw: the 
point of entry is above and in front of the posterior superior 
iliac spine, 2 cm from the posterior edge of the iliac crest [38]. 
This entry point is addressed by a counter skin incision. The 
screw is positioned towards the centre of the S1 body, with a 
reference angle of 30° to the horizontal. A connector is inserted 
in a bone box created at the level of the sacral ala. This iliosa-
cral fixation allows a very solid anchoring. It is a tricortical 
fixation. The lateralised position of the iliosacral screw allows 
an Eiffel tower assembly, resulting in a large lever to correct 
the frontal plane, in particular any pelvic obliquity [45]. This 
technique has a small footprint. The screw does not cross the 
sacroiliac joint but remains posterosuperior. Harrington had 
described a similar technique using Steinmann pins.

 S2 Iliac Screw Insertion (Fig. 9)

The entry point is between the first two sacral holes 1 mm 
below and outside the first sacral foramen [43]. The S2 iliac 

Fig. 5 The Jackson’s Rod

Fig. 6 The Galveston Stem
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screw is tricortical and passes through the sacroiliac joint in 
60% of cases [46]. The quadricortical character does not 
increase the biomechanical strength of the assembly [41]. 
This screw has excellent pull-out resistance [47]. The length 
of the screw is shorter than that of an iliac screw. A 65-mm 

S2 iliac screw is biomechanically equivalent to a 90-mm 
iliac screw [46].

The S2 iliac screw does not require a lateral connector 
[37], it is aligned with the screw heads of L5 and S1 [41] 
facilitating the introduction of the rod. This technique is 

Fig. 7 The iliac screw

30°

Fig. 8 The iliosacral screw

Fig. 9 The sacroiliac screw
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more difficult when the patient is in hyperlordosis [42]. This 
screw is less prominent than the iliac screw, does not require 
dissection of the pelvic bone and has little effect on the pos-
sibility of iliac cresting for autograft [41]. But according to 
Guler [45], in cases of insufficient correction of a sagittal 
imbalance, the S2 iliac screw has an increased risk of short- 
term material fracture compared with iliac screwing.

 “T-Construct” by Vialle (Fig. 10)

This assembly is based on two standard iliac screws and two 
standard S1 sacral screws [48]. A horizontal rod connects the 
four screws. This horizontal rod is connected by 90° connec-
tors to the upper construct [49]. At the time of correction, the 
correction forces apply to the four implants simultaneously. 
The forces are transmitted to the two iliac wings with a large 
lever arm. This fixation concerns the three pelvic bones with 
fixation in the different planes [50].
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The Pelvic Vertebra, the Cephalic 
Vertebra and the Concept of the Chain 
of Balance

J. Dubousset

 Introduction: Foundation for the Concept

In 1972, my teacher Pierre Queneau asked me to study the “ 
Paralytic pelvic obliquity” for the meeting of the 1973 GES 
scoliosis study group. It then appeared obvious to me the 
concept of “Pelvic vertebra” [1].

Indeed, there was a surprising contrast between what we 
saw on the radiograph of the spine with the obliquity of the 
pelvis in relation to the horizontal and what was seen when 
looking at the patient. It was found that the pelvis was dis-
placed in three planes of space and that the radiograph 
showed us only the “Chinese shadow” of reality. It was then 
easy to consider the pelvis, as a whole, as the last piece of the 
truncal skeleton (Fig. 1) and that it was displaced in space as 
were the different skeletal parts of the spine. The reality of 
the three dimensions was at the same time obvious (Fig. 2).

The anatomical reality of the concept quickly appeared 
to me when both White and Panjabi [2] showed that the 
mobility of the sacroiliac joint was minimal (approximately 
1.5° and up to 3.5° in peripartum women to facilitate natural 
delivery). In addition, the book by RJ and P. Ducroquet [3] 
on “la Marche et les Boiteries” (literally “the Walk and 
Limps”) demonstrated to me “the pelvic step” where the 
whole pelvis during walking is moved not only up and down 
but also rotated in the horizontal plane from right to left, as 
walking progresses. Finally, to comfort me in this concept, I 
frequently visited the Anatomical Museum, located in the 
slightly abandoned basement of the Parisian Baudelocque 
Maternity Hospital, in front of the Saint Vincent de Paul 
hospital where I worked. There I found a collection of pel-
vic and spinal skeletons where it could be noticed that many 
of them had considerable deformities of pelvic morphology 

J. Dubousset (*) 
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Fig. 1 Oblique pelvis of poliomyelitis. The pelvis is displaced in the three dimensions of space: frontal, sagittal, horizontal
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which explained why they were there in this museum, for 
example, because of labour dystocia (obstructed labour) in 
parturients (females about to give birth) which often did not 
survive at that time.

So, it seemed appropriate to me to consider the pelvis as 
the last vertebra of the spinal skeleton and therefore to 
explain why, when one looked at a complete skeleton of the 
human body, how much this element played a role (inter-
posed between trunk and lower limbs) in the erect posture of 
the human being. And it is with this same vision that appeared 
to me, around the same time, an identical but perhaps even 
more subtle role in the erect skeleton, of the “cephalic verte-
bra” (the whole head considered as a vertebra) where only 
the weight of the head at the other end of the articular chain 
played the role of the weight of a pendulum, provided that 
standing is regarded as the function of an “inverted 
pendulum“(Fig. 3).

Once I understood that, the remainder of my intentions 
would only serve to support and refine this concept accord-
ing to multiple practical applications.

 Anatomical Basis for the Pelvic Vertebra

 Morphologically

The best studies come, as appropriate, from obstetric ser-
vices, where very precise and complete descriptions relate to 
the different pelvic anatomy in women compared to men in 
the form of the outer pelvic ring (which is wider in females) 

at the opening of the iliac wings, antero-posteriorly and 
transversely. We know that pelvimetry is part of the arma-
mentarium of the obstetrician. Moreover, recent work by 
Christophe Boulay [4] has shown a frequent prevalence of 
right–left asymmetry—if one refers to the respective size of 
the two iliac bones. Above all, the works of Duval-Beaupère 
et al. [5] have shown the individual variation of the angle of 
pelvic incidence (according to the name she gave to this 
angle), measured in sagittal projection between the perpen-
dicular of the middle of the sacral endplate and the line unit-
ing the centre of this endplate with the centre of the femoral 
head(s) (Fig. 4).

This angle is variable from one individual to another, it is 
generally lower for a newborn and increases steadily during 
the first 5 or 6 years to reach a plateau, but actually stabilizes 
only at the end of growth with an average around 50°.

It represents the spatial relationship of the two compo-
nents of the sacroiliac joint. If we look at the evolution of 
species, we see that in quadrupeds, the angle of incidence is 
very low, is increased in some primates, then in the first hom-
inids (for example Lucy, the 3.2-million-year-old skeleton) 
and finally in the human, as the erect standing position 
becomes dominant (Fig. 5).

This is well understood when we examine pelvises of 
various kinds, dysplastic or not, where the anteroposterior 
distance, variable between the sacrum and the pubic sym-
physis, will be a determining factor in this angle. Similarly, 
the anteroposterior or lateral variation in the position of the 
centre of the acetabulum makes it possible to understand the 
individual variations of the angle of incidence.

Fig. 2 The radiograph 
depicts the 3D reality as a 
“Chinese shadow”
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On the other hand, when a lumbosacral fusion (L5S1 or 
L4L5S1) is performed, the starting point of this angle is 
prolongated upwards since the fused vertebrae form a 
block with the pelvis, and this automatically reduces this 
angle of incidence by creating a new pelvic vertebra 
(Fig. 6).

 Intrapelvic Degrees of Freedom

The work of White and Panjabi [2] has perfectly demon-
strated that the movements of the sacroiliac joint were mini-
mal but real, of the order of 1.5° up to 3.5°. Due to the hollow 
rail shape of the lateral sacrum and its articulation with the 
solid rail shape of the medial ilium and the inverted L- or 
C-shaped articular surfaces of this joint, these so-called nuta-
tion or counter-change movements are relatively weak, lock-
ing together the unit at this point. The pelvic entity is created 
by the juxtaposition of the two right and left iliac bones to 
the sacrum posteriorly and which meet each other anteriorly 
at the pubic symphysis. The transverse axis of these move-
ments of nutation (anterior tilting of the promontory, poste-
rior tilt of the coccyx) and of counter-nutation (posterior tilt 
of the promontory and anterior of the coccyx) is located 
behind the articular surfaces (hollow rail/solid rail) at the 
level of insertion of the interosseous ligament or axillary 
ligament.

Fig. 3 The erect human 
functions as an inverted 
pendulum from a Polygon of 
Support

α

β γ

Sacral slope

Pelvic
Incidence

Pelvic tilt 

Fig. 4 From barycentrometric studies, Duval-Beaupère defined the 
(anatomical) angle of pelvic incidence (β) with its postural corollaries, 
sacral slope (α) and pelvic version (Y)
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This explains why this movement combines sliding at the 
level of the hollow rail/solid rail with anteroposterior rota-
tion around this transverse axis: it is the nutation against the 
wobble!

The pubic symphysis, in reality a diarthro-amphiarthrosis 
joint, has a particularly resistant structure with a vertical 
elliptical central zone. This looks like an intervertebral disc 
with an oval cleft in the centre (often virtual), but circumfer-
entially surrounded by strong ligaments, which explains why 
its mobility is negligible in the normal state, and only during 
pregnancy can one observe some minimal mobility.

 On the Other Hand, the Degrees of Freedom 
Around the Pelvic Vertebra Are Quite 
Considerable

At the level of the lumbosacral joint, there are six degrees of 
freedom in three planes of space (flexion/extension, right/left 
Inclination and right/left axial rotation), not to mention a min-
imal up/down axial mobility, according to the vertical axis 
coming from the compressive elasticity of the L5S1 disk.

Moreover, at the level of each hip joint, there are also six 
degrees of freedom. So, we understand how the pelvic verte-
bra, by these mobilities at the level of the upper and lower 
points of support of the elements which surround it, will be 
able to adapt to almost all spatial situations which it will 
meet during the various functions of human life, within the 
limits allowed by these degrees of freedom [6].

 Plasticity of the Pelvic Vertebra

It must also be remembered that according to various patholo-
gies, either congenital malformations or acquired paralytic or 

infectious origins, affecting each of the components of the pel-
vis (especially during a period of growth), we will be able to 
observe considerable morphological changes which will, of 
course, affect the function it represents in the equilibrium of 
the skeleton as well as in its function of transmission of supra- 
and sub-jacent forces and moments working on the joints.

The visit to the old obstetrical museum located in the 
basement of the Baudelocque Maternity Hospital was 
enlightening for me and made me discover not only the 
entity of the pelvic vertebra but also the formidable capac-
ities of adaptation and compensation of the human 
machinery.

 The Texture and the Bone Architecture 
of the Pelvis

By studying this point, it is quite easy to identify the best 
possible anchor points for inserting implants of instrumenta-
tion material [7, 8].

As for the sacral skeleton, it is certain that the solid zones 
are represented by the central body of the sacrum, whereas 
the wings (ala) are much more cancellous (spongy) and have 
low anchoring capacity (Fig. 7). Of course, the screws bear-
ing on the two anterior and posterior cortices will have the 
best screw hold. Finally, the extreme solidity of the sacroiliac 
periarticular ligaments must be noted, including that of the 
iliolumbar ligament to understand that concomitant use of 
the two iliac wings with sacroiliac screw fixation consider-
ably increases the lever arms and thus the rigidity of a lum-
bosacral assembly. Screws along this trajectory, between the 
inner and outer bony iliac cortices spanning as far as overly-
ing the roofs of the acetabulii and aligned along the lines of 
force from the acetabulum to the sacroiliacs, create a very 
robust anchor.

Gorilla                                                                  Lucy                                            Homo  Sapiens

A B

Fig. 5 Pelvic incidence has 
changed with the evolution of 
the species, with concomitant 
changes in pelvic tilt
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 Physiological, Pathophysiological 
and Mechanical Implications of the Pelvic 
Vertebrae

 The Pelvic Vertebra as an “Intercalary Bone”

The pelvis will play this role between the skeleton of the 
trunk (essentially spine) and the skeleton of the lower limbs.

 1. Here again is the study of the paralytic pelvic obliquity 
which has been decisive in the understanding of this 
role—the “3 planes of space” as mentioned, and also that 
in can be “deformed in its morphology”.

It was originally caused by sub-pelvic causes (below 
the pelvis contractures or paralysis of the hips, knee, etc.), 
intrapelvic causes (congenital or infectious deformities, 
such as childhood sacroiliitis associated with paralysis, 
which if occurring early in infancy, would result in a tor-
sional deformity of the pelvis +/− femoral head growth 
deformity and asymmetry of the peri-pelvic muscular ele-
ments) and finally, supra-pelvic causes, i.e. all spinal 
deformities, scoliosis and kyphosis (Fig. 8).

Thus it was clear that a contracture of the hip in 
flexion- abduction forced the pelvis to move in the frontal 
plane with an inclination on the side of the hip anomaly, 
whereas if the hip was retracted in adduction or inversion, 

a

b

c

C

C

C

A

A

A

B

B

B

Fig. 6 Pelvic morphology changes the pelvic incidence. Lumbosacral fusion automatically decreases the angle of incidence
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the pelvis was moving in the opposite direction and 
migrated superiorly in the frontal plane on the side of the 
hip anomaly.

Similarly, in the sagittal plane, any “flexion contrac-
ture” of the hip (vicious attitude in flexion) caused a 
rocking of the pelvis forward or anteversion, while a 
deficit of flexion (by contracture of the gluteus for 
example) produces an automatic retroversion during 
tested sitting. Similarly, in this sitting or standing posi-
tion, the anteversion of the pelvis was automatically 
associated with a greater lumbar lordosis as the pelvis 
tipped over while inversely its retroversion was always 
associated with a lumbar kyphosis; the causes of these 
disorders are secondary to peri-pelvic contractures or 
paralysis.

In the horizontal plane, displacements in axial rotation 
were observed in the clockwise or counterclockwise 
direction as a function of the distribution of retractions or 
paralysis (Fig. 9).

 2. So there were two phenomena that came together:
 (a) that of musculotendinous contractures or paralysis 

which forced the pelvis to move in space;
 (b) the effect of gravity which, according to the situa-

tions created by the first phenomenon, amplified the 
deformity in one direction or another.

 3. Studies in the sagittal plane by many authors have rein-
forced this point of view
 (a) The work of Duval-Beaupère demonstrated that in 

standing there was a close relationship on a lateral 
spine radiograph, between the angle of pelvic inci-
dence and the amount of lumbar lordosis required to 
have a normal erect posture (small angle of inci-
dence  =  small lordosis, wide angle of inci-
dence = large lordosis) (Fig. 11). This has provided a 
practical measure that is essential to the orthopaedic 
world by confirming this notion of “intercalary bone” 
and “pelvic vertebra” [4, 5].

 (b) The work of Roussouly on the normal population has 
come to demonstrate the reality of this notion again 
creating a practical classification of the sagittal bal-
ance of individuals, in four major categories that have 
now become standard [9].

 (c) The influence of sub-pelvic causes, in non-paralytic 
cases but for example in the so-called “normal” aging 
population, has been demonstrated by the works of 

Fig. 7 On this cross section of the sacrum (S1), note the lack of resis-
tance of a possible osteosynthesis at the level of the sacral ala

Intra

Sub 

Supra

Fig. 8 Supra, intra and sub-pelvic causes of paralytic oblique pelvis 
are found with their own components adapted from the causal 
pathology

Each of these elements could be found in the deformi-
ties and the three-dimensional pelvic expression, both 
physiological and whatever the pathology involved: 
the pelvis was indeed an “intercalary bone” (Fig. 10).
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Hovorka who describes the loss of the reserve of 
extension of the hip (Fig. 12), an initiating factor of 
lumbar kyphosis in the elderly [10].

Finally, from a practical point of view, another proof: it 
is well known that when one has hip osteoarthritis associ-
ated with low back pain, the correction of the severe hip 
attitude by total hip arthroplasty often leads to the disap-
pearance of low back pain.

 4. In the horizontal plane, we must also remember the original 
work of the Ducroquets, who had perfectly defined the 
oscillating movements of the pelvis during walking, not 
only from top to bottom but also from front to back alter-

nated with a reverse movement of the shoulders, called “the 
Pelvic Step”; the Ducroquets had perfectly observed it in 
space by walking the patients in a large room covered with 
mirrors, on the floor, on the ceiling and on the four walls [3].

It is also interesting to note that if one carefully exam-
ines an idiopathic scoliosis, especially when it involves a 
lumbar curvature, it is not uncommon to note that the cur-
vature extends to the pelvis, which itself is asymmetric. 
Large 30 × 90 radiographs have already shown it in the 
form of an asymmetry of the pelvic projection (width 
asymmetry of the iliac wings, and the asymmetric appear-
ance of the sciatic notch).

Lordoscoliosis

Kyphoscoliosis

Fig. 9 The study of the 
paralytic oblique pelvis 
demonstrates that the pelvic 
vertebra had to be studied in 
the three dimensions

This rationale must apply in all 3 planes regardless of the pathology.

Pelvis is less oblique than L5 Pelvis is as oblique as L5 Pelvis is more oblique than L5

Fig. 10 The relationships of 
the pelvic vertebra with the 
lumbar spine are fundamental 
to establish a strategy of 
correction in the three planes 
of the space (example here in 
the frontal plane)

The Pelvic Vertebra, the Cephalic Vertebra and the Concept of the Chain of Balance



178

 Practical Consequences of These Findings

This is the establishment of the notion of the “ Chain of 
“Balance “ of the erect posture, whether standing or sitting 
(Fig.  13). The pelvic vertebra plays a central role in both 
orientation and compensation, given its privileged status as 
an “intercalary bone”.

This global vision of the individual, standing or sitting, 
led us inevitably to go to the other end of the chain, i.e. to the 
head, considering it (because of its weight and its spatial 
context) as a true “Cephalic Vertebra”, the upper end of the 
inverted pendulum characteristic of erect species.

The purpose of this characteristic being, on the one hand, 
to ensure the horizontal gaze, and on the other hand, to pro-
cess visual, vestibular, auditory, and proprioceptive inputs. It 
is the place of automatic analysis and quasi-instantaneous 
efferences, thanks to the cerebral computer which houses 
and governs this Chain of Balance.

The Polygon of Support represents the following:

• Standing up by the support of the soles of both feet 
(spaced or close together), thus realizing a large surface 
whose geometric centre will represent the reference point 
of departure of the vertical gravity line.

• Sitting, which will be the same surface corresponding to 
the support of the two ischial tuberosities, buttocks and 

often from the posterior aspect of the thighs from which 
one will determine a geometric centre of reference. 
Recording of this pressure surface will probably be the 
best reliable measurement of the correction of a pelvic 
obliquity.

Standing or sitting, these elements will be best deter-
mined by a platform of forces to measure the support exer-
cised at each point and also to determine this gravity 
reference centre.

If the plumb line remains a practical way to represent a 
vertical line of gravity, the reasoning is made from “top to 
bottom”, whereas it seems to us preferable to reason from 
“bottom to top” starting from the centre of the polygon of 
sustentation using the force platform [10, 11].

It is common to note, in practice, that due to the minimal 
but almost permanent movements of the human being while 
standing or sitting, the projection of the centre of gravity of 
the human body varies according to a cloud of points around 
this geometric centre of the polygon of support. Above this 
polygon, there will be the succession of an “ chain of joints” 
of about 30 levels of mobility passing through the bones of 
the skeleton of the lower limbs, with major importance of the 
large joints, ankle, knee, hip, then the pelvic vertebra, and 
the lumbar, thoracic and cervical vertebral parts, according 
to an harmonious state alternating in sagittal plane, kyphotic 

48°

25°

32°

38°

10°

40°

66°

45°

59°

13°

10 mm 40 mm

Thoracic Kyphosis 

Lumbar Lordosis 

Sacral Slope 

Pelvic Incidence

Pelvic Tilt

Cantilever

Fig. 11 Pelvic incidence 
determines the importance of 
the lumbar lordosis
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and lordotic curves, ending with the cephalic vertebra with 
its weight of 4.5–5.5  kg, adjusting the equilibrium of this 
chain to obtain the physiological harmony of erect human 
balance.

Multiple static measurements of the various elements of 
this chain have been made and give average values   for the 
human species which have only a relative value for an indi-
vidual’s skeletal anatomy, but muscular and metabolic pro-
cesses also play a part.

It seems more important to take into account the dynamic 
values   of this balance and the capacities of movement in the 
three planes of space around this axis of gravity starting from 
the polygon of support to establish a true muscular “Cone of 
Economy” (Fig. 14) allowing a harmonious and useful erect 
posture.

In this “Cone of Economy”, we can consider that if we are 
inside a small cone, that is where there is little or no spinal or 
peri-vertebral muscular effort to stand up, the balance will be 
considered economical. On the contrary, if one is outside, it 
will require much more muscular work and fatigue factor to 
bring the various parts of the chain of the joints to a harmoni-
ous and stable posture. This is where the pathology of pos-
tural fatigue may even result in fatigue of possible spinal or 

other orthopaedic implants that will eventually give way to 
permanent stresses against them.

I cannot fail to mention the experience I had with Pol Le 
Coeur and the skeleton (mounted by the small assemblies of 
bones with wire) that he had in his cabinet: having detached 
it from the gallows where it was in suspension, he meticu-
lously attached two non-extensible strings between the pos-
terior aspect of the femoral condyles and the calcaneus, then 
he fixed a strip of leather between the anterior surface of the 
acetabulum above the roof and the anterior surface of the 
femurs just below the femoral neck. He puts his skeleton 
thus equipped on the 2  ft on the ground; he adjusts head, 
spine, knee and hip, so that strings and strips are taut and 
allow the skeleton to stand for a moment (half a second) 
without any other support!

It was at this moment that I imagined what I later called 
the “Cone of Economy”.

All these considerations, pelvic vertebra, intercalated 
bones, cephalic vertebra and balance chain, were important 
reasons for me to participate in the design and implementa-
tion of the EOS imaging system [12]. Thanks to Georges 
Charpak’s invention of the multiwire chamber, which consid-
erably reduces the radiation dose needed to obtain a radio-
graph, thanks to the joint work of the ENSAM Paris 
Biomechanics and the Montreal LIO laboratories and to the 
work of the radiology department of the Saint Vincent de Paul 
Hospital in Paris, this machine was created for imaging the 
whole body in a standing or sitting position. It allows a pair of 
digital radiographs—simultaneous front and side profiles of 
the entire skeleton in the upright or sitting functional position 
with a dose reduction of the order of ten times for 2D radiog-
raphy in comparison with conventional radiographs.

In addition, thanks to the computer program developed in 
the biomechanical labs, a 3D surface reconstruction of the 
entire skeleton can be obtained in a relatively short time with 
a precision equivalent to that obtained with the contiguous 
sections of sequenced radiographs.

Thus, we can perfectly understand this joint balance and 
measure the deformities in three planes at all levels simulta-
neously and appreciate exactly the compensation phenom-
ena that occur at different joint levels. This quantification is 
essential to really judge the results of orthopaedic 
 interventions, in particular at the level of the spine but also at 
the level of the lower limbs.

 Therapeutic Consequences

 The Paralytic Pelvic Obliquity Correction 
Strategy
This derives from the concept of the pelvic vertebra as 
applied to all surgical spinal pathology. Indeed, the compen-
sation or aggravation capacities given by the position of the 
pelvic vertebra will directly reflect the outcome.

Fig. 12 “The Walking Man” by Auguste Rodin (1840–1917); note the 
clear extension of the left thigh of the model (as noted hip extension 
reserve by Hovorka)
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For example, we have shown that in the paralytic spine, 
there were two situations in which the need to include the 
pelvis in the spinal fusion was mandatory under penalty of 
recurrence of the pelvic imbalance for the sitting position 
(Fig. 10):

• The pelvis is more inclined than the lumbar curvature in 
the same direction as it had an irreducible lumbosacral 
junction;

• The pelvis is less inclined than the lumbar curvature but 
displays a fixed iliolumbar angle on the side of the con-
vexity of the lumbar curvature.

On the other hand, when one has a lumbar curvature but 
with a neutral L5L1 coronal-plane orientation, one can avoid 
including the sacrum in the fusion provided that the peri- 
pelvic elements (above and below) are symmetrical in spatial 
equilibrium (contractures or amplitudes of mobility) and in 
balance of muscular strength to achieve anteroposterior 
(abdominal, gluteus maximus, and hip flexors, rectus abdom-

inis) and horizontal (common sacrolumbar mass (ilio- 
costalis, longissimus and multifidus), gluteus medius, 
quadratus lumborum, tensor fascia lata) balance.

If we apply these principles to the adult degenerative 
spine, for example, by studying both passive and active 
mobility, to judge of the supra- and sub-pelvic balance, we 
arrive at the same conclusions.

Another application of this concept of the pelvic verte-
bra is provided by the notion of inclusion or exclusion of 
the pelvis that accompanies the thoracic and lumbar idio-
pathic curvature and that we have fully explained with 
Salanova [13].

In a frontal view, the pelvis is considered “included” in 
the lumbar curvature when the iliac wing is elevated on the 
side of the concavity and in this case the lumbar curvature 
must be included in the fusion, generally down to L4. The 
pelvis is considered “excluded” when the pelvic bone is 
elevated on the side of the convexity of the lumbar curvature 
(there is in this case as a short lumbosacral countercurve at 
L4-Sacrum). In this case, one can simply merge only the 

Pelvic vertebra is
an intercalary bone

Polygon of
support

Cephalic
vertebra

Fig. 13 The “Joints Chain of Balance” (note the constant horizontal gaze)
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thoracic curvature, and the lumbar curvature tends to reduce 
itself then spontaneously.

This implies in addition to our static angular analyses and 
passive mobility or reducibility (lordosis, kyphosis, pelvic 
angle of incidence, hip mobility, etc.) to have a quantitative 
assessment of active muscle factors.

This is the reason why we must strive to have active lat-
eral flexion R&L radiographs preoperatively to establish a 
Cartesian planning.

Therefore, the decision to include the pelvis or not in an 
extensive spinal fusion whatever the etiology will depend on 
the analysis of these three factors:

• Relative anatomy in the three planes,
• Passive reducibility and at what level
• Active peri-pelvic muscular environment, in three planes

 The Three-Dimensional Equilibrium of High 
Grade Spondylolisthesis
It is still obvious that this concept of pelvic vertebra exists, 
since in these cases, which can go as far as spondyloptosis 
(anterior displacement of L5 past the body of S1), it is not so 
much the importance of the sliding as measured by Meyerding 
that determines the pathology and prognosis, but the exis-
tence or not of a lumbosacral (lumbopelvic) kyphosis which, 
resulting in a considerable retroversion of the pelvis, explains 
not only the typical posture of these patients with an anterior 
abdominal fold, hip flexion relative to the pelvis and com-

pensatory knee flexion, in order to protect the tension of the 
nerves of the cauda equina (Fig. 15).

It is therefore understandable that it is the angular dis-
placement in lumbosacral kyphosis of the pelvic vertebra 
which will be the main factor of not only the improvement 
of the posture but also the relaxation of the neural 
structures.

This explains why some authors, including myself, use a 
technique of progressive reduction of kyphosis of the pelvic 
vertebra by external means (as shown by Scaglietti). This 
involves longitudinal traction in slight hip flexion but pelvic 
suspension, followed by hip progressive extension. The 
reduction of the spondylolisthesis is maintained by a plaster 
cast followed by a purely posterolateral fusion alone without 
opening the canal, when the obtained correction brought the 
balance of the pelvic vertebra in the “Cone of Economy” 
(lumbosacral angle ≥110°). An additional anterior lumbosa-
cral graft (L5/S2) is only done in the case where this lumbo-
sacral angle was ≤100°.

In the first case, the posterior fusion mass would only be 
aligned according to the stress lines and the anterior degener-
ate disk, discharged from its stabilizing role, while in the sec-
ond case, the posterior fusion mass would not be sufficiently 
aligned, the disc would undergo destabilizing stresses and 
must be processed and fused.

The results of over 20 years ago, with the maintenance 
of the restoration of a harmonious and normal lumbopelvic 
morphology, are there to prove the value of these 
reasonings.

Fig. 14 The concept of the 
muscular “cone of economy”
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 Compensation Phenomena Occurring at 
the Level of the Pelvic Vertebra
This occurs not only with posture but with mobility after spi-
nal fusion for scoliosis, another proof of this concept [14, 15].

In a series of 30 idiopathic scoliosis fused in the thoracic 
region only (fusion & instrumentation stopped above L3) 
compared to 30 adolescents of the same age without any 
spine pathology as controls, the studies of posture, mobility 
and 3D reconstruction of the skeleton were performed at 
3  months, 1  year and 3  years post-operatively, and they 
showed very interesting results.

FOR POSTURE: no difference between preoperative pel-
vic posture for the scoliosis group and controls. But there is 
a clear difference for the posture of the shoulders with a con-
stant antepulsion in the scoliotic group, of the shoulders on 
the side of the convexity of the thoracic curvature.

On the other hand, after surgery, a frequent modification 
of the pelvic posture was observed compared to preopera-
tively: anteversion increased in 35% of the cases, decreased 
in 35% of cases and a change of orientation in 30% of the 
cases, demonstrating perfectly the compensation of pelvic 
origin of the spatial equilibrium in each individual.

FOR MOBILITY: in the postoperative group, a clear 
decrease in all trunk mobility was observed (which is logical 
after extensive arthrodesis of the spine), but this decrease 
was found to be strictly parallel to the decrease in pelvic 
mobility. For example, for the pelvic participation in the 
overall flexion of the trunk, it was increased in 18 patients, 

unchanged in nine of them and decreased in only one patient: 
again, evidence of compensation of pelvic origin.

Finally, even more surprisingly, a change in the angle of 
incidence of more than 5° was observed between pre- and 
postoperative in 50% of cases (10/21): four have increased 
(between 5 and 18°), six have decreased (between 7 and 14°) 
and 11 remained unchanged.

This again testifies to the mobilization of the pelvic verte-
bra which, after having exhausted its possibilities of purely 
postural compensation, will modify the very structure of the 
pelvis at the level of its sacroiliac joint (particularly as the 
procedures were carried out before the completion of spinal 
maturation).

 The Possibilities of Anatomical Changes 
in the Pelvic Vertebra with Bilateral Pelvic 
Osteotomies of Sagittal Reorientation 
of the Trunk
In fact, when spinal surgery fusion & instrumentation includ-
ing the pelvis is not in equilibrium with anterior tilt of the 
trunk, the correction of the imbalance can be obtained by a 
vertebral osteotomy, for example transpedicular extension of 
the upper segment. But this can also be achieved by perform-
ing a bilateral anterior opening supra-acetabular iliac oste-
otomy giving extension in the upper part of the pelvis with 
the overlying spine fused to it (Fig. 16).

It is thus possible to obtain up to 30° correction whilst 
remaining careful not to over-distract the femoral nerve as I 

Fig. 15 Vertical sacrum with 
spondylolisthesis is a 
kyphosis of the pelvic 
vertebra (with its typical 
nerve root protection posture)
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Fig. 16 Supra-cotyloid or pelvic addition osteotomy: (a) osteotomy tracing, (b) opening of the osteotomy, (c) graft in the opening, (d) preopera-
tive radiograph and (e) postoperative radiograph (pelvic incidence decreases)

a

b
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observed in my first case, resulting in bilateral quadriceps 
paralysis which fortunately recovered in 3 months.

But the goal had been reached, allowing the patient when 
in a standing position to have the line of gravity passing 
behind the femoral heads and to be in an economic position, 
whereas before the osteotomy, it passed anteriorly and cre-
ated a sagittal imbalance.

One can also imagine a series of unilateral pelvic osteoto-
mies, for example as shown by Hall to correct a difference in 
length of the lower limbs.

 The Therapeutic Consequences of the Notion 
of the Cephalic Vertebra Are Just as Important

• The explanation of the creation and prevention of a swan 
neck-type deformity (Fig. 17) after cervicothoracic lami-
nectomy for tumour in infancy is obvious for the individual 

to maintain a horizontal vision. Its prevention has now 
become well established by laminar preservation with lam-
inoplasty instead of laminectomy or repositioning of the 
posterior joint cover at the end of the neurosurgical proce-
dure and its maintenance in correct position until consoli-
dation of the posterior elements.

• The arthrodesis to address kyphotic lumbar deformities in 
muscle diseases such as Rigid Spine Syndrome (Fig. 18) 
can reduce the lumbar kyphosis and project the cephalic 
vertebra backwards. The syndrome includes contractures 
of the muscles of the neck, thus it prevents any anterior 
flexion of the head so that post-operatively the cephalic 
vertebra tilts backwards permitting visualization only of 
the ceiling. Thus, the patient can no longer see his feet 
when standing and sometimes requires the wearing of a 
high posterior corset to support the neck and cephalic ver-
tebrae. This demonstrates the need for only appropriate 

Fig. 17 The Swan neck deformity post-laminectomy of the cervicothoracic region in juveniles is a reflection of the role of the cephalic vertebra 
in the maintenance of balance and horizontal vision
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partial correction of the lumbar kyphosis or requires a cer-
vical flexion vertebral osteotomy, which carries high risk of 
neurological injury.

• The proximal junctional kyphosis accompanying long 
extended vertebral fusions (Fig. 19);

• This is a frequent problem, observed more and more with 
the extensive use of rigid and powerful instrumentation, 
resulting in a significant modification of sagittal balance. 
It is observed particularly in neurological etiologies such 
as Parkinson’s disease or cerebral motor conditions or 
muscular diseases, and also in a certain number of idio-
pathic cases in a normal neuromuscular context. This may 
be attributed to insufficient consideration of the spatial 
equilibrium of the cephalic vertebra:
 – The first reason is the lack of awareness of a small, high 

structural curvature at the level of an apparently pure 
thoracic scoliosis. The assembly stops at a junctional 
vertebra undergoing flexion and torsion as the fulcrum 
is carried by the most unstable vertebra which in fact 
was part of a “hidden” double thoracic curvature.

 – The second reason is the failure to maintain a harmoni-
ously kyphotic curvature of the thoracic region; the 
loss of this kyphosis will propel the upper part of the 
spine and the cephalic vertebra backwards. To regain 
its balance above the polygon of sustentation, the mass 
of the cephalic vertebra is projected forward, resulting 
in major kyphotic constraints on the end of the poste-
rior instrumentation and thus the junctional kyphosis.

 – The third reason, especially for long osteosynthesis 
extended to the sacrum, is the exaggeration of the 
lumbar lordosis, often with acute correction (espe-
cially in case of transpedicular osteotomies) and the 
posterior projection of the upper end of the assem-
bly. Here again, the loss of the progressive physio-
logical harmony of the sagittal plane, given by the 
alternation of cervical lordosis, thoracic kyphosis, 
lumbar lordosis and pelvic anteversion, associated 
with the extent of the instrumentation, leads to over-
work of the only  possible compensation zone, i.e. the 
upper junction zone just above the upper instru-
mented vertebra).

This brings us, when faced with this risk, to consider three 
main prevention factors:

 1. Never stop the upper aspect of a construct at the junc-
tional vertebra of a structural curvature (preferably stop-
ping at one level below), taking care not to over-correct 
the underlying thoracic curvature, staying within the lim-
its allowed by the flexibility of the upper curvature.

 2. Study preoperatively the active mobile segments, for 
example in flexion/extension of the cephalic and cervical 
segments at the same time, and also those of the upper 
thorax, including the shoulders, based on the displace-
ment of the humeral heads in sagittal projection when the 
upper limbs are placed parallel to the body.

Fig. 18 “Rigid Spine Syndrome” (a slowly progressive childhood-onset congenital muscular dystrophy): the lumbar kyphosis compensates for 
the absence of anterior flexion of the cephalic vertebra, its suppression propels the head back and the patient cannot see his feet when standing

The Pelvic Vertebra, the Cephalic Vertebra and the Concept of the Chain of Balance



186

 3. Study the thoraco-lumbo-pelvic sagittal alignment with 
an active muscle assessment.
 (a) If the lumbar spine is not fused, look at the active 

lumbar mobilities in flexion/extension.
 (b) If it is fused and a fortiori if the fusion extends to the 

sacrum, one must know the following:
The amount of lordosis required according to the pel-
vic angle of incidence,
The amount of extension reserve at the hip joint level.

 Conclusion

The notion of the “Chain of Balance”, in which the “Pelvic 
and Cephalic Vertebrae” play for us a primordial role, is a 
concept that any spinal orthopaedic surgeon, as any practitio-
ner dealing with the musculoskeletal system, must perma-
nently have in mind.

It signifies a static and dynamic system of permanent 
adaptation of all the bones and joints of the human being 
within a polygon of support from the cephalic vertebra 
 passing through all the spinal pieces, the pelvic vertebra to the 
skeleton of the lower limbs,, harmoniously distributed (par-
ticularly in the sagittal plane), realizing a succession of curves 

separated by progressive junction zones, the assembly allow-
ing mobility and stability that can be adjusted at any moment.

With pathological alteration of an element of this particu-
lar chain, the ability of adaptation and compensation given 
by the other elements of this chain is considerable; to keep 
them to the maximum and to know how to use them accord-
ing to the pathologies are one of the bases of the therapy of 
the affections of the spinal axis.
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Fig. 19 Proximal junctional kyphosis: three factors to avoid this problem
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The Cranial and Pelvic “Vertebrae” Are 
They Real Vertebrae?

Jean Marc Vital, M. Laurentjoye, A. Dimeglio, 
and T. Chevillotte

 Introduction

Jean Dubousset knew, through his vast clinical experience, to 
integrate the skull and the pelvic ring into the vertebral col-
umn proffering thus the cranial and pelvic vertebrae. This 
concept, accepted by all, makes it possible to better under-
stand the complex spinal pathological entities such as defor-
mity or sagittal or coronal imbalances.

We would therefore like in this chapter to focus rather on 
the formation and growth of craniocervical and lumbopelvic 
joints, remembering that only the occipital condyles and the 
sacrum are actually part of the spine.

 Formation and Growth of the Skull

The cephalic extremity bone is likened to a “cranial verte-
bra” resting on the cervical spine. In reality, this vertebra is 
composed of different bones whose assembly constitutes the 
calvaria (the upper part of the neurocranium and covers the 
cranial cavity containing the brain), separated from the facial 
skeleton by the base of the skull. In adulthood these bones 
are fused together except for the mandible, the only mobile 
craniofacial bone.

During its formation, the skull develops from the mesen-
chyme surrounding the brain. Bone derivatives are from endo-
chondral ossification, typically forming long bones, and/or 
membranous, directly from the mesenchyme. We distinguish 
the neurocranium, enveloping the brain from the viscerocra-
nium, the origin of the facial skeleton. The neurocranium is 

composed of a cartilaginous base (chondrocranium) and a 
membranous calvarial portion (desmocranium). Thus, the 
bones of the base of the skull derive from the chondrocranium 
by endochondral ossification. During organogenesis and until 
the end of growth, the bones of the skull base are separated not 
synchondrosed. These will be at the origin of growth and in 
particular, the morphology of the skull base.

We could therefore consider the base of the skull as a 
stack of welded cephalic vertebrae. The analogy between the 
vertebrae and skull base is remarkable as to the somites ori-
gin, mode of ossification, the presence of a mirrored inter-
vertebral growth area but also the similarities in their 
protective roles of the central nervous system. Having no 
place in  locomotion, the basicranial bone structures are 
immobile but provide a stiffness between the bones of the 
base of the skull for the protection of encephalic structures. 
Some consider nevertheless some “cranial mobility” essen-
tial in the architectural balance of the cranial puzzle! [1–3].

 Somites

Derived from the differentiation of somatomeres, somites are 
set up along the notochord from the occipital region to the 
embryonic tail. They differentiate into sclerotomes, myo-
tomes, and dermatomes. Sclerotomes from the first four pairs 
of somites or occipital sclerotomes contribute to the estab-
lishment of the basicranial skeleton, while those that follow 
are involved in the formation of the spinal skeleton.

The proatlas is considered as a vertebra between the 
atlas and the occipital bone [4]. From a phylogenetic point 
of view, it is often found in vertebrates below the apex of 
the odontoid process or in the region of the foramen mag-
num. Described in other species, it is not usually found in 
humans. From a morphogenetic point of view, the proatlas, 
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which derives from the first four occipital sclerotomes and 
the cranial part of the first cervical sclerotome, participates 
in the formation of the basioccipital and at the cranioverte-
bral joint [5] (Fig. 1).

 Basicranial Chondrogenesis (Figs. 2, 3, 4, and 5)

The basic basicranial skeleton appears in the form of carti-
lage islands in the basicranial mesenchyme. This mesenchy-
mal tissue has two origins: the cells of the neural ridges and 
the paraxial somitic mesoderm [8].

The notochord, surrounded by parachordal cartilages, ter-
minates at the level of the pituitary gland at the level of the 
future sella turcica, a true center of the base of the skull where 

we find pituitary cartilages. Rostrally prechordal cartilages 
(trabecular cartilage) and their lateral expansions (otic cap-
sule and chondroethmoid) derive from the neural ridges. Thus 
the chondrocranium is formed from three pairs of cartilagi-
nous foci that will fuse to form the basement of the brain: the 
prechordal cartilages, the pituitary cartilages, and the para-
chordal cartilages.

Dorsally, around the seventh week, the perinotochordal 
mesenchyme becomes the parachordal cartilages that 
become the postsphenoidal part of the base of the skull. 
The parachordal cartilages represent the outline of proat-
loid vertebrae: basipostsphenoid and basioccipital, sepa-
rated by future synchondroses, characteristically modified 
intervertebral discs.

The skull protects the brain from the outside via cal-
varial and facial membranous bones. The base is the bor-
der traversed by the peripheral cranial nerves and the 
spinal cord. Thus, between the cartilaginous drafts circu-
late neurovascular structures. The expansion of the carti-
laginous parts until their fusion will organize the foramina 

Resegmented sclerotomes

Proatlas

Atlas

Axis

Fig. 1 Re-segmentation of 
the craniocervical region. 
Embryological origin of the 
base of the skull and the 
cranial part of the cervical 
spine. Note the contribution 
of the proatlas in the 
formation of the occipital 
bone (pink and blue)  
(Bernard [6])

desmocranium

chondrocranium

occipital somites 

notochord

central nervous system

Fig. 2 Segmentation of the chondromesoblast at 4  weeks, occipital 
somites and notochord

Trabecular cartilage

Hypophysary cartilage

hypophysis

Parachordal cartilage

Occipital sclertomes

notochord

Fig. 3 Formation of the chondrocranium at 6 weeks
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of the skull base to the input or output of these elements of 
the cranial cavity.

Finally, the cephalic skeleton of the fetus is in place at 
3 months and includes a cartilaginous chondrocranial chassis 
whose anterior and posterior parts have a different origin [8, 
9]. The base of the postsphenoid skull has a common somitic 
origin with the spine. The presphenoidal part depends on the 

neural ridges such as lateral expansions or capsules in rela-
tion to the sense organs.

 Craniofacial Ossification (Figs. 6 and 7)

Some bones have a double origin such as the occipital bone: 
endochondral for its basilar part around the foramen magnum 
and membranous for its flat part.

The ossification of craniofacial bones has two origins: 
endochondral, from cartilaginous and membranous tis-
sues, from the ectomesenchymal cells of the cephalic neu-
ral crest.

The calvarium and many bones of the facial skeleton are 
from membranous ossification. Ossification points appear 
within the ectomesenchyme constituting the embryonic 
skull. Ossification is centrifugal to create conjunctive bound-
aries between bone parts.

These junctions are synfibroses or cranial sutures which 
allow the passive and functional secondary [11] growth of 
the bones controlled by the neighboring structures (brain, 
eyeball, muscular tension, nasal ventilatory flow…).

The base of the skull develops as an enchondral ossifica-
tion, starting from the cartilaginous base. Its growth is inde-

cribum

basi-presphenoideus

basi-postsphenoideus

basi-occipital

Fig. 4 Fusion of chondrocranium cartilage at 12–13 weeks

base of the skull

cartilage of Richert

cartilage of Meckel

ectethmoideus

mesethmoideus

nasal capsule

Fig. 5 Chondrocranium and 
its expansions (according to 
Mugnier [7])
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pendent, or primary, determined genetically and under 
hormonal control [9, 11]. The borders between the bony 
parts of the base of the skull are synchondroses which are 
areas of growth by endochondral ossification whose structure 
is comparable to that of the epiphyses of the long bones. 
They have a bilateral growth area or mirrored “dual action 
epiphysis” according to Scott [12].

The occipital bone has a double origin: endochondral for 
its basilar part surrounding the foramen magnum and mem-
branous for its squamous (flat) part [6].

 Craniofacial Growth

Synchondroses determine the growth of the base of the skull 
in three planes of space. They remain active for some until 
the end of growth [3]. The sphenoethmoidal, intrasphenoi-
dal, and intraoccipital synchondroses mainly involved in 
sagittal growth come from the base of the skull. The spheno- 
occipital synchondrosis contributes to the sagittal and verti-
cal growth of the base. The latter disappears at the age of 20 
and constitutes, with exosuboccipital and exobasioccipital 
synchondroses, evidence of the multi-vertebral origins of the 
basipostsphenoid and occipital bones [9].

During human evolution, the brain grows and bipedalism, 
subject to gravity, appears. The head is balanced on top of the 
column of the biped. The column pulls the occiput back-
wards bringing the foramen magnum horizontally. The cra-
nial volume increases, and the basicranial angle closes. The 
face, very dependent on the skull base to which it is attached, 
involutes proportionally to the increase in brain capacity and 
in parallel with changing dietary constraints.

During morphogenesis, one can observe the flexion of the 
skull base between the basi- and presphenoid. This curvature 
begins at the level of spheno-occipital synchondrosis [13] 
and will depend on phenomena of periosteal apposition- 
resorption. Finally, from a phylogenetic and morphogenetic 
point of view, a counterclockwise rotation of the occipital 
bone and a clockwise rotation of the sphenoid bone are 
observed.

The superficial skeleton (upper skull) exhibits membra-
nous ossification and adaptive growth under the influence of 

desmocranium

chondrocranium

viscerocranium

vertebral drafts

Fig. 6 Different modes of 
ossification

Spheno-ethmoidal
synchondrosis

Inter-sphenoidal
synchondrosis

Spheno-occipital
synchondrosis

Exo-basi-occipital
synchondrosis

Inter-occipital
synchondrosis

Fig. 7 Synchondrosis of the base of the skull (Couly [9], Stricker [10])

J. M. Vital et al.



193

extrinsic forces such as encephalic expansion on the calvar-
ium resting on the basicranial base. Facial growth depends 
on the growth of the base of the skull in its middle and ante-
rior part. The flexion phenomena of the base of the skull 
affect the sagittal maxillomandibular balance [14].

The chondroethmoid emits extensions that support facial 
intra-membranous ossification. The mesethmoid (future 
nasal septum) and ectoethmoid (future lateral masses) [9] are 
at the origin of the vertical sutural growth and by the nasof-
rontopremaxillary and palatal facial sagittal thrust [10, 15]. 
Laterally, the otic capsules emit ventral extensions: the carti-
lages of Meckel and Richert. Meckel’s cartilage will serve as 
a guardian of mandibular morphogenesis (Fig. 5).

Facial growth is equally dependent on the manducatory 
and ventilatory functions. Normal mandibular growth is 
dependent on that of the middle level of the face via the den-
tal occlusion (the relationship between the maxillary (upper) 
and mandibular (lower) teeth when they approach each 
other). The nasal breathing flow also has a considerable 
influence on the growth of the middle floor of the face and 
maxillomandibular harmony.

Thus vertebral and facial growths are linked within the 
base of the skull as the vertebral column is postsphenoidal 
and as the face is presphenoidal. Moreover, in clinical prac-
tice, there are many facial asymmetries related to basicranial 
and/or vertebral asymmetry (Fig. 8).

 Conclusion

If the center of gravity of the head is just behind the turcica 
sella area [16], we can consider that it separates the verte-
bral column at the back from the face in front. Indeed, the 

postsphenoidal portion of the base of the skull and the cra-
niocervical vertebral junction is of somitic origin. The ossi-
fication is of endochondral type through synchondroses, 
essentially basicranial intervertebral discs. The ventral part 
of the skull base contributes significantly to the morphol-
ogy of the face. Morphological growth abnormalities are 
associated with each other: facial scoliosis, asymmetries of 
the skull base, cervical postural disorder, vertebral or pel-
vic abnormalities.

 Formation, Growth, and Aging of the Pelvic 
Ring

The pelvic ring includes the sacrum (constituted by the 
fusion of the five sacral and the four coccygeal portions) and 
the two coxal bones (articulating with the sacrum at the level 
of the sacroiliac joints, considered as quite immobile and 
coming from the fusion of the three bones: ilium, ischium, 
and pubis). At this articulation with the inferior limb, the pel-
vic girdle is not detached from the spine, as opposed to the 
scapula at the origin of the superior limb due to the disap-
pearance of the basilar bone (Fig. 9).

 Phylogenesis

Fig. 8 Facial asymmetry 
following a congenital 
torticollis

With man’s evolution to bipedalism, there is an increase of the 
angle of pelvic incidence, which expresses the size of the pelvis 
and the sacrococcygeal angle, which measures the curvature of 
the sacrum.
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Tardieu [17] made a 3D study of the pelvic ring of hominoid 
fossils, 19 newborns and 50 adults. She was interested in the 
evolution of the shape of the hip bone and the sacrum during 
the acquisition of walking and, as we will see later, during 
growth. This analysis focussed on the angle of pelvic inci-
dence [18] and also an original angle, entitled the “ bow 
angle” or iliopubic angle, formed by a mid-sacral endplate to 
a midacetabular line and a line from the mid-acetabulum to 
the anterior aspect of the pubis (Fig. 10). This angle, which 
measures the anteroposterior width of the pelvis, increases 
during primate evolution to bipedalism as well as pelvic inci-
dence that evaluates the width of the pelvis at its middle part.

According to Tardieu [17], as for Morvan [19], the iliac 
wings widen and become sagittalized (Fig. 11) in the evolu-
tion of bipedalism. The pelvis thus widens in the anteropos-
terior direction (from where the pelvic incidence increases) 
(Fig.  12), towards the front (where the iliopubic angle 
increases) and finally opens superiorly to facilitate the vis-
cera and the trunk.

The sacrum evolves by curving forward. Abitbol [20] 
uses the angle between the sacral curvature along the ante-
rior wall of the body of the S1 and the anterior wall of L5. 
The sacrococcygeal angle (Marty [21]) is traced between a 
line perpendicular to the upper endplate of S1 and a second 
perpendicular to the endplate of S5; this angle increases 
with the acquisition of bipedalism (Fig. 13), according to 
Tardieu [17]. The widening and sagittalization of the iliac 

wing, and the curvature of the sacrum in the acquisition of 
bipedalism parallel with the increase of lumbar lordosis are 
explained by the action of the extensor muscles (lumbosa-

Ancestral pelvic girdle, 
slightly different from a
convential pelvic girdle

Thoracic girdle

1 Basilo-vertebral bone
2 Dorsal piece
3 Ventral superior piece
4 Ventral inferior piece
5 Clavicle
6 Coracoid process
7 Scapula

1

2

3

4

5

6

7

Fig. 9 Comparison of pelvic 
and thoracic (superior and 
inferior) limb girdles

1

2

4

3

Fig. 10 Iliopubic angle (1), pelvic incidence (2), ilioischial angle (3), 
sacrococcygeal angle (4)
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cral mass, glutes, and hamstrings) but also, especially for 
the sacrum, by the tension of strong ligaments such as 
sacrospinal ligaments (Figs.  14, 15, and 16). Finally, to 
complete this work (Tardieu [17]), we are reminded of the 
study performed on the pelvic ring of Lucy, the Australo-
pithecus africanus, three million years old: where the pelvis 
is tilted backwards, with a small pelvic incidence and shape 
and orientation of the  intermediate iliac wings between 
chimpanzee and Homo sapiens (Fig. 17).

The recent works of Schlosser and Castelain [22] show 
a new ilioischial angle (Fig. 10), drawn between a line that 
connects the middle of the sacral endplate to the center  
of the acetabulum and a line passing through the middle of 
the ischium: this angle increases with the acquisition of 
bipedalism and also with growth; the thickness of the pel-

vis in its posterior part in addition to the iliopubic or “ bow 
angle” of Tardieu [17] which evaluates the thickness of the 
pelvis in its anterior part and the pelvic incidence angle 
which evaluates the thickness of the pelvis in its middle 
part. The increase of the ilioischial angle is in the direction 
of an increase of the lever arm of the hamstrings, essential 
to maintain the extension of the standing femurs (Fig. 18).

 Formation and Growth of the Sacrum

The sacrum comes from somites 31–44 starting from S2. It will 
evolve like superjacent vertebrae from a mesenchymal and 
then cartilaginous model and finally bone with primary ossifi-
cation nuclei of the body anteriorly, laterally (costally) to give 
rise to the sacral ala and posteriorly, to the arch [23] (Fig. 19).

According to Dimeglio [24], 35–40 centers of ossification 
participate in the formation of the sacrum. The sacrum is in 
fact the fusion of five independent primitive vertebrae.

Each sacral vertebra, like the other vertebrae of the spine, 
has three centers of ossification: an anterior median and two 
lateral centers for the posterior arch. The ossification center 
in the vertebral body appears around the fourth month of the 
fetal life. The centers of ossification for the lateral arches 
appear towards the sixth month, which is much later than for 
the thoracolumbar vertebrae.

The first three sacral vertebrae are very characteristic. 
They cover the posterior part of the transverse processes, two 
centers of ossification that match rudimentary sacral ribs 
(hence “costal”).

These five centers of ossification, called primary ossifica-
tion centers, are supplemented by centers of secondary 
ossification.

One appears in the upper part of the vertebral body, 
another in the lower part, and a third in the spinous process.

The first two centers of secondary ossification appear at 
puberty, the third not until the age of 18!

The fusion of the different ossification processes is the 
same as for the other vertebrae. Two lateral centers merge 
posteriorly on the midline. Then, the costal centers unite with 
the lateral mass and finally merge with the vertebral body.

The merging of the various sacral elements does not occur 
at the same time:

 – The posterior fusion is more precocious. It begins around 
the age of 3 for the first and second sacral vertebrae and at 
the age of 4 for the third vertebra.

Homo Sapiens

Gorilla

Orangutan

Chimpanzee

Gibbon

Fig. 11 Sagittalization of left iliac wings from gibbon to homo sapiens 
on superior view

In severe dysplastic spondylolisthesis of L5 there is a distortion 
between a strong pelvic angle of incidence (wide pelvis) and a 
weak sacrococcygeal angle (flat sacrum).
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 – At the age of 7, the closing of the sacral arch is theoreti-
cally complete. However, there are dehiscences of these 
posterior arches that one need not necessarily consider as 
abnormal.

 – At birth, the posterior arch is largely open, not ossified. 
The posterior wall of the sacrum is represented by a thin 
fibrous membrane.

 – In contrast, fusion is progressive and ascending. It 
begins towards the fifth sacral vertebra and continues 
upward to the first sacral vertebra. The discs disappear 
from the bottom up and no longer exist in the third 
decade (Fig. 20).

Finally, the multiplicity of sacral cartilages explains that a 
serious pelvic trauma at a child’s sacroiliac joints may be 

responsible for an epiphysiodesis that may lead to an asym-
metric pelvis.

Thus, the fusion process is different anteriorly and 
posteriorly.

Very late, at the end of growth, secondary ossification 
centers appear. They complete lateral ossification of the 
sacrum of each sacral “rib.”

The coccyx is made of four or five completely atrophied 
vertebrae. It has persistent disc structures between these 
remnants of vertebrae which remain mobile.

Marty [21] describes the evolution of the sacrococcygeal 
angle which increases with pelvic incidence (Fig.  21). 
During the phylogenetic evolution and postnatal growth, 
which we describe here, the coxal bone widens and in paral-
lel, the sacrum is probably curved under the effect of 

a

b

Fig. 12 Pelvic incidence increases with sacrocotyloid distance in lateral (a) and frontal (b) views (Tardieu [17] and Morvan [19])
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harmonious constraints on this sacral model. On a series of 
15 severe dysplastic spondylolisthesis (SPLD) we have 
noted a very elevated pelvic incidence (78° vs. 51.4°) and a 
weak sacrococcygeal angle (58° vs. 89°) for the high pelvic 
incidence (Table  1). It is as if there is an anomaly in the 
growth of the pelvis with a coxal bone too wide for a sacrum 
which is too flat with a small sacrococcygeal angle. This 
leads to a shift of the femoral heads anterior to L5 and there-
fore a forward trunk rocker with a risk of collapse and a 
decrease in the posterior lever of the extensors of the spine so 
that the hip which goes in the same direction of anterior 
imbalance (Fig. 22).

 Formation and Growth of the Coxal Bone [24–26]

According to Dimeglio [24], the acetabulum, a three- 
dimensional structure, is at the center of gravity of the coxal 
bone.

This coxal bone is a field of energy modeled or punctu-
ated by the growth cartilages of the sacrum, the acetabu-
lum, the cartilages of the ischium, ischia, and pubic bone; 
the pressure of the two femoral heads in their reciprocal 
acetabulii contributes to the formation of the pelvis. 
Furthermore, the acetabulum is actually at the “junction” 

Acetabulum

Sacrum

80°

50°

30°

Fig. 13 Parallel evolution of the sacrococcygeal angle and the pelvic 
incidence (Tardieu [17])

Fig. 14 Widening of the iliac wings in parallel with thickening of the gluteus maximus when comparing the chimpanzee to the human
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Sacrospinal
Ligament 

Extensor Spine
     Muscles

Gluteal
Muscles

Gluteal
Muscles

Fig. 15 Acquisition of 
lumbar lordosis, enlargement 
of the iliac wing and 
curvature of the sacrum

G

G

Fig. 16 Increased lumbar 
lordosis and femur extension 
parallel to the morphological 
changes of the hip bone and 
the sacrum as described in 
Fig. 14
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Chimpanzee Lucy Human

a

b

Fig. 17 Lucy’s pelvic ring 
seen from above (a) and from 
the front (b) compared to 
those of the chimpanzee and 
the human

Fig. 18 Evolution of the 
ilioischial angle  
(Schlosser [22])
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of three pieces of bone that belong to the pubis, ischium, 
and ilium; each bone piece behaves like a long bone with 
two epiphyses, one proximal and one distal (Fig. 23). The 
Y-cartilage is the point of convergence of these three 
pieces of bone. The histological structure is the same for 
all three pieces of bone but the histological configuration 
of the germ cells and column cells is higher in the iliac 
bone element; therefore, there is a quantitative growth dif-
ferential between the three pieces of bone.

Delaere [26], on a prenatal histological study, recalls 
the enchondral ossification of the hip bone with a hip joint 
which is visible from the eighth week, an ossification of 
the iliac wing which begins at the ninth week and the ace-
tabulum which is formed at 28 weeks. For Dimeglio [24], 
the cartilage replaces the mesenchyme from the second 
month of life in utero and this will extend up to the end of 
growth. Figure 24 shows the evolution of primary and sec-
ondary ossification nuclei of the coxal bone. The closure 

of the Y (triradiate) cartilage, the synchondrosis present-
ing histologically as bipolar cartilage is 1 year after the 
beginning of puberty. This closure is better detailed in the 
chapter on growth cartilages of the spine and pelvic 
vertebra.

The volumetric, three-dimensional growth of this coxal 
bone is considerable; the pelvic morphology changes from 
birth to the end of growth as it flares outwards, according to 
Dimeglio [24].

Mangione [27] studied the pelvic incidence in 30 fetuses, 
30 neonates, and 30 adults: it shows that the pelvic incidence 
value increased up to the age of 10 (Fig. 25). Mac Thiong [28] 
noted this increase in the pelvic incidence from 4 to 18 years.

It should be noted, moreover, that Legaye [29] has dem-
onstrated that the pelvic incidence could vary by increasing 
even after the end of growth and particularly after 60 years in 
healthy and painful backs, a phenomenon related to a laxity 
of the sacroiliac joint (Fig. 26).

 Formation and Growth of the Sacroiliac Joint (SIJ)

This joint, synchondrosis or motionless cartilaginous joint 
for some, synovial-type diarthrosis for others, is rather clas-
sified as an amphiarthrosis, with weakly mobile joints. 
Bowen [30] notes on dissections of 40 SIJ of ages different 
to the embryo where the joint is flat, that the anterior capsule 
is fragile and the iliac surface is more serrated than the 
sacral surface. The SIJ deepens at around 17  years and 
shows signs of degeneration from 40 years. Kampen [31] on 
25 SIJ dissections of ages 1–93 years shows that the carti-
lage of the sacral surface is more hyaline and thick than the 
cartilage of the iliac surface. The fibrous degeneration is 
more on the iliac side that best protects the sacral surface 
from shear stresses. Vleeming [32] notes that at 8 weeks in 
utero, there is a mesenchymal zone between the iliac and 
sacral cartilages; at the tenth week, a central cavity appears, 
probably due to micromovements. A ridge separates the cra-
nial and caudal parts. Even before birth, Vleeming [32] also 
notes a smooth sacral surface, covered with hyaline carti-
lage and 2–3 times thicker than the irregular iliac surface 
and covered with fibrocartilage.

Nucleus of the posterior arch

Lateral epiphysis

Nucleus of the body

Costal (lateral) nucleus

Fig. 19 Primary ossification 
nuclei of the sacrum on a 
superior view

Fig. 20 Ossification of the sacrum (Dimeglio [24])
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 How Is the Acetabulum Oriented According 
to the Pelvic Position?

Lazennec [33] described an angle called “anatomical ante-
version” defining the orientation of the acetabulum in the 
axial plane and formed by the line joining the anterior and 
posterior edges of the acetabulum and the anteroposterior 
line drawn from the posterior edge of the acetabulum 
(Fig.  27). This angle increases when anteversion of the 

acetabulum increases and decreases as anteversion decreases. 
Thanks to the comparison of seated radiographs (retrover-
sion of the pelvis) and standing (anteversion of the pelvis) 
and to a 3D study, Lazennec [33] reported the version of the 
acetabulum with the version of the pelvis (pelvic tilt): in 
pelvic retroversion, the acetabulum is more anterior (ante-
verted), whereas in anteversion, the acetabulum is more 
posterior (retroverted) (Fig. 27). Orthopedic surgeons insert-
ing hip implants must therefore appreciate the preferential 
orientation of the pelvis in ante- or retroversion.

In conclusion, this chapter, which is based on phyloge-
netic and  ontogenetic data, makes it possible to recall 
that only the occipital condyles and the sacrum are 
actually part of the spine. The terms cranial and pelvic 
vertebrae have become a clinical connotation as devel-
oped by Jean Dubousset.

a bFig. 21 Pelvic incidence (red) 
and sacrococcygeal (blue) 
angles in a subject with high 
pelvic incidence in (a) and low 
pelvic incidence in (b)

Table 1 Values of the abnormal sacrococcygeal angle with respect to 
the pelvic incidence in dysplastic spondylolisthesis

Average Minimum Maximum
Dysplastic SPL 
(15 cases)

Pelvic incidence 51.4° 33.4° 77.7° 78°
Sacrococcygeal 
angle

74.3° 47.7° 88.9° 58°

Bold values are the more interesting values
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Fig. 22 Low sacrococcygeal 
angle (blue) for high pelvic 
incidence (red) on a severe 
dysplastic SPL

1

2 3

1

2 3

1

2 or 3

4

a b c
Fig. 23 Ilium (1), ischium 
(2), and pubis (3) are like long 
bones with diaphyses and 
epiphyses which join at 4 (Y 
cartilage); (a) initial frontal 
view, (b) frontal view at a 
more advanced stage,  
(c) coronal section  
(Dimeglio [24])
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Y cartilage

Anterior cotyloid pointIschial point

Superior cotyloid point

Ischiopubic suture line

Posterior cotyloid point

Ilium

Ischium
Pubis

Y cartilage at closure

a b

c

Iliac center

Pubis center
Ischial center

Y cartilage

Fig. 24 Ossification of the coxal bone (Dimeglio [24]). (a) at birth. (b) 10 years. (c) at 12 years
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Fig. 25 (a) Evolution of 
pelvic incidence as a function 
of age (Mangione [26]).  
(b) Evolution of the pelvis in 
frontal view and in profile in a 
newborn and in an infant 
(Tardieu [17])
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Anteversion angle of the hips

Pelvic
Anteversion

Pelvic
Retroversion

Fig. 27 In retroversion, there 
is an increase in the 
inclination and anteversion of 
the acetabulum and vice versa 
(Lazennec [33])

Fig. 26 Increased pelvic 
incidence by mobility of the 
sacroiliac joint (Legaye [28])
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The Intervertebral Disc

B. Lavignolle

 General Characters

 Biomechanical Specifications

In fish and marine mammals, intervertebral joints have a 
shape close to the ellipsoid with a concave portion and a con-
vex portion and movements in all three planes to provide 
propulsion.

In humans, primates, and most mammals, there is a 
strong but deformable layer of soft tissue between the ver-
tebral bodies in the form of an intervertebral fibrocartilagi-
nous disc. Mechanically, the disc must be strong enough to 
support the load, deformable to accommodate the move-
ments of the vertebra without compromising its strength 
and rigid enough not to be injured during movement and 
effort.

 Anatomical Structure [1–3]

The intervertebral disc (IVD) has a biconvex shape separated 
from the vertebral bodies by the hyaline cartilage of the ver-
tebral end-plates and the fibrocartilage disc. Classically, the 
disc has a central gelatinous core or nucleus pulposus and a 
peripheral fibrous ring, made of dense collagen or annulus 
fibrosus. The vertebral end-plate separates the disc from the 
adjacent vertebral bodies and is considered a component of 
the intervertebral disc (Figs. 1, 2).

The nucleus pulposus (NP) of young adults is a semiliquid 
mass of mucoid material with the consistency of toothpaste. 
NP is a remnant of the notochord and cartilage cells with a 
few irregular collagen fibres disseminated in a semiliquid 
medium. The fluidic nature of NP allows it to deform under 
pressure but its volume cannot be compressed, similar to a 
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Anatomy Laboratory, Bordeaux University Hospital,  
Bordeaux, France

Oblique orientation
of the collagen fibers

Nucleus pulposus

Concentric lamellae of the
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Fig. 1 Concentric lamellae of 
collagen surrounding the 
nucleus with fibres running at 
65° to the horizontal
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balloon filled with water. Subject to multidirectional pres-
sures, the NP deforms and stretches the collagen walls of the 
IVD.  In fact, histological studies show that the nucleus is 
almost indistinguishable from the annulus in a young IVD 
(Fig. 3). Subsequently, after bone maturation in the spine, the 
articular cleft is an acquired fissure.

AF is composed of collagen fibres arranged in 10–20 lamel-
lae (Latin lamella: small leaf) [2], organized in concentric rings 
surrounding the NP. The lamellae are thicker on the ventral and 
lateral slopes of the annulus and thinner on the dorsal side. The 
orientation of the fibres is constant—at 65° to the vertical with 
an alternating direction for each lamella [3–6].

The end-plates (EP) are formed of a layer of cartilage 
0.6–1 mm thick. The two EPs of each disc cover each verte-
bra, except at the periphery of the disc at the level of the 
marginal or peripheral bone ridge in the adult. Hyaline carti-
lage is present in newborns and children. In adults, the EPs 
are fibrocartilaginous and formed by the insertion of AF col-
lagen fibres into bone.

The collagen fibres of the lamellae penetrate the EP and 
turn parallel to the EP. The NP is thus surrounded by a spher-
ical “capsule” of collagen; EPs are attached to the disc via 
the AF [4]. EPs are poorly attached to the vertebral bodies [5, 
6] and can become detached in certain traumas in the grow-
ing child (scallop type detachment and rupture of the EP lim-
bus) and in growth dystrophies at the marginal non-ossified 
apophyseal ring (see chapter “The Cranial and Pelvic 
“Vertebrae” Are They Real Vertebrae?”).

 IVD Ultrastructure (Fig. 4)

The IVD is composed of glycosaminoglycans, collagen, and 
water.

 Glycosaminoglycans (GAG) [7–13]

They are present in the skin, bone, cartilage, tendons, syno-
vial fluid, the aqueous humour of the eye, and especially at 

the level of NP in the IVD. They form chains of polysaccha-
rides composed of 20 repeating units (disaccharides hexoses) 
of sugar–amine–sugar.

In the disc, the dominant GAG are chondroitin sulphate 
(CS), keratan sulphate (KS), and hyaluronic acid.

Proteoglycans (PG) are 20–100 chains composed of GAG 
bound to hyaluronic acid by binding proteins. The hydrophilic 

Vertebral end-plate

Marginal ring

Nucleus pulposus Annulus fibrosus

Fig. 2 Structure of the disc 
and the vertebral end-plate

Fig. 3 Microtome section of a lumbar disc of a young subject; it is dif-
ficult to macroscopically distinguish nucleus and annulus
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capacity of PGs depends on the size and spiral shape to form 
3D molecules akin to the entanglement of cotton with similar 
absorbent properties as a cotton ball. The hydrophilic strength 
of the PGs, however, depends on the sulphate and carboxylate 
radicals. CS has both sulphate and carboxylate radicals while 
KS has only sulphate. These GAG have fixed negative charges 
[9] that attract positive sodium and calcium ions. The sodium 
concentration in the disc is higher than in the plasma and adja-
cent tissues, the excess of ions is responsible for the significant 
osmotic pressure in the IVD matrix and its ability to withstand 
high loads. The hydrophilic capacity of a PG is proportional to 
the structural density of the ionic radicals.

The swelling pressure of the disc is equal to the osmotic 
pressure of the PGs minus the tensile force in the collagen 
fibres which is, in general, very low.

 Collagen [14–16]

The basic unit of collagen is the tropocollagen molecule (15 
Angstroms) consisting of three polypeptide chains helically 
wound and linked by hydrogen bridges. The joining of sev-
eral chains of tropocollagen results in a large fibril (0.04 μ). 
The collagen fibre (0.1–0.5 μ) is formed by the association of 
several large tropocollagen fibrils. There are 11 types of col-
lagen determined by the chemical nature of the polypeptide 
chains:

• Type 1 of elastic nature is found in tissues subject to ten-
sion and compression (skin, bone, tendon, meniscus) and 
type 2 more elastic is found in tissues exposed to pressure 
(articular cartilage). These two types are present in the 
IVD. Type 1 is the predominant form in AF and Type 2 is 
dominant in NP.

• Type 3 (dermal vessels, synovium) is in the NP and in 
trace elements in the AF.

• Type 9 (cartilage) is found with type 2 (2% collagen type 
2 concentration) in NP.

• Type 6 (vessels, viscera, muscles) and type 10 (growth 
cartilage) are present in the IVD in very small amounts.

The chemical structure of the vertebral end-plate corre-
sponds to that of the disc with PGs and collagen fibres with 
cartilage cells aligned along the collagen fibres.

 Water and Chemical Composition  
of Human Discs [8]

The water and the chemical composition of the human disc 
represent 70–90% of the NP. PG represents 65% of the dry 
weight of the NP with only 25% of the PGs linked to the 
hyaluronic acid. The PGs of the NP are smaller than those of 
articular cartilage with 8–18 units of PG on a small chain of 
hyaluronic acid.

Water forms a gel with PGs. The concentration of PG is 
four times greater in the central part of the disc than in its 
periphery with twice the amount of hydration.

Collagen represents 15–20% of the NP, disseminates in 
the PG medium, and serves as a support for the PGs. Water 
represents 60–70% of the AF and collagen 50–60% of the 
dry weight of AF, a quantity twice as large at the peripheral 
level (Table 1) (at the end of the text). Between the colla-
gen fibres, the spaces are filled by PGs forming a fine net-
work between which very fine pores of 30–100 angstroms 
persist. The disc loses fluid under pressure only very 
slowly.

The chondrocytes are located in the NP near the vertebral 
end-plates and provide PG synthesis and collagen type 2 for 
the NP.

 Proteolytic Enzymes [17]

Proteolytic enzymes are the matrix metalloproteinases 
(MMP) with collagenase (MMP 1), gelatinase (MMP 2), and 
stromelysin (MMP 3).

Collagenase can cleave collagen type 2, and stromelysin 
is the most destructive for collagen type 2 and PG.

Under normal conditions, enzymes allow the addition of 
new components.

CollagenProtein chain
proteoglycans

Interstitial fluid

Glycosaminoglycans
with fixed negative charges

Hyaluronic acid

Fig. 4 Schematic view of the 
structure of the interstitial 
space of the disc
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By removing the worn components of the disc matrix, 
the chondrocytes synthesize collagen and PGs forming 
the matrix and retain water. Enzymes are controlled by 
activators such as plasmin and inhibitors such as tissue 
inhibitors of MMPs. The state of the matrix is based on a 
delicate balance between synthesis and destruction 
activities.

The swelling pressure of the disc decreases with the level 
of PG. Water content decreases with age and degeneration. 
The hydration of the aged discs decreases as the discs are 
subjected to physiological pressures of 6–10 atmospheres in 
an active subject. Discs lose water when exposed to higher 
loads. The liquid flow is made more rapidly when the pores 
are larger and as the swelling pressure is lower. An aged or 
degenerate disc dehydrates faster during a day of work than 
that a young disc.

The cells in the centre of the disc are remote from blood 
vessels, thus do not receive significant glucose or other nutri-
ents. The lactic acid concentration is ten times higher than 
plasma. The pH, decreasing to 6, can promote the action of 
proteolytic enzymes with progressive degradation of the disc 
matrix and in particular the PGs responsible for the hydro-
philic power.

The equilibrium hydration under a load of 78 atmospheres 
(0.7–0.8 NM/m2) is 1.5–2.2 g of water/g of dry weight for an 
aged or degenerate disc as opposed to 3 g of water/g of dry 
weight for a young disc (Maroudas [8], Urban [9, 10]). A less 
hydrated and thinned disc is less able to perform its mechani-
cal functions. The functional deterioration of IVD leads to an 
overload of other structures such as the facet joints whose 
degeneration follows that of IVD.

 Vascularization and Innervation of the Disc

Classically, the IVD is non-vascularized and non-innervated. 
In fact, the periphery of the disc is a real “living area”.

During growth, the epiphyseal vessels at the marginal 
apophysis provide some peripheral vascularization of the 
disc.

In degenerate discs, neoangiogenesis allows penetration 
of the disc with an inflammatory membrane and disc cavita-

tion clearly visible on endoscopy. According to Bogduk [5], 
the sinuvertebral nerve resulting from an anastomosis of a 
branch of the anterior branch of the spinal nerve and grey 
communicating branch of the paravertebral sympathetic 
lymph node chain gives a direct branch or Roofe nerve which 
is distributed to the dura mater, dorsal longitudinal ligament, 
and commonly at the annulus.

The outer 1/3 of the periphery of the disc thus has a radicular 
and sympathetic segmental innervation. Disc cracking is the 
trigger for neovascularization and neoinnervation of the disc. It 
is the characteristic of intradiscal rupture, which is an acquired 
traumatic condition rather than linked to degeneration.

The nerves seem to accompany the vessels that grow in 
the cracks.

These discs are symptomatic and painful enough on dis-
cography–manometry which gave rise to coblation with ther-
momodulation radiofrequency of the fissure zone.

 Role of the Disc

The IVD is hydrophilic and a hydraulic damper.
Under pressure during the day, the water leaves the disc 

for the vertebra through the vertebral end-plate and the sub-
ject can lose up to 2 cm in height during the day (the height 
of the discs represents a quarter of the spine height).

With age, the hydrophilicity decreases; after 65 years, the 
disc contains only 65%   of water versus 90% in children. The 
size of the subject is reduced by up to 5 cm.

Osteoporosis bone compression is associated with disc 
compression.

The NP and AF are involved in the load with transmission 
of load from one vertebra to another.

The mechanism of load transfers in the disc is as 
follows:

• The compression increases the pressure in the NP which 
is exerted radially on the AF and increases the tension of 
the AF. The disc is a model of tensegrity (tensile integrity) 
where there is a balance of compressive and tensile 
stresses (Fig. 5).

• The tension in the AF is applied to the NP, preventing it 
from widening radially, hence the importance of the AF 
tension forces. The NP pressure is then exerted on the ver-
tebral end-plate.

This prestressed system represents a structure that 
deforms and returns to the initial state once the external con-
straint has been removed.

The load is supported by AF and NP. The radial pressure 
in the NP puts the AF under tension and the pressure in the 
EP transmits the load from one vertebra to the other.

Table 1 Chemical composition of the various components of the inter-
vertebral disc (Maroudas [8])

Parameter
External 
annulus

Internal 
annulus Nucleus

Hydration (mg H2O) mg of dry 
weight

1–2 2–3 3–4

Concentration of GAG  
(CS & KS) mg of dry weight

5–7 10–15 22–30

Collagen (% of dry weight) 50 25–30 15–25
Ratio KS/CS 0.2–0.3 1.0 1–2
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The balance is achieved with minimum radial expansion 
of the NP of a healthy disc with intact collagen lamellae. The 
application of a load of 40 kg on the IVD creates a compres-
sion of 1 mm and a radial expansion of 0.5 mm. The very 
strong AF resists the protrusive tendency of the IVD (Fig. 5).

A disc without NP maintains the same large capacities 
under axial loading for short durations, but the disadvantage 
is that it flattens under prolonged loading with deformation 
of the AF with expulsion of water. The joint action of NP and 
AF allows the disc to support load. Any change in the PG and 
water content inevitably changes the disc properties.

Nachemson’s in vivo research on disc pressure measure-
ment [18] shows the disc stresses in the different bodily posi-
tions and associated efforts (Fig. 6).

Disc pressure is normally uniform but increased (2 MPa) 
in the posterior part of the disc. With annular cracking, the 
pressure is reduced and irregular with pressure drop in disco-
manometry [19] (Fig. 7).

 Movements and Constraints

The IVD allows movements of the vertebral bodies around 
an amphiarthrosis joint (continuous, slightly movable joint), 
guided by the synovial posterior facet joints. The whole 
disco articular tripod is the intervertebral mobile segment of 
Junghans. Disc deformity allows adaptation to all move-
ments in the three planes (flexion-extension, inclination, and 
rotation) (Fig. 8).

The instantaneous centre of rotation (ICR) is located for 
flexion-extension at the level of the posterior part of the disc. 
In distraction, the separation of the vertebral bodies increases 
the height of the IVD, and all the collagen fibres of the AF are 
elongated in tension whatever the orientation of the fibres. 
Distraction has been studied less, and the studies are contra-
dictory because the disc of the biped is in compression 
whereas the brachiators (primates who use their arms to move 
from tree branch to tree branch) use their discs in distraction. 

Fig. 5 Compression constraints on the nucleus pulposus and tension on the annulus fibrosus
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The stiffness of the spine falls between 10 and 80 MPa with 
rupture of the articulations at 600 N. The anterior disc region 
is more fragile than the posterior distraction. Lumbar traction 
of 9 kg causes an elongation of 7.5 mm on average and 9 mm, 
with prolonged traction. Elongation is faster in young people. 
40% of the lengthening of the spine is related to the decrease 
of the curvatures and 80% to the intervertebral joint separa-
tion of the order of 0.1 mm, per articular level.

• In sliding or translation, the collagen fibres of the AF ori-
ented in the direction of movement are stretched.

• In the pendulum motion in flexion-extension or left-right 
lateral inclination, there is a compression of the AF in the 

direction of the movement and displacement of the NP in 
the opposite direction with tension of the fibres of the AF in 
the opposite direction to the movement. The posterior con-
cave discs have a larger portion of the AF posteriorly with 
better resistance to stretching and therefore less protrusion.

• In extension, there is reduction of disc protrusion with the 
use of lordosis or extension rehabilitation with protrusive 
herniation (Cyriax, Mc Kenzie, Troisier).

• In the twisting or rotating movement, the tension of the 
fibres causes a pinching of the disc with tension of the 
collagen fibres located in the direction of movement. The 
annular tear occurs in torsion.

For rotation, there is no match for the ICR of the disc and 
that of the posterior facet joints as there is a shear disc on the 
side opposite to the rotation and a facet joint distraction on 
the side of rotation.

The movements are guided by the posterior articular 
facets and limited by the intervertebral ligaments. The AF 
also behaves like a ligament that limits mobility and stabi-
lizes the joint. The directional alternation of the fibres of 
the lamellae of the AF is an integral part of the torsional 
disc resistance.

In axial compression stresses, there is a transmission of 
the load by the NP and the AF. Under a load of 100 KPa, the 
NP loses 8% of its water and the AF 11% of its water. The 
loss of water causes an increase in electrolytes and this con-
centration serves to rehydrate the disc after releasing stress.

The compressive load is supported uniformly by the inner 
part of the AF and the NP with maximum stress inside the 
posterior part of the disc (Adams).

With pathology by compression, the AF can support a 
pressure of 3.2  ×  107  Nm2 and the cancellous bone yields 
under a pressure of 3.4 × 106 Nm2. So end-plates give way 
sooner than the AF.

The vertebral body yields between 3 and 12 KN depend-
ing on the bone density of the cancellous bone whereas 
osteoporotic compression fracture occurs at a compression 
of <1 KN.

The disc exhibits creep with water loss of 10% of disc 
fluid with 2% loss of size after 16 h of daily activity. The 
standing disc pressure is 70 KPa and with 5 kg load, the pres-
sure increases to 700 KPa.

The articular facets support 40% of the load in normal 
circumstances with isolation of the articular facets on the 
lower laminae by the inferior articular facets.

 Variations According to Spinal Levels

• The height of the discs varies according to the vertebral 
levels. Disc height is half in the thoracic spine (1/6) than 
in the cervical or lumbar (1/3). The co-efficient of mobil-
ity is therefore twice as low in the thoracic area.
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Fig. 6 Discal constraints (kg) in different positions [18]

1,4 mm
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Fig. 7 Effect of a load of 100 kg on a healthy disc and a degenerate 
disc
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• The NP is located slightly behind the centre of the disc 
but it is more posterior in the lumbar level.

• At the cervical level, there is often in the young adult a phenom-
enon of lateral cracking arising from the middle part of the disc 
and moving between the uncus; Hirsch has studied this phe-
nomenon and describes after fissuring, a metaplasia with 
appearance of chondrocytes without a synovial membrane.

• At the lumbar level, the discs are higher anteriorly than 
posteriorly, starting from the T12L1 disc: this opening 
towards the front is all the more marked as one goes down 
towards the lumbosacral junction.

This orientation is involved largely in lumbar lordosis. In 
the frontal plane, the discs project to the upper part of the 
interlaminar space and become lower relative to this space 
when closer to the lumbosacral junction.

 Disc Fissuring and Herniation (Figs. 9 and 10)

Due to ageing and under excessive compressive or shear 
stresses, the disc can tear in the form of cracks that are often 
radial and most often project posteriorly into the vertebral or 
intervertebral foramen; disc material which is usually central 
(herniated nucleus of pulposus) can pass through these 
cracks and compress the roots of the lumbar region, most 
often to cause radicular pain (thigh pain for L3 or L4 roots, 
and sciatica for L5 and S1 roots).

Lumbar disc herniations are of different patho-anatomical 
types depending on whether they are:

• Protrusion: focal protrusion of disc material beyond mar-
gins of adjacent vertebral body, over <90 degrees of cir-
cumference, with a base that is wider than dome

a cb

d

Fig. 8 Motion of the nucleus and annulus in extension (a), flexion (b), lateral inclination (c), and rotation (d) movements
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• Extrusion: focal herniation of disc nuclear material through 
an annular defect, remaining in continuity with the disc, 
with a base narrower than the dome of the extrusion

• Sequestration: distal migration of extruded disc material 
away from the disc, with no direct continuation with the 
adjacent disc (Fig. 11).

At the cervical level, herniations, to be symptomatic 
(radiculomedullary compression), are most often migrated, 
transligamentous and sequestered.

1%

6%

10%

75%8%

a b c

Fig. 9 Topography of cracks and herniated discs (a), anterior (1%), lateral (6%), foraminal (6%) and extraforaminal (4%), posterolateral (75%), 
median (8%). Posterolateral hernia (b). Extraforaminal hernia (c)

1

2

3

4

Fig. 10 Possibilities of 
compression by herniated 
disc: conus medullaris  
(1), cauda equina (2), root  
(3), dura mater (4)
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Anatomy of the Thoraco-Lumbar Facet 
Joint

Christian Louis and René Louis

 Formation of the Posterior Thoraco -Lumbar 
Joints [1]

The appearance of the vertebral column in the animal series 
is so important that it alone determines the branching of ver-
tebrates, of which man is the most advanced species. At first 
simply limited to the notochord, the axial skeleton joins the 
vertebrae which add to the solidity and the flexibility of its 
primitive form. In addition, vertebrates are characterized by 
the constitution of a neural tube developed on the posterior 
aspect of the notochord and enveloped by the vertebrae. The 
complete development of the spine includes both prenatal 
and postnatal periods.

Without going into the details remember that the period of 
prenatal development is broken down first by the formation 
of the primitive line (end of the second week), the formation 
of the notochord (from the 15th day), the formation of the 
neuraxis and of the sclerotome that will be the original tissue 
of the vertebral model (from the third week). First precarti-
laginous or membranous vertebrae (fourth week), it becomes 
cartilaginous (sixth week) and is composed of three pairs of 
centers of chondrification, one for the vertebral body or cen-
trum, one for the posterior arch, and the last for the costal or 
transversal process. From the third month appear the three 
primitive points of ossification heralding the vertebral bone 
(Fig. 1). One of the primitive points, median, is destined to 
the centrum and the other two, lateral, to the posterior arch. 
The primitive lateral points of the posterior arch are located 
in the future zone of attachment of articular and transverse 
processes. Between the primitive points of the arches and the 
centrum lies the intermediate cartilage of Schmorl. After 
birth, the formation of the spine continues with the disap-
pearance of the intermediate cartilage of Schmorl and the 
fusion of the median and lateral primitive points between 4 

and 8  years and the fusion of the primitive lateral points 
between them towards 7 years of age. Other points of sec-
ondary ossification occur at the extremities of the upper and 
lower articular processes and the lumbar tubercles from 
about 11–18 years of age, and their fusion ends as late as 
between 21 and 25 years of age!

At all stages of vertebral development there may be an 
abnormality in the posterior joints but often associated with 
other vertebral abnormalities or neuropathy. Disorders of 
segmentation of sclerotomes occasionally concern only the 
posterior joints (numerical and transitional anomalies), more 
regularly disorders of the ossification by aplasia (Fig. 2), and 
especially dysplasia or a malposition that disrupts the orien-
tation of the facet joints, their symmetry, and their ability to 
cope with their dynamic functions.

 Morphology of Posterior Thoraco-Lumbar 
Joints (TLJ)

 Morphology of the Posterior Thoracic Joints

Between the articular processes or zygapophyses are the 
joints whose articular facet planes are covered with strongly 
oblique cartilage (65° on average compared to the plane of 
the discs). The thoracic facets appear to be aligned along a 
sphere whose center is located in the disc (Fig. 8) [1].

Masharawi performed a morphometric study on 240 nor-
mal dry vertebral columns [2, 3] (Figs. 4, 5, and 6). There is 
no difference in the size of the facet joints according to age, 
and men have slightly larger dimensions than women. The 
craniocaudal length and the anteroposterior width of the fac-
ets have a parabolic distribution with a progressive decrease 
in size of T1 (from 10.75 mm and 12.75 mm, respectively) to 
T8 (10.34 and 9.05 mm) and a gradual increase from T12 
(11.45 and 9.83 mm). It is therefore towards the vertex of the 
thoracic kyphosis that the surface of the facet joints is the 
weakest. Facet asymmetry is almost constant at the level of 
the thoracic spine concerning both dimensions and 
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 orientations. The craniocaudal length of the upper left facets 
is greater than that of the upper right facets from T1 to T11 
and that of the lower left facets is greater than that of the 
lower right facets in T2, and T6–T10 and the reverse in T12. 
The anteroposterior width of the upper right facets is greater 
than that of the upper left facets of T1–T6 and that of the 
lower left facets is greater than that of the lower right facets 
of T6–T8. In posterior view, comparing for each vertebra the 
distribution of interfacet distances in the horizontal plane 
and the vertical plane the posterior arches of T1 and T2 have 
an inverted trapezoidal aspect which becomes a rectangle 
from T3 to T12. There is also a right /left asymmetry of the 
facet transverse angle with a greater right-hand transverse 
angle than that of the left-hand side with respect to the lower 
and upper facets as well as for the longitudinal angle of the 
upper facets. The right thoracic facets are therefore a little 
more vertical and frontal than the left ones. Outside the TL 
junction, however, the angular values   between the lower and 
upper facets are symmetrical.

The orientation of the facets and therefore of the articu-
lar line at the TL junction between T11 and L2 has many 
varieties according to which side or the other adopts the 
thoracic (spherical segment) or lumbar (pulley segment 
with sagittal slopes) (Fig.  9). Singer et  al. [4] described 

these variations (Fig. 12). A sharp transition from frontal 
orientation to sagittal orientation was noted in 46% of cases 
in T12 and 33% in T11. Asymmetry >20° between the two 
joints of the same level is more marked at T11–T12 (21%) 
than at T12–L1 (9%).

The union of the facets is done by a fibrous capsule rein-
forced anteriorly by the ligamentum flavum and posteriorly by 
a posterior longitudinal ligament. A synovial lining on the 
inner aspect of the capsule with folds that are mistakenly taken 
on anatomical sections for a small intra-articular meniscus [5].

 Morphology of the Posterior Lumbar Joints

The zygapophyseal joints are of the trochoid type (a joint in 
which one element rotates on its own axis), as the facets are 
hollow grooves for the upper facets and embossed for the 
lower facets (Figure 9). The facets covered with cartilage are, 
after interlocking, anteroexternal for the superior and pos-
terointernal for the inferior. The joint line is vertical in the 
craniocaudal direction but curved with its center situated at 
the base of the spinous processes, in the horizontal plane. 
The orientation of the lumbar articular facets varies in the 
craniocaudal direction and between the two sides at the same 
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a
Fig. 1 Embryology: Primary 
and secondary ossification 
points of the thoracic  
(a) and lumbar  
vertebrae (b). (1) marginal 
listel or epiphyseal disc,  
(2) medial primitive point,  
(3) articular secondary point, 
(4) lateral primitive point,  
(5) secondary spinal point,  
(6) mamillary secondary  
point [1]

b a c
Fig. 2 Posterior articular 
agenesis. (a) right parasagittal 
CT scan showing the absence 
of the L4 L5 and L5S1 
posterior articulations but 
only one joint L4S1, (b) 
frontal image, (c) left 
parasagittal CT image with a 
normal aspect of the posterior 
joints
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level. The joint spacing shown on CT sections has large vari-
ations in appearance. A personal study of 800 posterior lum-
bar joints in CT slices showed five different morphotypes 
from L1L2 to L5S1 (Fig. 3). The facets are oriented more 
sagittally towards L1 and more frontally towards S1 with at 
this level a preponderance of “I” morphotype. The asymme-
try (or tropism) of the lumbosacral articular facets is very 
frequent or even constant [1, 3, 6, 7]. Kenesi and Lesur [7] 
measured at the L4L5 level a mean angle, in a plane horizon-
tal to the median axis of the vertebrae, straight facets of 45.7° 
and left facets of 51.4° with extreme variations to the right 
from 28 to 69° and to the left from 30 to 74°. At the L5S1 
level, the average angle of the right facets is 47.2° (range 
30–71°) and left facets 51.5° (range 30–78°). There is there-
fore a more important sagittalization on the right of 4.3° on 
average [1].

In the Masharawi study [2, 3] (Figs. 4, 5, and 6), the cra-
niocaudal length and anteroposterior width of the lumbar 
facets increased progressively to maximum L5 dimensions 
(with mean values   of 12.5 and 10.6 mm at L1 and 15 and 
14.3 mm at L5, respectively). A certain degree of asymmetry 
also exists in the facet joints of the lumbar spine. Except at 
L5, the craniocaudal length of the upper right facets is greater 
than that of the upper left facets and in L1 and L3 that of the 
lower right facets is greater than that of the lower left facets. 
The R/L facets on the anteroposterior width are symmetrical 
except for L1 and L4–L5 where the left facets are wider than 
the straight lines. There is therefore a kind of asymmetry 
compensation with respect to the asymmetry observed at the 
thoracic level. In posterior view, comparing the interfacet 
distances at each vertebra in the horizontal and vertical plane 
the posterior arches of L1–L5 have a trapezoidal aspect with 
a large lower base, unlike T1–T2, which favors the imbrica-
tion of facets into each other especially during lumbar exten-
sion. Except for L1, there is no right-left asymmetry at the 
level of the lumbar spine in this study concerning the angular 
values   of the transverse and longitudinal facet angles. Note 
however that the study stopped in L5 and that the asymme-
tries are classically found at L5S1. As the longitudinal angle 
of the upper facets increases progressively, that of the lower 
facets decreases from L1 to L5, the lower facets thus become 
more oblique than the upper facets of L1 to L5. This fact is 
explained by the presence of lumbar lordosis.

The maintenance of joint integrity is the doubled synovial 
capsule, the ligamentum flavum anterior to the joint, a poste-
rior ligament strengthening the capsule posteriorly, and 

remote ligaments. As in the thoracic stage, there is no intra- 
articular meniscus [1].

 Participation of the Posterior Articulations 
in the Overall Stability of the Spine [1]

The factors of stability are different according to whether the 
spine is considered vertically along its long axis or perpen-
dicular to it in the horizontal plane. The vertebral stability 
results in fact from the synergy of the factors of axial  stability 
and horizontal stability. The posterior joints participate fully 
in vertebral stability.

 Vertical Stability

In the vertical direction, stability finds its support in the ele-
mentary and global architecture of the spine.

The elementary architecture of each TL vertebra is com-
posed of three vertical mini columns: that of the vertebral 
body in front and those of the articular processes behind. The 
three columns are joined by horizontal bars: the two pedicles 
and the laminae behind. The global architecture of the TL 
spine is composed of three vertical columns. The anterior col-
umn, the largest, takes on a quadrangular pyramid appearance 
formed by the alternation of vertebral bodies and discs to the 
sacral plateau. The two posterior columns arranged in a fron-
tal plane are constituted by the succession of articular pro-
cesses. This system of columns is reinforced by horizontal 
bars (pedicles and laminae), which at each vertebral level, 
solidify the columns together. This three-column structure is 
found in the development of the spine from the three primary 
points of ossification: the centrum for the large anterior col-
umn and the two points of ossification of the posterior arch 
for the two posterior columns. The increasing caliber, in the 
craniocaudal direction, of the three columns testifies to their 
bearing function. For the same reasons, the articular surfaces 
of each of the mobile vertebral segments increase in the cra-
niocaudal direction. If we consider only the articular surfaces 
of the posterior columns, Masharawi [3] reports a decrease of 
these surfaces between T4 and T10 which can be explained 
by the presence at this level of the dorsal kyphosis submitting 
more vertical stress to the anterior column and to the poste-
rior columns. Thus the posterior columns with their facets 
should not be considered as simple articulations orienting the 

f s c i j 
Fig. 3 Morphological 
variations of the posterior 
joint space. F: line spacing 
“F”, S: line spacing “S”, C: 
line spacing “C”, I: line 
spacing “I”, and J: line 
spacing “J”
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Fig. 4 Representation of 
facet asymmetries at the TL 
spine and distribution of 
interfacet distances. The 
vertical white line 
(craniocaudal facet length) 
and horizontal line 
(anteroposterior facet width) 
indicate the longest or widest 
facet on both sides (which 
corresponds to facet 
asymmetry)
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segmental movements of the spine but as true load bearing 
formations of the spine following the positions of the spine.

 Horizontal Stability

When the spine is subjected to forces perpendicular to its 
major axis, the weak points are situated at the level of the 
mobile and articular zones. Stability is ensured by the osteo-
ligamentary pair of joint stops and ligament brakes (Fig. 7).

In flexion, the articular processes whose facet direction 
opposes horizontal sliding play the role of bending abut-
ments. The articular capsule, the ligamentum flavum, and all 
ligaments located behind the nucleus pulposus slow extreme 
vertebral flexion. The oblique articular facets planes allow a 

sliding which results in an angulation between two vertebrae 
but it is the limit of elasticity of the ligament brakes which 
prohibits the dislocation of the facet joints.

In forced extension, it is the ligaments situated in front of 
the nucleus pulposus which limit the movement, the capsulo- 
ligamentary elements of the articular facets do not play a pri-
mordial role. The most posterior part of the articular 
processes, and the spinous processes between them, come in 
contact and block extension.

Rotation and tilt movements are almost always combined. 
The inclination of the articular facets between 45° and 80° 
with respect to the plane of the intervertebral space imposes 
a simultaneous rocking and rotation movement. When a 
lower right articular facet rises and advances on the underly-
ing facet, the left facet descends and recedes. Virtually all 
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AnteriorFig. 5 Distribution of facet 
angulations in the transverse 
plane at the TL spine. ITFA 
lower facet transverse angle 
(alpha1), STFA superior 
facet transverse angle 
(alpha)
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a b     

Measurement illustrations Measurement Definitions

Facet length: Distance between
 superior and inferior borders of 1)
 left superior facet (M1; LSFL), 2)
 right superior facet (M5; RSFL), 3)
 left inferior facet (M13; LIFL), and 4)
 right inferior facet (M9; RIFL)

Facet width: Distance between lateral
 and medical borders of 1) left 
 superior facet (M3; LSFW), 2) right
 superior facet (M7; RSFW), 3) left
 inferior facet (M15; LIFW), and 4)
 right inferior facet (M11; RIFW)

Interfacet width: 1) Projected distance,
 in the sagittal plane, calculated
 directly from the coordinates
 between the superior borders of left
 and right superior articular facets
 (M17; SFFW), and 2) projected
 distance between the inferior
 borders of left and right inferior
 articular facets (M18; IFFW)

Interfacet height: 1) Projected
 distance, calculated directly from
 the coordinates in the forntal plane,
 between superior borders of left
 superior articular facet and inferior
 border of left inferior articular facet
 (M19; LFFH), and 2) projected
 distance between superior border of
 right superior articular facet and 
 inferior border of right inferior
 articular facet (M20; RFFH)

Left Right

Left Right

Superior Inferior

Left Right

Measurement          Illustrations Measurement Definitions
Left Right

M21: LSTFA M22: RSTFA

Superior transverse facet angles: The
angles, in the transverse plane, between
the lines of the superior facets widths
and superior vertebral body length

Inferior transverse facet angles: The
angles, in the transverse plane, between
the lines of the inferior articular facets
widths and inferior vertebral body length

Superior longitudinal facets angles: The
superior angles, in the sagittal plane,
between the lines of the superior facets
lengths and posterior vertebral
body height 

Inferior longitudinal facets angles: The
superior angles, in the sagittal plane,
between the lines of the inferior facets
lengths and posterior vertebral
body height

M24: RITFA

M26: RSLFA

M28: RILFA

M25: LSLFA

M27: LILFA

M23: LITFA

LIAF
LSAF ESAF

RIAF LIAF
LSAF

RIAF
RSAF

Fig. 6 Definition of the measurements made by Masharawi [2, 3]

a

b

c

d

e

Fig. 7 Bone abutments and ligament brakes. (a) lumbar articular abutment, (b) lumbar abutments in lateral inclination, (c) lumbar abutments in 
extension, (d) thoracic abutments in extension, (e) thoracic articular abutment [1]

C. Louis and R. Louis



223

structures within the intervertebral union participate in the 
role of rotation and inclination braking. The stops that also 
limit these movements are always the joints, especially at the 
level of the lumbar region. In the thorax, the costovertebral 
joints considerably limit the lateral inclination and the rota-
tion, although the orientation of the articular facets inscribed 
on a circular arc is favorable to rotation.

 Participation of Posterior Articulations 
in Vertebral Dynamics [1]

 Flexion-Extension and Tilt-Rotation (Fig. 8)

Joint mechanics depend on the coexistence of three joints in 
each mobile segment: the intervertebral disc and the two zyg-
apophyseal joints. Two types of associated movements must 
be described: flexion-extension and tilt-rotation with regional 
thoracic and lumbar features. If an isolated disc allows a very 
wide range of motion between two vertebrae, the existence of 
the posterior apophyseal joints limits these movements to a 
sector of space specific to each vertebral region.

Regarding thoracic and lumbar flexion-extension, it is a 
circular motion around a transverse axis that is not at the 
nucleus but lower on the superior plateau. The articular car-
tilages determine an articular spacing fitting well on a circu-
lar arc of the same center. The overlying vertebra thus follows 
a circular arc with arciform sliding of the articular facets and 
pendulous movement of the disc around the same center. In 
fact, this center is not unique, but varies during the move-
ment describing an area of   instantaneous center of rotation 
(ICR) [8]. At the lumbar level, the flexion-extension ampli-
tude is variable according to the stages with a minimum of 
11° in L1–L2 and a maximum of 24° in L4–L5 for a total 
flexion of 53°, a total extension of 30°. At the thoracic level, 
there is no significant difference in amplitude according to 
the stages and the total flexion amplitude is 30° and total 
extension of 20°.

With regard to the inclination-rotation, it is the strongly 
oblique disposition of the posterior articular facets which 
imposes on every inclination movement a simultaneous 
movement of rotation and vice versa.

 – At the thoracic level, two mechanisms combine to create 
this dynamic synergy. On the one hand, the inclination of 
the articular facets (75–85° relative to the horizontal 
plane) initiates a rotation during inclination, by which the 
articular facet which rises becomes more anterior and that 
which lowers becomes more posterior. On the other hand, 
the existence of vertical and oblique costotransverse and 
intertransverse ligaments creates by the asymmetrical set 
of tensions a phenomenon of simultaneous rotation and 

inclination. Lateral inclination also causes an extension 
component. It is this mechanism which, associated with 
the progressive cuneiformity of the growing vertebrae, 
causes scoliosis, lateral inclination, rotation, and exten-
sion. The axis of rotation in the horizontal plane at the 
thoracic level is part of an arc whose circle is in the mid-
dle of the lower vertebral plateau. The inclination-rotation 

b

a

c

Fig. 8 Rotation centers. (a) center of rotation in flexion-extension in 
D8–D9, (b) center of rotation in flexion-extension in L4-L5-S1, (c) center 
of rotation of the lumbar and thoracic vertebrae in lateral inclination and 
rotation and the range of orientation of the vertebral articular facets [1]

Anatomy of the Thoraco-Lumbar Facet Joint
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amplitude is <8° per moving segment with small varia-
tions depending on the level.

 – At the lumbar level, lateral inclination movements are 
possible but reduced by tilting between the vertical rails 
of the upper facets. The rotation movements are not 
favored either by the arrangement of the facets because 
they are inscribed, in a horizontal plane, on a parabolic 
curve opened posteriorly. The axis of rotation is on the 
spinous processes so that the disc must undergo oscilla-
tory movement with lateral shear. The amplitude of 
inclination- rotation is <5° per moving segment with small 
variations depending on the level.

Although their center of rotation is different, at the lum-
bar level, the flexion-extension and inclination-rotation 
movements are often associated in the gestures of everyday 
life. To allow for these two very different types of motion, 
the facet joints are cut at the expense of the slopes of the 
groove of a pulley (Fig. 9). This is the worst orientation for 
rotational movements. However, the lumbosacral facets are 
part of a curvature that is more open and therefore less 
unfavorable than that of the upper lumbar vertebrae.

At the level of the moving segments, there is therefore a 
common center of rotation for flexion-extension and 
inclination- rotation movements. The articular facets thus fit 
on a spherical circumference (Fig. 9).

 Facet Asymmetry

Ideally the articular facets of the same mobile segment 
should be symmetrical in shape, size, and orientation, which 
would promote harmonious movements.

As mentioned by many authors [6, 7], recent works by 
Masharawi [2, 3] have confirmed that facet, right-left and 
upper-lower asymmetry is a constant over the entire length 
of the spine. Despite the adaptability of the intervertebral 
disc and ligament means, these joint asymmetries can predis-
pose to degenerative processes earlier than for strictly sym-
metrical joints.

 Innervation of the Posterior Articulations

The innervation of the posterior joints is rich and multira-
dicular. These joints receive innervation via the mediodorsal 
branch of the spinal nerves, nerve fibers on their lateral side 
but also from anterior and deep (Fig.  10). Total surgical 
denervation is therefore difficult to conceive without destruc-
tion of the joint or dissection of the ventral root branch. A 
mini-invasive partial denervation under fluoroscopy by ther-
mocoagulation or cryodenervation [9–11] is however 
feasible.

 Most Common Pathologies of Posterior 
Lumbar Joints

The pathology of the posterior vertebral joints concerns 
mostly the lumbar spine.

The orientation of the lumbar articular facets in the sagit-
tal plane will protect the disc from torsional and shear 
stresses [12].

On an intact mobile segment, it is primarily the outermost 
fibers of the fibrous ring that will oppose the abnormal move-
ments [13]. They are organized into concentric lamellae con-
sisting mainly of type I collagen fibers, whereas the nucleus 
pulposus consists of a loose lattice of elastin fibers and type 
II collagens bathed in a proteoglycan gel [13]. This infra-
structure gives the disc the coupled mechanical properties of 
a ligament (tensile and torsional strength) and articular 
 cartilage (compressive and shear strength). Haefeli et al. [14] 
have described the chronology of macroscopic changes 
occurring during physiological disc degeneration. His obser-
vations suggest that disc degeneration begins in the nucleus 
and continues with changes and disorganization of annulus 
fibers making a series of cracks and nuclear cysts. Butler 
et  al. [15] confirmed the hypothesis previously made by 
Vernon-Roberts [16] and Bywaters [17] that disc degenera-
tion occurs before facet osteoarthritis. There are, however, 

Fig. 9 Volumetric representation of the facets: the articular facets of 
the various mobile segments are comparable to a segment of geometric 
volume, variable according to the level [1]
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facet arthrosis without disc degeneration opposing this the-
ory where other etiologies can be advanced, such as specific 
arthropathies, activities with high rotational components 
(e.g., golf). and some lumbar morphotypes favoring hyper- 
stressing posterior columns, as for lumbar hyperlordoses 
(high-impact spine) of type IV lordosis of Roussouly [18].

Disc degeneration is accompanied by a loss of the 
mechanical properties of the disc, a reduction of the disc 
height inducing a mechanical overload at the level of the pos-
terior articulations [1, 19, 20] responsible for a thickening of 
the articular capsule [21], joint narrowing, and osteophyte 
formation. A classification of stages of posterior joint degen-
eration has been proposed by Grogan [22]. He distinguishes 
magnetic resonance imaging (MRI) four stages of cartilagi-
nous degeneration and four stages of subchondral sclerosis. 
Capsular thickening and osteophytosis is a process stabiliz-
ing the degeneration of the mobile segment [21, 23]. Indeed, 
the articular cartilaginous degeneration induces an increase 
in the multidirectional segmental mobility [23] responsible 
for the formation of osteophytes [24] resulting in the restabi-
lization of the facets [23, 25]. However, the appearance of 
facet osteophytes may also in some circumstances indicate 
segmental instability, as is the case in degenerative spondy-
lolisthesis (SPLD). Initially described by Macnab in 1950 
[26], the SPLD corresponds to an anterolisthesis of the cra-
nial vertebra on the caudal vertebra without isthmic lysis 
more particularly concerning menopausal females at the 
L4L5 level. The controlled slip of a segmental instability is 

induced by the remodeling of osteoarthritic facet joints. 
Before the appearance of a slip, an SPLD can be suspected 
on an MRI in view of the widening of the joint space 
(>1.5 mm) [27]. The etiology of this remodeling is certainly 
multifactorial. Osteopenia induced by osteoporosis (post- 
menopause) can explain the premature wear of the facets in 
a context of excessive mechanical stresses at the level of the 
posterior columns, which is the case for lumbar lordosis in 
type I and IV Roussouly classification [18]. Excess sagittal-
ization of the lumbar facets is commonly accepted as a pro-
moting factor [28–30]. According to Kim [30] patients with 
facets whose angulation is >78° are 2.5 times more likely to 
develop a SPLD than patients with lower values. This excess 
sagittalization of the facets is manifested by articular lines 
that are abnormally visible on the anteroposterior radio-
graphs [30–32] (Fig. 11).

The facet asymmetry or “facet tropism” was defined in 
1928 by Brailsford [33] as an asymmetry of angulation 
between the two facets of the same mobile segment with a 
more sagittal facet than the other (Figs. 11 and 12). Although 
quasi- physiological [1–3, 6, 7] the facet tropism is the bed of 
disc degeneration [34] and promotes the occurrence of symp-
tomatic disc herniation [28]. According to Hirokazu [6] the 
presence of a facet tropism advances the age of occurrence of 
a herniated disc. Farfan and Sullivan [35, 36] found a greater 
frequency of herniated discs on the sagittal side of the joint 
line. Sagittal orientation of the facet joints, which is consis-
tently more pronounced on the right side, seems to promote 
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the occurrence of disc prolapse at the lumbosacral level [7]. 
According to Loback et al. [37] this tropism favors the occur-
rence of herniated discs rather posterolateral to the opposite 
of medial hernias occurring on more symmetrical facet mor-
photypes. On the other hand, for Hagg [38], facetism does 
not increase the risk of a disc pathology. For Boden [28], 
facet asymmetry does not seem to play a role in the occur-
rence of a SPLD.

The degeneration of the posterior joints also induces the 
formation of posterior or posterior synovial cysts, a source of 
low back pain, radicular pain, radicular claudication, and 
even cauda equina syndrome. Cysts are associated with an 
SPLD in 60–89% of cases [39]. They more frequently con-
cern the L4L5 level (L5S1 > L3L4 > L2L3) and more often 
in females [40].

The degeneration of the posterior joints may be at the TL 
junction [41] at the origin of a syndrome well known to rheu-
matologists and unknown to surgeons, the syndrome of the 
TLJ (or Maigne’s syndrome). This syndrome is manifested 
either by low back pain, or pain of the outer aspect of the hip 
or thigh, or pseudo visceral abdominal pain or even pubic 
pain. The painful manifestations coincide with the distribu-
tion of the corresponding spinal nerves (T12 and L1) by their 
anterior branch (pseudo-visceral and pubic pain), posterior 
(low back and buttock pain), and cutaneous lateral perforat-
ing branch (pseudo-trochanteric pain).
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The Spinal Ligaments

Jean Marc Vital

The ligaments act mainly to limit the movements of the 
spine. It can be considered that the intervertebral disc consti-
tutes the strongest intervertebral ligament, by the annulus 
and especially by its posterior peripheral part considered as a 
full ligament portion; the middle column as described in 
traumatology by Denis, includes the posterior vertebral wall 
and the posterior third of the disc [1] (Fig. 1).

Certain ligaments have a protective function of the spinal 
canal and thus of the neurological elements within  (posterior 
longitudinal ligament (PLL), yellow ligament (ligamentum 
flavum)).

Figure 2 shows the schematic arrangement of the spinal 
ligaments. Some are longitudinal and extend from the skull to 
the sacrum: the ventral (anterior) and dorsal (posterior) longi-
tudinal ligaments (ALL and PLL) and the supra- spinous liga-
ment. Others have a segmental arrangement and interconnect 
adjacent posterior arches: they have the particularity of being 
in continuity in the horizontal plane. They are from back to the 
front, the inter-spinous ligament and the yellow ligament, situ-
ated between the laminae, extending laterally to the articular 
capsules. We will see that there are variations according to the 
spinal level (especially at the level of the cranio-cervical junc-
tion) and that there are specific ligaments (stabilizing the roots 
or peripheral nerves, especially in the lumbar region).

 Ligaments in the Suboccipital Area

On a strictly sagittal section (Fig. 3), the PLL and ALL liga-
ments are present: the first inserts on the exocranial aspect of 
the basilar process of the occiput, the second on the endocra-
nial surface. These two ligaments extend to the sacrum and 
the first coccygeal vertebra. The PLL has an arrangement 
which varies according to the spinal levels, as discussed later.

The supra-spinous ligament does not exist at this level 
and is replaced by the posterior cervical ligament or nuchal 
septum [2] (Fig.  4). This very resistant sagittal septum 
inserts superiorly on the inion (or external occipital protu-
berance) and on the external occipital line, and inferiorly on 
the spinous process of C7. It separates the posterior muscu-
lar masses and consists of rather vertical occipital fibers and J. M. Vital (*) 

Spinal Unit, University Hospital, Bordeaux, France

a b c

Fig. 1 The 3 spinal columns in traumatology according to Denis [1]: 
(a) Anterior column, (b) Medium column (with posterior annulus),  
(c) Posterior column

A complex ligamentous system around the transverse 
ligament, which constitues part of the cruciform liga-
ment, with the apical and alar ligaments, stabilizes the 
odontoid process (peg) behind the anterior arch of C1.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-20925-4_16&domain=pdf
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fibers coming from the spinous processes, oblique in a pos-
teroinferior direction. In a more recent description, Mercer 
[3] distinguishes two components from this nuchal liga-
ment: a dense dorsal raphe formed by fibers from the upper 
trapezium, splenius capitis and rhomboideus, and a medial 
sagittal septum. For this author, it is the dorsal raphe that 
extends from inion to the spinous process of C7. The medial 
septum extends from the deep side of the raphe to the inter-
spinous ligaments and the atlanto-axial and occipito-axial 
membranes anteriorly (Fig. 5).

The joint capsule and the yellow ligament only exist at 
C2–C3. Superiorly, there is a dorsal occipito-atloid mem-
brane or ligament between CO and C1 (as described by 
Tubbs [4]) and a dorsal atlanto-axial membrane or ligament 
between C1 and C2, traversed by the nerve of Arnold (a.k.a. 
the dorsal branch of the second cervical nerve).

Around the odontoid process of C2 and the anterior arch 
of C1 there are a multitude of small ligaments.

The strictly median formations are from front to back 
(Fig. 3):

 – The ventral occipito-atloid ligament (also called the ante-
rior atloido- (or atlanto) occipital membrane) between the 
basilar process and the anterior arch of C1.

 – The ventral atloido-axial ligament between the anterior 
arch of C1 and the anterior surface of the body of C2.

 – The medial occipito-odontoid ligament or ligament of the 
apex of the odontoid process.

 – The occipito-transverse ligament between the basilar pro-
cess and the transverse ligament which passes behind the 
odontoid process, which we shall describe in greater detail.

 – The transverse-axial ligament which is inserted on the 
lower edge of the transverse ligament and joins the poste-
rior surface of the base of the odontoid process.

These last two ligaments constitute the longitudinal bun-
dle which, together with the transverse ligament, forms a 
true ligamental cross behind the odontoid process (cruciform 
ligament of the atlas).

 – Finally, the median occipito-axial ligament lies between 
the longitudinal bundle and the PLL.

 – The membrana tectoria (tectorial membrane) is the most 
posterior structure, located directly in front of the dura 
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Fig. 2 Schematic presentation of the spinal ligaments: (1) Anterior lon-
gitudinal ligament (ALL); (2) Posterior longitudinal ligament (PLL);  
(3) Yellow ligament; (4) Inter-spinous ligament; (5) Supra- spinous liga-
ment; (3), (4), and (5) are in continuity in the horizontal plane but they 
are not in continuity in the vertical plane as (1), (2), and (5)
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Fig. 3 Sagittal view of the suboccipital region: (1) Transverse liga-
ment, (2) Occipito-transverse ligament; (3) Transverse-axial ligament; 
(4) Median O–C1 ligament (apex ligament); (5) O–C2 ligament;  
(6) PLL; (7) Ventral ligament O–C1; (8) C1–C2 ventral ligament; (9) 
ALL, (1), (2), and (3) = cruciate ligament of C1
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mater [4]. Composed of three layers (superficial, medium, 
and deep), it has an average height of 6 mm between the 
clivus and the body of C2, a width of 3 mm and a thick-
ness of 1  mm. This membrana tectoria extends to the 
lower cervical level to constitute the posterior layer of the 
PLL (as discussed later).

Figure 6 shows that there are paravertebral structures that 
are not visible on the strictly sagittal section. Those are:

 – The lateral occipito-atloid ligaments which reinforce the 
lateral parts of the O-C1 capsules. Tubbs [5] described 20 
anatomic specimens, with consistent findings; for this 
author, these left and right ligaments reduce lateral flex-
ion and rotation of the O-C1 joint and have an essential 
role in stabilizing the cranio-cervical junction.

 – The lateral occipito-odontoid ligaments, which insert on 
the lateral masses of the occiput, and terminate at the apex 
of the odontoid process, or somewhat below it, according 
to Osmotherly [6]: These alar ligaments terminate outside 
the apex ligament (Fig. 7) [7].

 – The transverse ligament inserts on the medial side of the 
articular masses of the atlas; it leaves an imprint on the 
dorsal surface of the odontoid process and receives the 
fibers of the longitudinal bundle (occipito-transverse 
ligament at the top and transverse-axoid at the bottom) 
to form the cruciform ligament. Its rupture, most often 
traumatic, in a movement of hyperflexion, can some-
times lead to compression of the spinal cord (Fig.  7). 
Recently, Tubbs [4] described the transverse occipital 
ligament which he finds seven times out of ten between 
the occipital condyles and above the transverse ligament 
(Fig. 8).

The Barkow ligament is situated horizontally between the 
occipital condyles, which passes behind the alar ligaments 
and the apex of the odontoid process: this ligament rein-
forces the stabilizing effect of the transverse ligament at the 
level of the median atloido-axial joint.

1

2

3

Fig. 4 Nuchal septum: (1) External occipital protuberance (inion);  
(2) Occipital fibrous fibers: (3) Spinous fibrous fibers

Fig. 5 (a) Nuchal septum (left postero-lateral view) (according to 
Mercer [3]): (1) Dorsal raphe; (2) Segmental portion of the nuchal liga-
ment; (3) Posterior O–C1 membrane; (4) C1–C2 posterior membrane; 
(5) Yellow ligament. (b) Nuchal septum dissection: lateral view  
(A), posterior view (B) (Anatomy Conservatory of Montpellier, Pr 
F. Bonnel)
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Fig. 5 (continued)
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Fig. 6 Suboccipital ligaments 
(posterior view). After 
removal of the posterior 
arches of C1, C2, and C3, 
sections a to c from front to 
back. (a, b) (1) Lateral 
ligament O–C2; (2) Lateral 
ligament O–C1;  
(3) Transverse ligament;  
(4) Ligament of the apex,  
(5) Capsule C1–C2;  
(6) Capsule C2–C3;  
(7) Occipito- transverse 
ligament. (c) (1) O–C2 
ligament; (2) PLL; (3) Lateral 
O–C2 ligament
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Fig. 7 Traumatic lesion of 
the transverse ligament with 
possible medullary 
compression in the case of 
stretching of the alar 
ligaments and of the apex 
ligament: (a) Normal top 
view: (1) Odontoid;  
(2) Transverse ligament;  
(3) Ligament of the apex;  
(4) Alar ligament. (b) Upper 
view after trauma (direct 
dislocation C1–C2).  
(c) Lateral X-Ray:  
(1) Odontoid; (2) Anterior  
arch of the atlas
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 – The lateral occipito-axial ligaments (Fig. 6c) frame the 
median occipito-odontoid ligament, already described on 
the sagittal section.

 Ligaments of the Lower Cervical Area

Figure 9 includes a lateral view, a sagittal section, and a cra-
nial view. We find from front to back:

 – The ALL which adheres to the discs and the vertebral 
bodies.

 – The intertransverse ligament with close vertebral artery 
links.

 – The PLL: Fig. 10 shows that it is made of two bundles: 
deep, which is thick and fused to the posterior surface of 
each vertebra, and superficial, which is thin and a prolon-
gation of the tectorial membrane. Between these two bun-
dles circulate the anterior venous plexus. The deep bundle 
loses its width from C3 to C7 (Fig. 11).

 – The articular capsules extend posteriorly and medially as the 
yellow ligament (ligamentum flavum) between the laminae.

 – The inter-spinous ligament has slightly oblique fibers in 
an inferior and posterior direction.

 – The supra-spinous ligament inserts on the tips of the spi-
nous processes; there is still at this level the thick fibrous 
nuchal septum, separating the posterior right and left mus-
cular masses. Johnson [8], using the plastination technique 
on eight cadavers, shows that this nuchal septum is formed 
by aponeurosis of the trapezius, splenius capitis, rhomboi-
deus, and posterior and superior serratus muscles.

The transverse line in Fig. 9c separates the ligamentous sys-
tem from the discocorporeal complex (with PLL and ALL and 
intertransverse ligaments) and the ligamentous system of the 
posterior arch comprising all other ligaments. In a hyperflexion 
mechanism, the rupture of all the described ligamentous ele-
ments (posterior annulus included but excluding ALL) charac-
terizes a severe cervical sprain to which we shall return (Fig. 12).

There are extra-spinal ligaments in the lower cervical as 
well as the lumbar level, which tie the spinal nerves to neigh-
boring structures, in particular the transverse processes in the 
transverse foramina: they have been well described by Kraan 
[9] with variations depending on root levels.

 The Ligaments of the Thoracic Area

This thoracic region is made stable by the presence of the rib 
cage and therefore of the ribs. Some ligaments are similar to 
the cervical segment: the PLL, ALL, articular capsule, yel-
low ligament, inter-spinous, and supra-spinous ligaments 
which are also evident here (Fig. 13).

Johnson [10] shows by plastination technique on two adult 
cadavers that the supra-spinous ligament in the upper thoracic 
region is constituted by the fibers of the trapezius, the rhomboi-
deus, and the splenius cervicis, while in the lower thoracic level 
it is constituted by the fibers of the thoracolumbar fascia.

What is different at this level comes from the ligaments 
between the ribs and the vertebrae (Fig. 14). The head of the 
rib articulates with two facets framing the disc on its postero- 
lateral part: at this level lies the radiate ligament with a cra-
nial bundle for the overlying vertebral body, a horizontal 
middle bundle that reinforces the annulus and a caudal bun-
dle for the underlying vertebral body.

The upper costo-vertebral ligament extends between the 
lower edge of the transverse process and the medial side of 
the neck of the underlying rib.

The intertransverse ligament is situated behind the pre-
ceding one and joins, after a vertical path, the two adjacent 
transverse processes.

The lateral costo-transversal ligament is stretched 
between the top of the transverse process and the tubercle of 

1
2

Fig. 8 Suboccipital ligaments (posterior view) according to Tubbs [4]:  
( 1) Membrana tectoria; (2) Occipital transverse ligament

In a severe cervical sprain, all ligaments excluding 
ALL are ruptured, including the posterior annulus.

There is a group of specific ligaments that firmly 
anchor the ribs to the vertebral bodies.

The Spinal Ligaments
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the rib. Ibrahim [11], in a relevant study, describes superior 
and posterior costo-transverse bundles.

 Ligaments of the Lumbar Area

Figures 15 and 16 show that the same ligaments are found 
here as in the cervical and thoracic areas. Figure 13 shows 
the oblique inferior and anterior direction of the fibers of the 
inter-spinous ligament which constitutes a limit on flexion.

Lumbar supra- and inter-spinous ligaments are reinforced, 
according to Johnson [10], by thoraco-lumbar fascia, longissi-
mus, and multifidus. The PLL merits a specific description 
because it maintains special relationships with the annulus 
fibrosus and the anterior epidural venous plexus. Figure  15 
shows that this ligament is narrow in relation to the vertebral 
bodies and that it widens in relation to the discs, which gives it 
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Fig. 9 Ligaments of the 
lower cervical spine:  
(a) Lateral view, (b) Sagittal 
section, (c) Cranial view.  
(1) ALL; (2) Inter-transversal 
ligament; (3) Joint capsule; 
(4) Yellow ligament;  
(5) Inter-spinous ligament;  
(6) Supra-spinous ligament; 
(7) PLL
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Fig. 10 PLL in the cervical region: (1) Deep layer; (2) Superficial 
layer (membrana tectoria); (3) Venous plexus; (4) Dura mater
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a typical scalloped appearance. It is very adherent to the inter-
vertebral disc, less to the vertebral bodies due to the presence of 
corporeal venous plexuses. Oshima [12] notes a difference in 
adhesion of PLL to the disc in upper and lower lumbar level: 
less adhesion in the upper lumbar level, which explains the 
higher frequency of the median hernias and more adhesion in 
the lower lumbar level where postero- lateral hernias dominate.

The sagittal section (Fig. 17) shows that this ligament 
is adherent to the periphery of the disk and thus consti-
tutes a natural barrier to herniation at the mid-line; It is, 
on the other hand, not very adherent to the vertebral bod-

Deep PLL

MT

VP

Fig. 11 Posterior view of the PLL in the cervical area with its deep and 
superficial layers. MT = Membrana tectoria; VP = Venous plexus
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5 6
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Fig. 12 Ligament lesions in a severe cervical sprain: (1) ALL intact; 
(2) Rupture of the posterior annulus; (3) PLL rupture; (4) Capsule rup-
ture; (5) Yellow ligament rupture; (6) Inter-spinous ligament rupture; 
(7) Supra-spinous ligament rupture
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Fig. 13 Ligaments in the thoracic area (cranial view): (1) ALL;  
(2) PLL; (3) Yellow ligament; (4) Costovertebral radiate ligament;  
(5) Costovertebral upper ligament; (6) Costo-vertebral lateral ligament; 
(7) Intertransverse ligament; (8) Capsule; (9) Inter-spinous ligament; 
(10) Supra-spinous ligament

1

1

1

2

3

Fig. 14 Costo-vertebral ligaments (left lateral view): (1) Radiate liga-
ment; (2) Upper costo-vertebral ligament; (3) Inter-transversal 
ligament
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ies, and the anterior venous plexus circulates between the 
posterior surface of the body and the ligament. Wiltse [13] 
gave a more detailed description of this ligament and 
described two bundles: one superficial, median, corre-
sponding to the classic PLL and the other deep (or epi-
dural membrane) which seems to correspond to the 
periosteum.

The venous plexus is situated between these two bundles 
(Fig. 18).

Loughenbury [14], in a more recent publication, describes 
three fascicles with an additional membranous layer.

More recently, Ansari [15] performed a meta-analysis on 
the anatomy of the epi- or peridural membrane assimilated 
to the peritoneum or pleura.

The ALL, unlike the PLL, adheres to the vertebral bodies 
and less to the discs, especially near the vertebral endplates.

1 2 3

4

5

6

Fig. 15 Ligaments in the lumbar region (sagittal section): (1) ALL;  
(2) PLL; (3) Capsule; (4) Supra-spinous ligament; (5) Inter-spinous 
ligament; (6) Yellow ligament
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Fig. 16 Lumbar ligaments (upper view): (1) ALL; (2) PLL; (3) Inter- 
transversal ligament; (4) Capsule; (5) Supra-spinous ligament; (6) 
Inter-spinous ligament; (7) Yellow ligament
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Fig. 17 Sagittal section showing the relationships between ALL: (1) 
and PLL; (2) and vertebral bodies and discs; (3) Capsule; (4) Supra- 
spinous ligament; (5) Yellow ligament; (6) Inter-spinous ligament
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Fig. 18 The 2 layers of PLL in lumbar area (Posterior view after 
removal of the posterior arch): (1) Superficial layer; (2) Deep layer 
(epidural membrane); (3) Antero-lateral venous plexus (according to 
Wiltse [13])
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The yellow ligament (or ligamentum flavum or inter- 
lamillary ligament), which closes the spinal canal behind the 
laminae, inserts below the cranial border of the lower lamina, 
above the middle of the ventral surface of the upper lamina 
(Fig. 19a), and laterally, it merges with the articular capsule 
(Figs. 19b and Fig. 20).

This ligament has the highest elastin/collagen ratio in the 
spine; its mean thickness is 3 mm (from 1.5 mm at the cervi-
cal level to 6 mm at the low lumbar level).

Olszewski [16], in a study of six fresh lumbar columns, 
confirms the presence of two layers, the superficial being 
thicker than the deep.

Some ligaments are specific to the lumbar region or at 
least have been better described because they may be 
involved in lumbar degenerative pathology.

The fibrous formations described by Hofmann [17] 
(Fig. 21) fix the middle part of the dura mater at its median 
part at PLL (medial ligament of Hofmann). The root itself, 
via the dura mater, is fixed by its anterior surface to the 
vertebral body (lateral ligament of Hofmann) and laterally, 
in the foramen, to the underlying pedicle (lateral radicular 
ligament). Wadhwani [18], on 18 dissected cadavers, has 
never found these Hofmann formations in the cervical spine 
but describes them between C7 and L4 in terms of dimen-
sions and orientation. Yaszemski [19] describes these peri- 
radicular structures as “discectomy membrane” or “nerve 
root fibrovascular membrane” on five fresh cadavers; they 
are always found, as fine structures and limit the move-
ments of the roots. Solaroglu [20] describes a ligament 
found ten times on 14 dissections (71%) which lies between 
the deep side of the yellow ligament and the L5 roots (ATA 
ligament); its presence increases the risk of dura mater tear 
in discal or arthritic decompression surgery.

Foraminal ligaments (Fig. 22), which exist in both the tho-
racic and lumbar areas, are in fact partitions creating compart-

ments within the intervertebral foramen around the spinal nerve 
and the spinal ganglion in the upper part, and around the vessels, 
in particular the veins in the lower part [23]. These ligaments 
reduce the space around nerve structures but also protect them 
during movements [24]. The most classic and oldest description 
is that of Golub and Silverman: on ten cadavers they describe 
superior corporeal-transverse ligaments extending from front to 
back, from the postero-inferior angle of the upper vertebral 
body to the lower edge of the transverse process, inferior corpo-
real-transverse ligaments extending from back to front from the 
postero-inferior angle of the underlying vertebra and the neigh-
boring disc, and finally, purely transforaminal ligaments, practi-
cally horizontal at the upper, middle, and lower part of the 
foramen. It should be noted that these ligaments are more fre-
quently encountered in L1–L2, L3–L4, and L5–S1. They are 
three times less frequent in L4–L5 than in  

a bFig. 19 Yellow ligament in 
the lumbar area: (a) Anterior 
view: the arrows show the 
lateral extension of the 
ligament. (b) Horizontal 
section: continuity between 
yellow ligament and capsule

Fig. 20 Lumbar PLL on the left on a posterior view and yellow liga-
ment on an anterior view on the right (Anatomy Conservatory of 
Montpellier)
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L1–L2. More recently, Amonoo-Kuofi [21, 22] described liga-
mentous bands of the same arrangement but more dense at the 
top of the foramen. Finally, there is a true fibrovascular tethering 
around the spinal ganglion which makes it unmovable. Grimes 
[25] confirms on 12 cadavers the presence of superior, middle, 
and inferior trans-foraminal ligaments, which are increasingly 
thick from the upper lumbar to the lower lumbar region and 
which again limits the movements of the nerve structures.

The following ligaments are extra-spinal:

• The intertransverse ligament presents as a thin membrane 
or a thicker strip or a more complex structure with one 
leaflet joining the vertebral body and the other the articu-
lar process [26].

• The mamillo-accessory ligament, as described by Bogduk 
[27] situated between the upper tubercle and the acces-
sory tubercle below, which together with the osseous 
structures constitutes a vertebral osteo-ligamentary canal 
for the medial branch of the medial dorsal nerve (Fig. 23); 
it is calcified in 10% of cases.

• The transverse-corporeal or corporeal-transverse liga-
ment of Mac Nab [28] is situated between the L5 trans-
verse process and the vertebral body; it can reduce the 
space within the L5–S1 foramen in its upper part and can 
create, for this author, an extra-foraminal compression of 
the L5 root (Fig. 24).

• Finally, the iliolumbar ligaments present three fascicles 
[29, 30] (Fig. 25):
 – the upper fascicle situated between the tip of the L4 

transverse process and the iliac crest; this fascicle is 
oblique downwards and outwards in the frontal plane 
and is situated in a coronal plane.

 – The lower iliac fascicle lies between the lateral part of 
the transverse process of L5 and the iliac crest.

 – The lower sacral fascicle or lumbosacral ligament 
inserts, more medially, on the transverse process and 
ends at the anterior surface of the sacroiliac joint. These 
last two fascicles have the same oblique downward and 
outward direction in the coronal plane; in the sagittal 
plane, they are directed forward and downward. They 
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Fig. 21 Ligaments stabilizing roots (root L4 is posteriorly retracted): (1) Median ligament of Hofmann; (2) Lateral ligament of Hofmann;  
(3) Lateral radicular ligament

Fig. 22 Ligaments of the intervertebral foramen according to Amonoo 
Kuofi [21, 22]
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firmly anchor the fifth lumbar vertebra to the pelvic ring 
and protect the mobile segment (and therefore the disk) 
between the fifth lumbar vertebra and the sacrum (seg-
ment L5-S1), better than the upper fascicle which less 
protects the L4-L5 segment, thus more exposed to lum-
bar degeneration. Pool- Goudzwaard [31] describes in 
detail the two lower fascicles of the iliolumbar ligament. 
Amonoo-Kuofi [22] and Transfeldt [32] have described 
the lumbosacral ligament.

In the coronal plane, the fascicles of the iliolumbar liga-
ment limit the contralateral inclination, in the sagittal plane, 

the upper fascicle limits the flexion, the two lower fascicles 
limit extension.

 The Ligaments of the Sacral Area

The ligaments of the sacroiliac joint :

They are described in the specific chapter concerning this 
articulation.

The saccrococcygian ligaments:

They stabilize the sacrococcygeal joint, which is an amphiar-
throsis (half-joints). There are anterior, posterior, and lat-
eral ligaments (Fig. 26).

 Ligaments in Spinal Pathology

 Traumatology

In traumatology, the concept of severe ligamentous lesion from 
a tear is associated with that of a so-called persistent instability 
since the ligaments (including the intervertebral disc) have the 
particularity of poorly consolidating or healing with time.

This notion of instability, which has become persistent 
due to a severe ligamentous lesion, is the basis of classifica-
tions, notably of Magerl, which, in contrast to type A lesions 
of pure compression, where there is no ligamentous lesion, 
lesions of compression-posterior distraction (type B) with a 
possibility of a ligamentous lesion at the level of the liga-
mentous elements located between the posterior arches; the 
latter, because of this lasting instability, are much more 
appropriately treated surgically than type A lesions. Vaccaro 
[33], more recently, has developed a classification for thora-
columbar fractures where, using CT and MRI, it integrates 
these recognized ligamentous lesions.

We can retain two characteristic pure ligamentous lesions 
and thus surgical:

 – Isolated lesions of the transverse ligament which is in fact 
a more complex lesion of both the transverse ligament, 
the alar ligaments, and probably the ancillary structures 
described by Tubb [5]; they are treated most often by a 
C1–C2 posterior arthrodesis.

 – Severe cervical sprain (Fig. 27), in relation to a bending 
mechanism, with a back to front rupture of all the inter-
vertebral ligaments: nuchal ligament, inter-spinous liga-
ment, capsules, yellow ligament, PLL, and the posterior 
part of the annulus.

1

2

Fig. 23 (1) Accessory mammillary ligament (2) Medial branch of the 
dorsal ramus of the spinal nerve

1

2

Fig. 24 Transverse-corporeal ligament on right side view:  
(1) Transverse-corporeal ligament; (2) Root L5
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These lesions, which are more regularly recognized on 
dynamic bending images than on MRI, are surgical; the sur-
gery performed anteriorly will detect the rupture of the disc 
and will be followed by an arthrodesis with graft and plate.

 Degenerative Pathology

 Cervical Level
 – Soft disc herniation is a special entity, which in eight 

times out of ten demonstrates a postero-lateral fragment 
that will pass behind the PLL and therefore its posterior 

layer which is in the prolongation of the membrana tecto-
ria. It is behind these deep and lateral layers that the her-
nia must be found.

 – The PLL, and mainly its median, thick and anterior 
part, can be ossified in the case of ossifications of 
PLL.  This entity is much more often found in Asian 
than in Caucasian subjects. There may be predominant 
factors such as diabetes, obesity, and hyperparathyroid-
ism. These so- called OPLL lesions (ossification of the 
posterior longitudinal ligament) can cause myelopathy 
and are invariably associated with an adhesion to the 
dura mater.
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Fig. 25 Iliolumbar 
ligaments: (a) Anterior view, 
(b) Left side view,  
(c) Anterior (on the left) and 
posterior (on the right) 
(Anatomy Conservatory of 
Montpellier—Pr Bonnel):  
(1) Upper fascicle; (2) Lower 
iliac fascicle; (3) Lower sacral 
fascicle
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Fig. 26 Sacrococcygeal 
ligaments: (a) Anterior view, 
(b) Posterior view. (1) Lateral 
sacrococcygeal ligament;  
(2) Ventral sacrococcygeal 
ligament; (3) Dorsal 
sacrococcygeal ligament;  
(4) Termination of ALL;  
(5) Supra-spinous ligament

J. M. Vital



241

 Thoracic Level
Soft disc herniation, or particularly, with calcification, can be 
approached anteriorly. It is known that the disc level is 
exactly at the level of the rib head, thus is necessary to disar-
ticulate with dissection of all the described ligaments, in par-
ticular the radiate ligament.

 Lumbar Level
 – The PLL by its anatomy explains the frequency of 

postero- lateral (para-median) herniations apart from its 
discal indentations and the possibility also of sequestered 
pre-ligamentous medial hernias that lead to stenosis of the 
canal (so-called stenotic herniation). This ligament can 
become calcified or ossify at the cervical level in the con-
text of an OPLL or Forestier disease (diffuse idiopathic 
skeletal hyperostosis).

 – The yellow ligament is a ligament most often excised 
during the interlaminar approach, especially for herni-
ated disc surgery. It is also a ligament which can 
become compressive due to its thickening and infold-
ing in connection with intervertebral telescoping; it can 
sometimes be loaded with hydroxyapatite. In the con-
text of a complete excision during a decompression, it 
must be remembered that it inserts on the upper edge of 
the lower lamina and that it raises high on the anterior 
surface of the upper lamina where it is best to approach 
it.

 – The ligaments of Hofmann, as well as the ligaments 
described in the transverse aspect of the cervical area or in 
the lumbar area (notably at L5–S1), are ligaments which 

limit root movement and which sometimes explain in case 
of adhesions, tears of the dura mater.

The ligaments of the intervertebral foramen are numerous 
and explain the small movements of the spinal ganglion and 
its easy compression.

Fig. 27 Dynamic X-rays and 
MRI images of a severe 
C7–T1 sprain; all the 
posterior ligaments and the 
disc are ruptured

Fig. 28 “Curtain Sign” in a vertebral metastasis enveloping the epi-
dural membrane but is resisted by the firmly attached medial ligament 
of Hofmann which shield the tumor from herniating in the midline
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 Tumor Pathology
It should be noted especially in spinal metastasis that the 
venous plexus (elements essential in metastatic dissemina-
tion) are related to the PLL, and, in particular, its deep and 
superficial fascicles. The presence of the median Hofmann 
ligament very often explains the so-called curtain sign in 
tumoral spread, the superficial structure of the dorsal longi-
tudinal ligament serving as the last shield between the dura 
mater and the invaded vertebral body (Fig. 28).

 Spinal Deformities
In Scheuermann’s kyphosis, associated with lesions of the 
vertebral end plates, there has been described a thickening 
and retraction of the anterior longitudinal ligament which, 
for some, made it obligatory in the surgical treatment of 
these deformities, to cut this ligament. This attitude is cur-
rently abandoned in favor of the isolated posterior pathway 
with the practice of Ponte osteotomies.
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Sacroiliac Joints

B. Lavignolle

 Descriptive and Functional Anatomy 
of the Pelvic Girdle

The transition region between the lumbar spine and the lower 
limbs, the pelvic girdle retains its original character, designed 
for stability and stress transmission of body weight. Unlike 
the shoulder girdle, it has very strong connections with the 
caudal spine and its ventral parts, where it forms a hammock 
for the abdominal viscera.

This girdle forms a ring comprised of three parts: posteri-
orly the sacrum, and the two iliac bones or coxa laterally and 
anteriorly. The coxa consists of three welded parts: the ilium, 
pubis, and the ischium, joined at the acetabulum after ossifi-
cation of Y cartilage around the age of 12. These three bones 
are joined together by three articulations: both sacroiliac 
joints posteriorly and the pubic symphysis anteriorly (Fig. 1).

 The Pubic Symphysis

The pubic symphysis joins both pubic bones and constitutes a 
fibrocartilaginous articulation of the amphiarthrosis type. The 

articular surfaces are ovoid, of 32 mm by 12 mm on average, 
with the long oblique axis aligned anterosuperiorly at an 
inclination of 40°. An intervertebral, wedge-shaped fibrocar-
tilage disc fills the larger joint space anteroinferiorly.

The ligaments are located on the four sides—anterior, 
posterior, superior, and inferior (or arched).

Mobility (Walheim [1]) is very low with a craniocaudal dis-
placement of 1 mm for males and 1.6 mm for females; anterior 
translation of 0.5 mm (males) and 0.9 mm (females); sagittal 
translation <1 mm and frontal and sagittal rotations <1.5°.

There are small movements during childbirth and sport 
(football) which can cause pain (pubalgia) and arthropathic 
deterioration.

In severe trauma of the pelvis, there may be a disruption 
of the symphysis, sometimes associated with a fracture or a 
dislocation with sacroiliac instability by rupture of the pelvic 
ring (Sénégas [2]).

 Sacroiliac Joints

The sacroiliac joints are the association of a synovial joint in 
the anterior part, and a posterior syndesmosis by the interos-
seous and posterior ligaments. The posterior volume of the 
interosseous ligament is almost the same size as the anterior 
articular surface without significant difference in both sexes 
(Klein [3]) (Fig. 2).

The sacral cartilage is three times thicker than the coxal 
cartilage, 2.5 mm versus 1 mm on average (Bogduk [4]).

The convex parts refer to the coxal bone and the concave 
parts to the sacrum (Farabeuf [5], Weils [6]). The aspect is 
reversed at the bottom third.

The articular surfaces are constituted of the coxa and 
sacrum in a crescent shape at the posterior concavity whose 
center of curvature corresponds to the iliac tuberosity and the 
perforated fossa of the sacrum.

The articular surfaces have an elongated L shape with a 
long, almost horizontal, upright arm of 5.4 cm ± 0.5 cm, and 
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Fig. 1 General arrangement of the pelvic girdle
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an almost vertical short arm of 2.9 cm ± 0.6 cm; (Klein [3]), 
with an open angle backwards of 110° ± 11° (Fig. 3).

The joint space is oblique anterolaterally from 12° to 20° 
with respect to the sagittal plane (angle of declination) and 
oblique at the bottom and within 75–85° with respect to the 
transverse plane (angle of inclination). The line has a double 
obliquity which favors the isolation of the sacral corner and 
the stability of non-coaxial sacroiliac joints. This also allows 
the asymmetrical movements of the two coxal bones with 
helical oblique axes. The sacroiliac joint extends over three 
sacral bone segments (S1–S3).

Classically, the innervation is posterior from the posterior 
branches of L4–S3 and anterior from the anterior branches of 
L2–S2 (Klein [3]). However, contradictory studies describe 
an exclusively posterior innervation from the dorsal branches 
S1 and S2 (Bogduk [4]).

With age, the articular surfaces show erosion and fibrilla-
tion of cartilage with a loss of thickness. The capsule and 
synovium become thicker and more fibrous especially after 
50  years (Bogduk [4]). The sacral cartilage decreases by 
1 mm and ilium decreases by 0.5 mm, i.e. 50% of the thick-
ness with restriction of mobility. Ankylosis is one of the first 
signs of pelvispondylitis.

 The Sacrococcygeal Joint

The sacrococcygeal joint is an amphiarthrosis with ventral 
and dorsal interosseous and sacrococcygeal ligaments, rem-
nant of the tail in humanoid primates. The mobility is 15° in 
flexion while seated and during the contraction of the pelvic 
floor muscles (Maigne [7]).

This joint has no role in the pelvic girdle but is the origin 
of coccygodynia from its hypermobility (traumatic or 
postpartum).

 Biomechanical

 Static: The Pelvic Girdle Is Hyperstable

Stability in the Frontal Plane
The pelvis forms an arch whose apex is the sacrum acting as 
a wedge between the two hip bones. The body weight is 
transmitted to the lower limbs by means of the sacroiliac 
joints and coxal bones to the hip joint and joints of the ground 
reaction force towards the symphysis pubis. The interosse-
ous ligament is very powerful as well as the force of the 
abductor muscles (Klein [3]).

Stability in the Transverse Plane
The pelvis is held between the two coxal bones like a nut 
between the arms of a nut-cracker. Posterior sacroiliac 
ligaments ensure the power of the damping system 
according to a second or third class lever with the pres-
sure of the femoral heads (Figs. 4 and 5). The equilibrium 
is likened to a torsion bar with the role of the lateral rota-
tor pelvitrochanteric muscles, especially the piriformis 
muscle.

In the sagittal plane, the equilibrium is unstable (Fig. 6). 
The lumbopelvic wedge (Klein [3]) joins the lumbosacral 
junction, pelvis, and hip. This damping system is linked to 
the evolution of Homo erectus with:

 – Levers: the sacrum and the two coxal bones.
 – The articular links: sacroiliac joints, symphysis, and cox-

ofemoral with a closed kinetic chain. A movement in one 
articulation necessarily causes movement in the other 
articulation. The sacrum cannot move freely.

 – The passive brakes of sacral nutation (oscillatory move-
ments within the axis of rotation) are the powerful 

1
1

2

2

3

3

4

5

6

L5

L4

a bFig. 2 Ligaments of the 
sacroiliac joint on a ventral 
(a) and dorsal (b) view:  
(1) iliolumbar ligament;  
(2) Sacroiliac ligament 
superior; (3) Sacrotubal 
ligament; (4) Sacrospinous 
ligament; (5) Superficial 
posterior sacrio-iliac 
ligament; (6) Deep sacroiliac 
ligament
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sacrospinous and sacrotuberal ligaments and the active 
brakes are the iliac muscles, hip flexors (right femoral, 
fascia lata tensor, sartorius), piriform muscles, and pel-
vic floor.

 – The psoas muscle induces a moment of flexion on the 
lumbar spine and lumbosacral junction in the sense of 
nutation (Sturesson [8]).

 Kinematics of the Sacroiliac Joint

Classical Studies
No movement has been described until that of Vesalius:

 – Zaglas [9] describes the rotational movements of the 
sacrum with respect to the coxal bone with changes in the 

110° 2,9cm

5,4cm

Retroversion or
posterior ilium

Nutation or
flexion of the sacrum

Articular surface
of the sacroiliac joint 

Pelvic inlet

Pelvic outlet

Symphysis pubis

40°

12mm
32mm

Fig. 3 The joints of the pelvic girdle

135°

2/3 P

P/3

C a/t = P/3

Iliac bone

Sacrum 

Femur

Fig. 4 Static in the frontal or 
coronal plane,  
C a/t = constraints of the 
acetabulum on the femoral 
heads
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upper and lower pelvic brims with a transverse axis pass-
ing through S2 (Fig. 7).

It is especially during supine childbirth as some 
mobility is observed with the nutation of the sacrum, 
a decrease in the diameter of the greater pelvis with a 
medial tilt of the iliac wings and an increase of the 
pelvic outlet <1–2.5  cm with a separation of the 
ischia favoring the release of the fetal head.
This movement is obtained by the position of the 
thighs in flexion and abduction associated with lumbar 
flexion or kyphosis and iliac retroversion or posterior 
ilium (position of Devraigne-Descomps).
The mobility of the sacroiliac joints also exists in 
walking and running which may be asymmetric while 
oscillating in young patients.

 – Duncan [10], Farabeuf [5], and Gray [11] determine an 
axis of rotation at the level of the interosseous ligament 
on the morphological analysis of articular surfaces.

 – Bonnaire [12] describes an axis of rotation around an axis 
located at the point of intersection of the two arms of the 
articular surfaces at the tubercle of Bonnaire.

 – Weisl [6] describes a two-dimensional analysis, an axis of 
rotation located in front of the sacroiliac joint in the inner 
pelvis and behind the pubic symphysis. A second study 
identified a translation of the sacrum along the horizontal 
arm (Fig. 8).

Recent Studies
 – Colachis [13] measured the range of motion in the poste-

rior superior iliac spine using Kirschner wires in 12 vol-
unteers. The maximum amplitude of the posterior superior 
iliac spine is 5 mm on average.

 – Egund [14] used radiostereophotogrammetry, as described 
by Selvik [15], with tantalum spheres of 0.8 mm diameter 
implanted in the two coxal bones and the sacrum under 
local anesthesia in six patients including four low back 
pain patients. The seven-position analysis shows a maxi-
mal amplitude of the sacrum in the sagittal plane of 1–2° 
according to the position in supine or unipodal support. 
There is also a sliding movement between the articular 
surfaces of the order of 2 mm, on average in nutation and 
counter-nutation.

 – Lavignolle [16, 17] performed a preliminary study (1978) 
on fresh cadavers of both sexes, of age over 40 years, to 
determine the coefficients of the matrix flexibility and 
location of the instantaneous centers of rotation (ICR). 
The pelvises were solicited by forces and torques simulat-
ing muscle actions in anteversion and retroversion. The 
corresponding displacements, rotations, and translations 
were measured by comparators and a laser optical system. 
(Figs. 9 and 10). Frigerio [18] confirmed mobility on an 
identical anatomical study.

15°

P P

P P

R

A

Fig. 5 Static in the horizontal 
or transverse plane: 
A = support, R = sacral 
resistance, P = ligament 
tension and femoral head 
pressure

Hip bone

Sacroiliac
articulation Lumbosacral junction

Coxofemoral joint

Limit of the nutation

Sacrum

Fig. 6 Lumbopelvic scissors (Klein, Sommerfeld [3])
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Each iliac bone has six degrees of freedom with three 
rotations and three translations. The position of the ICRs in 
the sagittal plane is located on a craniocaudal line in front of 
the sacroiliac joints confirming Weisl’s analysis.

The 3D kinematics study, performed in 25 volunteer ath-
letes aged 16–25 years, the relative movements of the iliac 
bones with respect to the sacrum in asymmetrical move-
ments of the pelvis, simulating walking with 60° of right hip 
flexion and 15° left hip extension with a wide variation 
(Figs. 11 and 12).

Data processing was accomplished with a computer pro-
gram designed to study the relative displacements and to 
define the position and direction of the screw axes of the sac-
roiliac joints and the direction and amplitude of the rotation 
around and the translation along these axes. Given the low 

amplitudes, a statistical study was needed to acquire the 
coordinates of the projection of these points on orthogonal 
radiographs with a significance level estimated at 0.1 and an 
error of ±0.1 mm. Ten targets were necessary for each point 
for a satisfactory confidence level.

The objectives included:

 – Study the movements of each bone relative to an absolute 
reference and relative displacements of each pelvic bone 
relative to the other and to the sacrum which is considered 
fixed.

 – Define the position and the direction of the axes of screw 
insertion with respect to the sacroiliac joints, the direction 
and the amplitude of the rotations and translations on 
these axes.

Pelvic inlet

Pelvic outlet

Pelvic inlet
(closing)

Pelvic outlet
(opening)

Fig. 7 Rotation of the coxal 
bones during nutation of the 
sacrum. Rocks medial iliac 
wings (closing) side rocker 
ischial (opening)

Faraboeuf Bonnaire 

Weisl 2

Weisl 1

Fig. 8 Centers of rotation in 
classical studies
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The first stage corresponded to the spatial reconstruction 
of the coordinates of the points in the absolute coordinate sys-
tem with the need for a registration to ensure the condition of 
indeformability according to the Lagrange multiplier method.

This condition being assured, a repository consisting of 
two secant lines and identified by their data Plükériennes 
was allocated to solid bones. The last stage concerns the 
modeling of the displacements and the characteristics of 
the screw insertion according to the work notably of 
Dimnet [19].

The conclusions of our study are as follows:

• The axes of rotation are oblique, and the position of the 
axes is variable according to the subjects, but the position 
is constant in front of and below the sacroiliac articula-
tions and behind the symphysis pubis.

• The amplitude is variable according to the individual, 
more marked in the hyperlax juveniles, on average 
around 8° (6–10°) of rotation of the coxal bone com-
pared to the other coxal bone, is half by articulation and 
4° (±2) nutation of the sacrum. The translation of the 
coxal bone relative to the other is 4 mm (±1.8 mm along 
the axis).

1

2
1

2

5
5

3

4

a bFig. 9 Study on pelvis of 
fresh cadavers; (a) bottom 
view, (b) top view:  
(1) sacrum; (2) fixation of the 
sacrum; (3) sacroiliac joint; 
(4) iliac bone; (5) pubic 
symphysis

XL XR

θXL θXR

XoL+ XoR+

YoL+ YoR+θZG θZD
ZG ZD

YG YD

θYG θYD

Fig. 10 Modeling of the 
pelvis and degrees of freedom
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These amplitudes are similar to studies by Decupere [20] 
and Smidt [21] on the rotation of iliac bones with a large 
deviation.

The acquisition of data on radiographic bone markers 
undoubtedly contributes to an overestimation of the mobility, 
but the localization of the helical oblique axes is reliable. 
Jacob [22], with implanted metal pins, reports a mobility of 
8.4° around a transverse and later helical axis.

These values are more reduced in the elderly population. 
Sturesson [8] reports lower values including 2.5° of rota-
tion and 0.7 mm of translation on a population over 45 years 
in symmetrical movements of flexion-extension of the 
trunk. These movements were analyzed from tantalum 
beads implanted in vivo very close to the joint sites regard-
less of bone volume and leverage of the pelvic girdle. In the 
extreme, Tulberg [23], in a stereometric study found no 
mobility.

 Conclusion

The cinematic model cannot be definitively reported, given 
the low number of subjects studied in vivo, the significant 
time required to capture data and with the further yield from 
3D computerized analysis. The mobility of the sacroiliac Fig. 11 Dissymmetric movements of the pelvis: right bending and left 

extension in radiostereophotogrammetry

t1
t2

t2
t1

t3

A1

A2

A3

A1

A2
A3

Flexion Extension 

A1 : right iliac bone / 
sacrum

A2 : left iliac bone /
sacrum

A3 : right iliac bone /
       left iliac bone

Fig. 12 Instantaneous axes of rotation during asymmetric movements
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joint is very low between 2° and 4°, especially outside 
childbirth.

The sacroiliac joint has above all a role of transmission of 
the constraints in load during the walk and the run. It locks 
and unlocks its significant load-carrying ability in unipodal 
support.
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The Normal and Pathological Spinal 
Muscle

Jean Marc Vital

 Introduction

We describe in this chapter a “practical” anatomy with sim-
ple description of the various spinal muscles, their actions 
and their lesions in pathological conditions.

Generaly, we can estimate that the muscles have a func-
tion of stabilization (or of tensioning) and of mobilization. 
They can be classified into 3 topographic groups: anterior, 
lateral and posterior. We can also, as per Martinez [1], dif-
ferentiate them into intrinsic and extrinsic muscles. The first 
originate and end on the spine: they are the deepest. The lat-
ter have their origin, and sometimes also their insertion, at a 
distance from the spinal column; they are therefore long, 
powerful and more superficial muscles that will have a rather 
mobilizing action, contrary to the intrinsic muscles, which 
act primarily  as stabilizers.

 Normal Descriptive Anatomy

We will somewhat artificially divide the description of the 
muscles of the vertebral column into cervical muscles and 
thoracolumbar muscles, and we shall conclude this chapter 
of descriptive anatomy by describing the thoracic diaphragm, 
the pelvic diaphragm, the sub-pelvic muscles which partici-
pate in the stabilization of the vertebral column, and finally, 
the muscular aponeurosis.

 The Cervical Muscles

They can be distinguished schematically in four groups 
(Fig. 1) [1].

 1. The deep muscles, akin to short cable-stays for bridge 
suspension, are located near the spine (longus colli, inter-
transversarius, transversus spinalis).

 2. Two long powerful muscles, the sternocleidomastoid and 
the trapezius, and two long stays, the supra- and infrahy-
oid muscles.

 3. Intermediate muscles in the upper cervical spine with 
small anterior and posterior muscles located at the cranio- 
cervical junction.

 4. Intermediate muscles at the lower cervical spine, with 
muscles projecting towards the scapular girdle or the first 
pair of ribs.

Deep Muscles

The deep muscles are pure intrinsic muscles.

Longus Colli
Longus colli is an anterior intrinsic muscle of the lower cer-
vical spine.

It is immediately prevertebral and presents three fascicles 
(Fig. 2).

 1. Para-median longitudinal deep fascicle extending from 
the body of C2 to that of T3,

 2. Ascending upper oblique fascicle extending from the 
transverse processes of C3–C6 to the anterior tubercle of 
the atlas,

 3. Descending lower oblique fascicle which extends from 
the transverse processes of C4–C7 to the bodies of T2 
and T3.

These three fascicles create a diamond construct in which 
the bodies and discs of the lower cervical spine are inscribed. 
Longus colli is a flexor which flattens the cervical lordosis. It 
also has a stabilizing function to which we shall return.
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The Intertransversarius
The intertransversarius is a muscle that extends throughout 
the spine and is considered as an intrinsic lateral muscle.

The Transversarius Spinalis
The transversarius spinalis extends along the entire length of 
the column; it is a posterior intrinsic muscle divided into 
three layers: semi-spinous fascicles, long fascicles (multifi-
dus), and short fascicles (rotatores).

 The Peripheral Muscles

These are totally extrinsic muscles.
The supra- and infrahyoid muscles are anterior extrinsics.
The mylohyoideus (mylohyoid) is the only suprahyoid 

muscle; there are, on the other hand, four infrahyoid mus-
cles, thyrohyoid, sternohyoid, sternothyroid, and omohyoid. 
All these muscles act mainly in phonation but have an action 
of cervical flexion against resistance. Poisson [2], recently 
demonstrated by an isometric and electromyographic force 

study on rugby players, that the protection of the teeth with a 
buccal protection system had an effect of increase of force of 
the cervical flexors and thus, a priori, a protective effect of 
the cervical spine (Fig. 3).

 The Sternocleidomastoid (SCM)

The SCM includes a fascicle that originates on the clavicle 
and a second on the sternal manubrium. It ends on the cranial 
side at the level of the mastoid but also on the upper occipital 
line. This muscle constitutes a large muscular band obliquely 
extending downward and forward and contains three fasci-
cles: a deep cleidomastoideus and two superficial (cleido- 
occipital posteriorly, covering the deep and sterno-mastoideus 
anteriorly, ending in a true tendinous attachment to the ster-
nal manubrium (Fig.  4). This muscle, innervated by the 
accessory nerve (XIth cranial nerve), has an action in the 
sagittal plane which varies according to whether or not the 
cervical column is locked in flexion, by the longus colli in 
particular; the contraction of the two SCM induces in the 

A B

C

A B
C

Group 1 : deep stays
A longus colli
B intertransversarius
C transversarius spinalis

Group 2 : peripheral stays
A supra and infra-hyoid muscles
B sternocleidomastoideus
C trapezius

A

B
C

A

B

C

Group 3 : intermediate stays spanning upwards
A longus capitis, rectus capitis anterior,
    rectus capitis lateralis
B muscles of the triangle of Tillaux(sub-occipital t.)    
C semi-spinalis capitis, longissimus and splenius
    capitis

Group 4 : intermediate stays spanning downwards
A scaleni
B longissimus cervicis and cervical ilio costal
C splenius cervicis and elevator scapulae

Fig. 1 The four cervical 
muscle groups [1]
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a b

1

2

3

4

5

6

1 mylo-hyoid,
2 omo-hyoid,
3 thyro-hyoid, sterno-hyoid, sternothyro-hyoid,
4 longus coli, ascending fascicle,
5 longus coli, deep fascicle, 
6 longus coli, descending fascicle,
7 longus capitis. 

Fig. 2 Longus colli and 
supra- and infrahyoid 
muscles: (a) left lateral view, 
(b) anterior view

Fig. 3 Activation of the supra- and infrahyoid muscles by clamping on a dental protective gutter [2]
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first case a flexion and in the second a hyper-extension [1]. In 
an unilateral contraction, SCM causes a homolateral inclina-
tion and a contralateral rotation: this is the attitude observed 
in the congenital torticollis where there is retraction of this 
muscle (Fig. 5).

 The Trapezius

It is a muscle which is at the same time cervical and thoracic 
since it inserts superiorly on the external occipital protuber-
ance, inferiorly on the spinous processes down to T11 and 
ends on the shoulder girdle on the lateral third of the clavicle 
for its clavicular fascicle, on the acromion for its acromial 
fascicle and on the spine of the scapula for its spinal fascicle. 
This muscle is innervated by the accessory nerve (XIth cra-
nial nerve) and by the cervical plexus (C2 and C3). It is an 

1

2

3

1 superficial sternomastoidal fascicle,
2 deep cleidomastoidal fascicle,
3 superficial cleidooccipital fascicle.

Fig. 4 Anatomy of the sternocleidomastoid muscle (left lateral view)

1 2 3 4

1 overall direction of the muscle,
2 flexion on a locked cervical spine,
3 extension on a non-locked cervical spine,
4 homolateral inclination and controlateral rotation.

Fig. 5 Actions of the sternocleidomastoid muscle

1

2

1 trapezius
2 scapula 

Fig. 6 Trapezius muscle action in tilt-rotation

J. M. Vital



255

essential stabilizer of the head in the sagittal plane and an 
extender when the two muscles contract. Like the SCM, its 
unilateral contraction causes a homolateral inclination and a 
contralateral rotation (Fig. 6).

 The Intermediate Muscles Extending 
Upwards

These are intrinsic muscles with proximal insertion on the 
base of the skull and distal insertion on the upper cervical 
spine.

Three anterior sub-occipital muscles (Fig. 7) [3]:

• The longus capitis which is positioned between the basi-
lar process of the occiput and the anterior tuberculum of 
C3–C6.

• The rectus capitis anterior located between the anterior 
limit of the occipital foramen and the lateral mass of the 
atlas.

• The rectus capitis lateralis, parallel to the preceding one.
• These three muscles are flexors and homolateral rotators.

Four posterior sub-occipital muscles (Fig. 8):

• The rectus capitis posterior major positioned between the 
inferior nuchal line of the occiput and the axis spinous 
process; it extends and inclines the head but has no real 
rotatory action.

• The rectus capitis posterior minor, more medial, situated 
between the inferior nuchal line and the posterior ring of 
the atlas; it is an extensor.

• The obliquus capitis inferior positioned between the 
transverse process of the atlas and the spinous process of 
the axis and which operates on the atlas, according to 
Kapandji [3] with the opposite obliquus capitis inferior 
acting as a pair of reins (Fig. 9). It controls homolateral 
rotation of the atlas.

The three following muscles are positioned between the 
skull and the spine and lie between the plane of the posterior 
sub-occipital muscles which have just been described and 
the trapezius; those are:

1

4

2

3

5   

6

1 scalenus anterior,
2 scalenus medius,
3 scalenus posterior,
4 longus capitis,
5 rectus capitis lateralis,
6 rectus capitis anterior.

Fig. 7 Anterior sub-occipital muscles and scaleni

1

4

5

6

3

2 67

78 8
9

1

6 rectus capitis posterior minor,
7 rectus capitis posterior major,
8 obliquus capitis inferior 
9 great occipital nerve of Arnold.

9

1 obliquus capitis superior,
2 vertebral artery,
3 triangle of Tillaux,
4 interspinosus,
5 transversarius spinosus,

a bFig. 8 Sub-occipital posterior 
muscles: (a) posterior view, 
(b) left lateral view
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• The semispinalis capitis extending from the superior 
nuchal line to the transverse processes from C3 to T5 
(Fig. 10).

• The longissimus capitis which extends from the mastoid 
process to the transverse processes from C3 to T1.

These two muscles are pure extensors with a tilt compo-
nent for the longissimus capitis.

• The splenius capitis is inserted on the mastoid and the 
superior nuchal line and ends on the cervical spinous pro-
cess. It is a powerful extensor and a homolateral rotator; it 
has in this movement a synergistic action with the contro-
lateral SCM.

 The Intermediate Muscles Extending 
Downwards

These are rather extrinsic muscles with a proximal insertion 
on the cervical spine but distal insertion at a distance on the 
thoracic spine, the ribs, or the scapula.

 Scaleni

There are three (Fig. 7)

• The scalenus anterior which extends from the anterior 
tubercle of the transverse processes from C3 to C6 to the 
upper surface of the first rib.

• The scalenus medius which extends from the edge of the 
transverse process gutters of C2–C7 and ends on the same 
first rib behind the subclavian artery.

• The scalenus posterior that extends from the posterior 
transverse tubercle of C4–C6 and ends on the second rib.

Fig. 9 Stabilizing action on C1–C2 of the obliquus capitis inferior

1

4

53

2

1 semi-spinosus (large complex),
2 longissimus capitis (small complex),
3 elevator scapulae,
4 splenius capitis, 

1

6

7

3

5 ilio-costalis,
6 splenius capitis,
7 transversarius spinosus, 
8 trapezius

8

Fig. 10 Posterior muscles 
from the neck to the head
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Besides their respiratory role, these muscles are flexors and 
lead to a homolateral inclination with contralateral rotation.

The Longissimus Cervicis
It extends from the transverse processes of the last four cer-
vical vertebrae to those of the first five thoracic vertebrae; it 
is a powerful extensor.

The Ilio-Costalis (Fig. 10)
It has nearly the same origin as the preceding muscle; more 
lateral, it ends on the posterior arch of the first pair of ribs.

The Epi-Spinalis
It extends between the spinous processes of C2 to C7 and 
participates in the constitution of the star-like formation of 
muscles around the spinous process of C2; we have shown 
only the cranial insertions in Fig. 8.

The Splenius Cervicis
It extends from the transverse processes of C1 to C3 to the 
spinous processes of the first five thoracic vertebrae; it is a 
direct extensor.

The Levator Scapulae
It is inserted on the tip of the transverse processes of the first 
four cervical vertebrae and after a tortuous path joins the 
superior medial angle of the scapula; if the scapula is fixed, 
it causes a homolateral extension-inclination.

Thoraco-Lumbar Muscles

The thoraco-lumbar muscles can be simplified by division 
into three groups (Fig. 11)

 1. The posterior or dorsal group which will extends inferi-
orly towards the lumbo-sacral junction.

 2. The lateral group with the psoas and the quadratus lumborum.
 3. Finally, the anterior or ventral group with the muscles of 

the abdominal wall.

The set of posterior and lateral groups envelops the spinal 
column as the muscles of the thigh envelop the femur to real-
ize a composite beam which has a protective function, we will 
return to this in the chapter on functional anatomy (Chap. 30) 
(Fig. 12).

Thoraco-lumbar aponeurosis

Quadratus lombarum Atrophied psoas ) 

Lumbo-sacral mass muscles

Dorsal group

Lateral group

Ventral group 

a b

Fig. 11 (a) The three groups of thoraco-lumbar muscles. Dorsal group, 
lateral group, ventral group. (b) Horizontal cut at the lumbar level of the 
posterior thoraco-lumbar muscles; note the difference in surface 

between the psoas and the paravertebral muscles. (Conservatory of 
Anatomy, Montpellier—Pr F. Bonnel)

Sacrolumbar mass

psoas

iliacus

Fig. 12 Composite spinal beam
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 Posterior Muscle Group

 The Deep Plane

The deep plane (Fig. 13) consists of the inter-spinous mus-
cles and the inter-transversal muscles, the segmental muscles 
situated between the spinous processes and between the 
transverse processes, respectively.

The transversus spinosus that exists at the cervical 
level is situated, according to Trolard, between the tip of 
the  transverse process and the spinous processes or the 
laminae of the four overlying vertebrae. They are there-
fore muscular rafters (like the supports of a roof) which is 
commonly called the multifidus. More laterally and more 
superficially, we find the epi-spinalis of the thorax and the 
semi-spinous. The latter is purely thoracic and is situated 
between the transverse processes of the thoracic vertebrae 
and the spinous processes of the lower cervical 
vertebrae.

The spinalis thoracis also exists in the neck. It is more 
superficial and extends from the lateral surfaces of spinous 
processes from the thoracic region to the upper lumbar 
region where it is very close to the multifidus.

The longissimus thoracis, which extends from the longis-
simus capitis and the longissimus cervicis, unites downwards 
with the ilio-costalis to constitute the lumbo-sacral common 
mass. It inserts into the accessory processes of the lumbar 
vertebrae, the transverse processes of the thoracic vertebrae, 
and the posterior arch of the ribs.

The ilio-costal inserts on the posterior arch of the ribs and 
on the iliac crest.

About these deep posterior muscles, we can make three 
observations:

• According to Kapandji [3], the third lumbar vertebra at 
the apex of the lumbar lordosis, horizontal in the sagittal 
plane, is a true muscular relay (Fig. 14) since it receives 
from superiorly the longissimus and epi-spinalis thoracis 
and from inferiorly, the multifidus. This muscular disposi-
tion is reminiscent of that of the muscles around the pos-
terior arch of C2.

• Functionally, these posterior deep muscles are extensors 
and have rather a stabilizing function as shown by their 
composition in type 1 fibers (slow) and type 2 fibers (fast). 
Jorgensen [4] and Bagnall [5] demonstrated that these 
muscles were more rich in slow fibers than the superficial 
posterior muscles. It is interesting to note that in degen-
eration (or natural aging) these deep posterior muscles 
degenerate first and are replaced by fat and this normally 
occurs, from caudad to cephalad, from the lumbo-sacral 
junction to the upper lumbar spine.

• Finally, at the base, the ilio-costalis, longissimus, and 
multifidus, although constituting the lumbo-sacral com-
mon mass, are separated by cleavage planes containing 
fat tissue. The multifidus—longissimus space can easily 
be dissociated with a finger and thus we can easily reach 
the articular processes or the transverse processes (classic 
Wiltse approach [6]) (Fig. 15).

 The Intermediate Plane

It consists of the serratus posterior—superior and inferior 
(Fig.  16). The serratus posterior superior is situated 
between the spinous processes of the last two cervical ver-
tebrae and those of the first two thoracic vertebrae and the 
first ribs.

3

4

52

1 6

7

1 interspinosis,
2 intertransversarius,
3 transversarius spinosus (multifidus),
4 semi-spinous thoracis,
5 iliocostalis,
6 longissimus,
7 common sacrolumbar mass

Fig. 13 Deep posterior 
muscles
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The serratus posterior inferior is inserted on the spinal 
processes of the last thoracic vertebrae and the first lumbar 
vertebrae and ends on the caudal margin of the last four ribs. 
These two muscles have a function in inspiration.

 The Superficial Plane

It consists of the trapezius, the rhomboideus, the latissimus 
dorsi, which are mobilizers of both the spine and the scapular 
girdle.

 Lateral Muscle Group

These lateral muscles are located in the lumbar spine 
(Fig. 17).

 1. The ilio-psoas consists of three heads (small and large 
psoas and iliac). It is innervated by the femoral nerve and 
has an action of lateral bending-rotation of the hip. Its 
action on the vertebral column is discussed: its contraction 
causes a homolateral inclination and a contralateral rota-
tion (Fig. 18). In the sagittal plane, it is a lordosing muscle 
with lumbo-sacral flexion, as shown in the diagram of 
Kapandji [3] (Fig. 19).

 2. Quadratus lumborum occupies the costo-vertebral angle 
between the fascia transversalis posteriorly and the ilio- 
psoas anteriorly. It has a posterior head extending from 
the iliac crest to the tip of the transverse lumbar processes, 
with oblique fibers above and below, and an anterior head 
situated between the lower edge of the 12th rib and the 

1

3

2

1

3

1 longissimus, 
2 epi-spinosus thoracis,
3 multifidus

a bFig. 14 Concentric 
termination of the muscles 
like a star on the spinous 
process of L3: (a) left lateral 
view, (b) posterior view

1
3

2

4

1 multitifidus
2 longissimus
3 iliocostalis
4 psoas

Fig. 15 Wiltse approach [6] between the multifidus and the 
longissimus
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same transverse processes. Like the ilio-psoas, this 
 muscle leads to a homolateral inclination and a slight 
controlateral rotation.

 Anterior Muscle Group (Fig. 20)

It consists of the muscles of the abdominal wall including 
the rectus abdominis and the lateral muscles of the 
abdomen.

• The rectus abdominis is vertical and separated from the 
contralateral side by the linea alba. It inserts on the ante-
rior arches of the fifth and sixth ribs, on the seventh rib 
cartilage, and on the xiphisternum. Along its path, it dis-
plays tendinous intersections characteristic of a polygas-
tric muscle which ends on the pubic symphysis.

• The transversus abdominis is the deepest lateral muscle. It is 
inserted into the lateral cartilages and via the posterior apo-
neurosis on the lumbar transverse processes. The muscular 
fibers are transverse and extend to the anterior aponeurosis, 
which terminates in the inguinal ligament.

• The obliquus internus abdominis (internal oblique) is in 
an intermediate position. It inserts on the iliac crest and its 
oblique fibers superoanteriorly end on the floating ribs 
and nearby costal cartilages to the sternum. Anteriorly, it 
provides the aponeurosis of the internal oblique.

• The obliquus externus abdominis (external oblique) is the 
most superficial muscle. It inserts through digitations on 
the lateral arch of the last seven or eight ribs and runs 
obliquely anteroinferiorly to join the iliac crest and the 
sheath of the rectus abdominis. Figure 21 shows the ori-
entation of the rectus abdominis and lateralis abdominis 
fibers. Figure 22 shows the termination on the median line 
of these abdominal muscles.

The other muscles act indirectly on the vertebral column 
but have an essential action on its physiology.

• The thoracic diaphragm and the pelvic diaphragm (leva-
tor ani), together with the abdominal muscles described 

6

1

4

5

2

73

1 iliocostalis cervicis,
2 iliocostalis thoracis,
3 iliocostalis lumbaris,
4 longissimus,

5 common lumbo-sacral mass,
6 serratus posterior superior,
7 serratus posterior inferior.

Fig. 16 Posterior muscles of the medium plane
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3

1) psoas minor,
2) psoas major,
3) iliacus,
4) femoral nerve,
5) anterior fascicle of the quadratus lumborum,
6) posterior fascicle of the quadratus lumborum.

Fig. 17 The lateral muscles

J. M. Vital



261

1

2

1 contracted psoas
2 stretched quadratus lumborum 

Fig. 18 Action of the psoas in the frontal and horizontal planes

Fig. 19 Lordotic action of the psoas in the sagittal plane

6
2

4

5

3

1

7 2

3

1 rectus abdominis,  
2 transversus abdominis (obliquus externus abdominis and 
obliquus internus abdominis  have been removed), 
3 anterior fascia of the transversus abdominis, 

5 posterior fascia of the rectus abdominis, 
6 obliquus externus abdominis, 
7 common sacrolumbar mass.

4 cremaster

Fig. 20 Abdominal muscles
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above, limit the abdominal cavity which can be com-
pressed by their contraction and thus achieve an anterior 
pneumatic column (Fig. 23).

• The muscles connecting the pelvis to the femur (Fig. 24) 
may alter the position of the pelvic ring, which can be 
considered as a vertebra.

The tensor fasciae latae, the rectus femoris, and the ilio- 
psoas (not represented in the diagram) rotate the pelvis for-
wards, in anteversion. Conversely, the gluteus maximus, the 
adductors, and the hamstrings may cause the pelvis to tilt 
backwards, or retrovert, typically as a compensation during 
an anterior imbalance, especially when the subject is walk-
ing. The difference in the insertion surface of the gluteus 
maximus in the Homo sapiens, which can maintain a correct 
erect position and in the chimpanzee, which has great diffi-

culty in maintaining itself, is demonstrated here (Fig.  25). 
Loss of lumbar lordosis will decrease the length of the lever 
arm of the extensors and hence their effectiveness (Fig. 26).

Anterior sagittal imbalance with retraction of the psoas 
and insufficiency of the extensors (the ilio-costalis, longissi-
mus and multifidus and gluteus maximus) may not appear on 
static profile images, such as EOS or lateral full spine radio-

External oblique

Internal oblique

Transversus abdominis

Rectus abominis

Linea alba

Fig. 21 The abdominal muscles schematized on an anterior view
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1 linea alba, 
2 rectus abdominis,  
3 obliquus externus abdominis, 
4 obliquus internus abdominis, 
5 transversus abdominis, 
6 fascia transversalis.

Fig. 22 Horizontal section showing the arrangement of the abdominal 
muscles: (A) section above the umbilicus, (B) section below the 
umbilicus
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1

1 thoracic diaphragm,
2 muscles of the abdominal wall,
3 pelvic diaphragm. 

Fig. 23 Muscles participating in the anterior pneumatic support of the 
spine

2
4

3

5

1

1 tensor fascia latae, 
2 rectus femoris,
3 gluteus maximus, 
4 ischiotibialis,
5 adductor magnus.

Fig. 24 Muscles of the pelvic limb acting on the position of the pelvis: 
(1) and (2) result in anteversion. (3), (4) and (5) result in retroversion
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graphs, but is evident on walking, especially when the glu-
teus maximus cannot maintain a vertical sacrum or the pelvis 
in retroversion (Lee [7]) (Fig. 27).

 The Aponeurosis

They will be studied schematically on horizontal cervical 
and thoraco-lumbar sections.

Three anterior cervical aponeuroses (Fig. 28)

• The superficial aponeurosis (fascia superficialis) envelop-
ing the SCM.

• The intermediate aponeurosis (fascia pretrachealis) envel-
oping the omohyoid and which is a good landmark for 
anterior approach to the lower cervical spine.

• The deep aponeurosis (fascia prevertebralis) located in 
front of the longus colli and the cervical spine.

 The Thoraco-Lumbar Aponeuroses

In Fig. 29, which shows the array of muscles in this region, 
it should be noted that there is a perfect continuity between 
the aponeuroses of the posterior muscles and that of the 
abdominal muscles [3].

• Anteriorly, we find the linea alba. The aponeurosis of the 
rectus abdominis is flanked by the two leaf-like forma-
tions of the internal oblique muscles superior to the umbi-
licus. On the deep aspect, the fascia transversalis is very 
adherent to the peritoneum.

• Posteriorly (Fig. 30), we find the thoraco-lumbar fascia 
as described by Bogduk [8] and which behaves like an 
inextensible envelope put under tension by the contrac-
tion of the posterior muscles to create another system of 
posterior pneumatic spinal support. According to 
Bogduk, therefore, there are three layers: the superficial 
layer consists of the extension of the fibers of the latissi-
mus dorsi inferomedially; the intermediate layer is 
formed by transverse fibers from the middle aponeurosis 
of the posterior serratus superior and inferior; the deep 
arises from the aponeurosis of the ilio-costalis and lon-
gissimus. The ensemble gives a thick, pearly, triangular 
structure with fibers intersecting almost perpendicularly 
near the spinous midline.

Gluteus medius 
Guteus medius

Gluteus maximus

Gluteus minimus
Gluteus 
maximus 

Gluteus minimus

a b

Fig. 25 Comparison of 
insertion surfaces of three 
gluteal muscles: in 
chimpanzee (a) and in man 
(b)

Fig. 26 Lumbar hypolordosis decreases the lever arm of the extensors
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 Action

As we have said, the spinal muscles have a double action—
stabilizing and dynamic actions.

 Stabilizing Action

In the stabilization of the spine, the muscles behave like 
active dampers as opposed to the passive dampers such as the 
discs and the articular facet joints.

• The ventral muscles (scaleni and longus colli at the cervi-
cal level, intercostalis and pectoralis at the thoracic level, 
lumbo-sacral mass, glutei, and hamstrings have a tighten-
ing or contractile effect that corrects the natural buckling 
of the spine (Fig. 31).

• Pneumatic abdominal support is achieved by contraction 
of the abdominal muscles, and thoracic and pelvic dia-

Gluteus maximus 

Standing position walking 

Fig. 27 Failure to stabilize 
the pelvis in retroversion, in 
particular by the worsening of 
gluteus maximus during 
walking. Anterior imbalance 
in standing position which 
worsens during walking
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1 deep aponeurosis (lamina prevertebralis), 
2 middle aponeurosis (lamina pretrachealis), 
3 superficial aponeurosis (lamina superficialis),
4 sternocleidomastoid, 
5 omohyoid.

Fig. 28 Anterior cervical aponeuroses 2

4

31

1 linea alba,
2 thoraco-lumbar fascia,
3 fascia of the rectus abdominis,
4 fascia transversalis.

Fig. 29 Muscles and aponeuroses of the trunk on a horizontal section
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phragms on the abdominal cavity. Morris [9] has demon-
strated that the presence of this abdominal box or column 
reduces the stresses on the spine by almost 1/3, particu-
larly when lifting a weight (Fig. 32).

The muscles constituting the lumbo-sacral mass (ilio- 
costalis, longissimus, and multifidus) enveloped by the 
inextensible thoraco-lumbar aponeurosis form a compos-
ite beam with the vertebral column (Blaimont [10]) 
(Fig. 33). A composite beam is a beam composed of two 
or more different materials, joined together, so that there 
is no sliding movement from one material to another; 
these materials share the stresses according to their modu-
lus of elasticity: the muscles therefore discharge the 
stresses of the bone. This explains the importance of the 
repair and reinsertion of thoracolumbar fascia on spinous 
process in posterior lumbar surgery (Fig. 34).

 Dynamic Action

There are two large movements in the spine: flexion- 
extension and inclination-rotation.

4

3

2

1

1 longissimus dorsi,
2 transversus abdominis,
3 obliquus internus abdominis,
4 thoracolumbar fascia.

Fig. 30 Thoraco-lumbar fascia (Bogduk [8])

Fig. 31 Phenomenon of buckling (black line) and shrinking or 
tightening

Fig. 32 Anterior pneumatic support
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• In flexion-extension, regardless of the spinal level consid-
ered, the muscles in front of the line of gravity are flexors 
and those behind the extensors.

• The inclination-rotation movement is controlled by mus-
cles that intersect this axis of gravity such as SCM, trape-
zius, scaleni in the cervical region, and quadratus 
lumborum, and ilio-psoas in the lumbar area. All of these 
muscles induce an inclination on their same side and a 
rotation on the opposite side.

 Histophysiology

Since 1678, Lorenzi has distinguished the white muscular 
fibers from red fibers in the animal. Ranvier, in 1874, differ-
entiated white fibers with rapid contraction from red fibers 
with slow contraction. In the years 1950–1960, Dubowitz- 
Pearse, and then Kengel developed the histoenzymology 
which allows recognition of the different types of muscle 
fibers.

The different types of muscle fibers

• Type I (slow twitch oxidative) fibers are red, with high 
capillary density. They have an aerobic metabolism and 
are rich in oxidative enzymes (SDH, NADH) but poor in 
glycolytic enzymes. In electron microscopy, there is a 
richness of mitochondria and wide Z band striae 
(760 A°). On the physiological level, these type I fibers 
provide a slow and sustained contraction and are resis-
tant to fatigue. They are found predominantly in the 
endurant and anti- gravity muscles. The force they 
develop is lower than that of type II fibers. Finally, the 
motor neuron which controls these fibers is small and 
the conduction is slow.

• The type IIb fibers (fast twitch glycolytic or fast fatigable) 
are white, of small size and of weak capillary richness. 
They have an anaerobic metabolism and are poor in oxi-
dative enzymes but rich in glycolytic enzymes. In elec-
tron microscopy, there is a relative poverty of mitochondria 
and narrow Z striae (320 A°). On the physiological level, 
these fibers provide a rapid contraction and are not very 
resistant to fatigue. They are more numerous in the phasic 
muscles (in sprinters for example) and are innervated by 
large-sized motoneurons.

• Type IIa (fast twitch oxidative glycolytic or fast resistant) 
are intermediate fibers rich in oxidative and glycolytic 
enzymes; they provide less rapid contractions but are 
more resistant to fatigue.

• Type IIc fibers, present in very low amounts (<1%),  
are embryonic and can be seen in regenerating mus-
cles. All these data are summarized in the table 
(Fig. 35).

 Distribution of Muscle Fibers According 
to the Spinal Level

The percentage distribution of I and II fibers varies for each 
muscle as a function of its tonic or phasic action. In the para-
vertebral muscles, one might think that there is an equal dis-
tribution of fibers I, IIa, and IIb. In fact, at the thoracic level, 
70% are type I fibers compared to 60% in the lumbar level 
(Slager [11]).
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P

1 thoraco-lumbar aponeurosis,
2 lumbo-sacral mass,
3 lumbar vertebra.

Fig. 33 Composite beam
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1

4

1 intact thoracolumbar aponeurosis,
2 posterior arch,
3 contraction of paravertebral muscles,
4 supra-spinous ligament, 
5 relaxed thoraco-lumbar aponeurosis.

5

Fig. 34 The contraction of the lumbo-sacral mass under the inexten-
sible thoracolumbar aponeurosis has a protective effect of the spine 
(schematic horizontal section)
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In the transverse direction, the percentage of I fibers is 
variable (Jorgensen [4]).

• Multifidus: 50.7–57.4%
• Longissimus: 65.2–73.4%
• Ilio-costal 52.4–57.7%

In the antero-posterior direction, according to Jorgensen 
[4] and Bagnall [5], there are more type I fibers in the deep 
layers than superficially. Finally, to complicate the matter, 
Bagnall [5] demonstrated on 19 cases of discectomies that 
there was a difference in distribution of type I fibers between 
the right and left sides.

 Morphological and Functional Variations 
of Muscle Fibers

The natural aging process leads to a loss of muscle mass (sar-
copenia): at age 50 a sedentary subject has lost 10% of his 
muscle mass and a loss of 50% by 80 years. In other words, 
Buckwalter [12] says that we lose 10% of our remaining mus-
cle mass with each decade. For some, there would be a 
decrease in the number of I and II fibers equally. For others, 
there is a preferential decrease in the size of the type II fibers. 
The oxidative (and globally enzymatic) action decreases. 
Classically, the lesions are of the neurogenic type with the 
presence of target cells or ragged red fibers (RRF), we will 
come back to this. Finally, fatty degeneration, especially of the 
deep part of the paravertebral muscles (multifidus), is classical 
and led Hadar [13] to describe three stages of gravity (Fig. 36).

During exercise, there is firstly a paradoxical recruit-
ment of I fibers whose motoneurons are nevertheless of 
small caliber, then IIa and b fibers. While some believe 
that there is no change in the fibers through training, many 
believe that endurance exercises (such as the marathon) 
first solicit and then increase the number of I fibers, while 
in the high intensity exercises (as in sprinters), there is 

first solicitation and increase of II fibers. MacDougall 
estimates that working with heavy loads increases II fibers 
by 33% and I fibers by 23%. It is conventional to say that 
the appearance of muscular “bulking” is the hypertrophy 
of II fibers. In these modifications due to training, the 
dilemma is whether there is an increase in the number or 
size of the fibers, the second hypothesis being the most 
probable.

Electric stimulation recruits fast fibers, especially at low 
frequency.

The immobilization of 4 weeks results in a loss of strength 
of 30–50%. There is an atrophy of the I and II fibers but 
especially of the I fibers because they predominate in anti-
gravity muscles.

 Paravertebral Muscles in Spinal Pathology

This chapter will largely summarize the presentation 
made to the French Scoliosis Study Group (G.E.S.) in 
Nantes in 1994 [14] on morphological, histoenzymologi-
cal, and ultrastructural aspects in 33 patients with various 
spinal pathologies on tests performed by Coquet, 
anatomopathologist.

We will analyze these results by comparing them with 
those of other authors for four pathological entities:

 1. Lumbar instability with chronic low back pain for which 
a surgical procedure (flexible or rigid arthrodesis or her-
nia discectomy) was proposed. In parallel with standard 
anatomopathological examinations, the subjects under-
went isometric tests,

 2. Arthrogenic kyphosis, with severe and progressive forms 
of lumbar degeneration,

 3. Idiopathic scoliosis (previously documented muscular 
histology and electromyography),

 4. Iatrogenic effects on the muscles after posterior spinal 
surgery.

Type I Type II a Type II b
Color Red Intermediate White

Capillary density High High Low
Metabolism Aerobic Aero and Anaerobic Anaerobic

Oxidative enzymes Rich Rich Poor
Glycolitic Enzymes Poor Rich Rich

Anglo-saxon 
denomination

Slow twitch oxidative
Fast twitch oxidative / 

glycolytic Fast twitch glycolytic

Mitochondria +++ ++ +
Z band Intermediate Wide Narrow
Action Tonic Phasic Phasic
Effort Endurant Resistant

Contraction Slow Fast resistant Fast fatigable
Fatigability Late Late Early

Motoneurone
Small size (low 

conduction speed)
Large size (high 

conduction speed)

Fig. 35 Characteristics of the 
I, IIa, and IIb fibers
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Technical Reminder: in all cases, the muscular specimen is 
surgical when approaching the paravertebral muscles (multifi-
dus, longissimus, or more rarely ilio-costal). This sampling 
must be done carefully, without using the electric scalpel, 
without damaging the muscle piece which must have a length 
of 10  mm (long axis parallel to the fibers) and a width of 
4–5 mm for the histo-enzymology study, 2 mm for electron 
microscopy with inclusion in glutaraldehyde. The pieces are 
sent as quickly as possible to the laboratory to be frozen in 
isopentane cooled to −160° by liquid nitrogen. These few 
elementary details avoid artifacts that complicate interpreta-
tion. Three types of examinations are carried out: optical 
microscopy with specific staining that provides 5–20% of the 
diagnosis [15], histoenzymology which is instructive in about 
80% of cases, electron microscopy that complements informa-
tion on constituents of the myocyte and interstitial tissue.

 Elemental Lesions, Lesional Groups

This succession of exams allows one to describe:

 1. Elemental lesions of the muscular fibers with some abnor-
mal characteristics such as (Fig. 37):

• Targeted cells (most often referred to as neurogenic 
lesions),

• Targetoid cores (pseudocore fibers, central cores in 
myofibers) visible on the oxidative preparations in 
histoenzymology,

• Ragged red fibers (RRF), visualized by a modified 
Gomori trichrome, confirmed by the ultrastructure; 
these RRF are found in certain myopathies, muscle 
ischemia and in the elderly,

• The lipid overload highlighted by black Sudan 
staining (nonfluorescent, relatively thermostable 
lysochrome (fat-soluble dye) diazo dye) on freez-
ing cut,

• The fibroadiposis on paraffin cut.

 2. Lesional groupings:
• Neurogenic lesions with grouped involvement of the 

fibers since it is the motor unit that is affected (group-
ing phenomenon),

• Myogenic lesions with irregular fiber involvement and 
variegated topography,

• Dystrophy which is equivalent to a severe myogenic 
lesion with significant necrosis and fibroadiposis.

1
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3

Fig. 36 The three stages of 
fatty degeneration of Hadar 
[13]

J. M. Vital



269

 Lumbar Instability Resulting in Chronic Low 
Back Pain

Twelve patients operated on for lumbar instability (discec-
tomy or arthrodesis) underwent muscle sampling. Twice, 
there were no abnormalities. The most typical lesion is atro-
phy more than the decrease in the number of type II fibers, 
the predominance of type I fibers, and the presence of targe-
toids core and RRF. The presence of some RRF (3%) is sig-
nificant in subjects of 40  years on average. Laroche [16] 
describes degenerative myopathy of the paravertebral mus-
cles. The fibroadiposis is sometimes very marked and corre-
sponds to the images of fatty degeneration found on CT 
(Hadar [13]) or MRI (Parkkola [17]) scan. Anderson [18], in 
a recent study, also found this decrease in the diameter of II 
fibers with the presence of targetoid cores. They carried out 
post-rehabilitation checks in operated patients: there was 
regular improvement in histological evidence demonstrating 
the reversible state of the lesions. Rantanen [19] on 18 dis-
cectomies recognizes a decrease in II fibers; at 5 years, this 
imbalance disappears and adiposis diminishes. Similarly, 
Larsson [20] found RRF eight times out of 11 in the trape-

zius and only four out of ten in normal subjects. Finally, all 
of these histological studies recognize, at the early stage of 
lumbar instability, an atrophy of the fast II fibers and, at a 
later stage, a fibroadiposis and the high presence of RRF. The 
subject, losing its potential in fast fibers, loses, in some way, 
its adaptation to inappropriate or wrong movements. This 
deficit of the extensors was confirmed by isometric and iso-
kinetic investigations.

 Arthrogenic Kyphosis

It is a nosological entity central to degenerative lumbar 
pathology. It affects patients at approximately 60 years hav-
ing often worked extensively in a flexion position, with a loss 
of lumbar lordosis without major degenerative scoliosis. The 
inflection of the trunk is generally aggravated by walking 
and requires the aid of a stick. Radiologically, there are signs 
of severe lumbar degeneration with anterior narrowing of the 
lower lumbar discs (hence this very important loss of lordo-
sis) and hypertrophy of the facet joints and the laminae limit-
ing spinal extension. Lipomatous muscular degeneration in 

a b
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Fig. 37 Elementary histological lesions. (a) target cells of a neurogenic lesion. (b) core targetoid or pseudocore of a myogenic lesion. (c) ragged 
red fiber (RRF) of a myogenic lesion
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CT/tomodensitometry and MRI is significant (stage 2 or 3 in 
the Hadar classification) near the lumbo-sacral junction and 
has the peculiarity of extending to the thoraco-lumbar area 
(Fig. 38). Numerous denominations have been proposed for 
this condition: camptocormia (truncal inclination) has rather 
a hysterical connotation (described during the First World 
War). Rénier [21] proposes instead the term of reducible 
kyphosis with myopathy.

We prefer most to speak of degenerative or arthrogenic 
kyphosis because in the five patients operated on for surgical 
correction, there appeared increased histopathological signs 
observed in the group of lumbar instabilities: almost com-
plete disappearance of type II fibers, major fibroadiposis 
affecting both the lumbar and specifically thoracolumbar 
muscles, abnormal presence of targetoid cores and RRF. On 
bibliography, Takemitsu [22] described a homogeneous 
series of 105 cases with five stages of radiological progres-
sion of gravitation according to the prevalence of lumbar 
kyphosis and retroversion of the pelvis; the common factor 
predominant in this series is the prolonged bent forward 
labor, such as working in rice fields, and thus both the disuse 
of the extensors and their prolonged tension. The histological 
aspect of this has not been studied. Laroche [16] describes 14 
cases of neighboring clinical cases with muscle samples 
showing the presence of targetoid cores and an abnormal dis-
tribution of the mitochondria. Revel [23] supports a neuro-
genic hypothesis, advocating compression of the posterior 
motor branches that fit into the framework of osteoarthritic 
neurological compressions.

Hilliquin [24] describes inflammatory lesions and speaks 
of myositis responding to anti-inflammatory treatment. 
Finally, Styf [25] raised the hypothesis of a syndrome of the 
muscular compartments. We will recall that Simmons [26], 
which studied the under-used paravertebral muscles of anky-
losing spondylitis, showed that there was atrophy of I and II 

fibers and the presence of core targetoids. Our impression 
[27] is that there is usually a lack of use and thus a major 
degeneration that can progress as far as dystrophy.

 Idiopathic Scoliosis

Seven patients were sampled during posterior arthrodesis 
surgery. These were adolescent scoliosis, severe thoracic lor-
doscoliosis, and infantile scoliosis over 100°. In a fairly reg-
ular manner, there were few abnormalities on the concave 
side and on the convex side, the reminiscent signs of lesions 
of the underused muscles of the lumbar instabilities: atrophy 
of the II fibers, predominance of the I fibers. In the case of 
infantile scoliosis, the signs suggest a neurogenic involve-
ment with severe fibro-adiposis, somewhat as if the intercos-
tal nerves, very compressed between the ribs, no longer 
transmitted the nerve impulses.

This chapter of idiopathic scoliosis is probably the one 
that has been the most studied: the results are also somewhat 
discordant. Bylund [28] studied 16 idiopathic scolioses and 
seven congenital: he found in idiopathic scoliosis an increase 
of I fibers on the convex side and a decrease of the same 
fibers on the concave side. The same findings are made in 
congenital scoliosis, which suggests that muscular lesions 
are the consequence of spinal asymmetry, whatever the 
cause. Zetterberg [29] also found an increase in I fibers on 
the convex side. Slager [11] studied 19 cases of non- 
idiopathic scoliosis and notes a preponderance of I fibers on 
the convex side as in an overtrained muscle. Yarom [30] out 
of 45 operated idiopathic scoliosis noted an atrophy of the I 
fibers on the concave side; suggesting a global neuromuscu-
lar disorder because the studied deltoids and quadriceps also 
present anomalies. Sangal [31] finds these same anomalies 
on the gluteus maximus. Chan [32] in an S.T.I.R.  M.R.I. 

a b

Fig. 38 M.R.I. of arthrogenic kyphosis with stage Hadar 3 in lumbo-sacral area (a) and stage Hadar 2 in thoraco-lumbar area (b)
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study found an increase in fatty hypersignals at the apex of 
the concavity, in proportion with the Cobb angle and curve 
evolution. For our part, we found fatty degeneration in the 
concavity (Fig. 39).

 Muscle Integrity After Posterior Arthrodesis

We report the case of a 25-year-old woman who was oper-
ated on for post-traumatic spinal kyphosis, the initial frac-
ture not being complicated by neurological deficit. A Dove 
frame fixation was applied and the material was removed 
16 months later: the thoracic muscles near the graft and the 
underlying lumbar muscles were compared. In the arthrod-
esis, there are typical neurogenic signs of degeneration 
with phenomena of grouping in histoenzymology and 
mitochondrial abnormalities; we can judge here the conse-
quences of the posterior approach—dissecting off the 
muscles from the median line to the transverse processes. 
Kawaguchi [33] studied the development of muscles in the 
rat after prolonged stretching; there is sometimes irrevers-
ible damage depending on the length of the distraction. 
Direct trauma, devascularization, and denervation have a 
reduced pejorative effect in minimally invasive approaches. 
More recently, Gille [34] published on the study of poste-
rior lumbar muscles in M.R.I. with an evaluation of the 
axial sectional area (proportional to the force) and the con-
tractile component (also proportional to the force). After 
posterior arthrodesis, the contractile component decreases 
more inferiorly than towards the superior aspect of the 
arthrodesis, probably due to the descending action of pos-
terior nerves altered by dissection [35]; this unfavorable 
effect is not diminished by the use of curare (muscle relax-
ant) [36].
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Configuration of the Posterior Lumbar 
Muscles: Study of Lumbosacral 
Malformations and the Extraforaminal 
Approach (ELIF)

D. Recoules-Arche and T. Somon

 Purpose

A correlation between the shape of the three posterior lum-
bar muscles (Multifidus, Longissimus pars lumborum and 
Iliocostalis pars lumborum) and the vertebral levels has been 
studied with application to lumbosacral malformations and 
the extraforaminal approach (ELIF).

 Background

The extraforaminal approach [1, 2] to the lumbar spine 
makes it possible to treat a very lateral herniation or to 
perform an interbody fusion with cages (ELIF). The 
approach is made through a natural cleavage plane 
between the three posterior lumbar muscles (Multifidus 
(M), Longissimus pars lumborum (L) and Iliocostalis pars 
lumborum (IC)). The shape of these muscles varies with 
the level of the lumbar spine. To help the surgeon in this 
intermuscular approach, we have made, at every level, a 
correlation between the shape of these muscles and the 
level of the vertebral discs. A pattern has been found in 
the normal lumbar spine and in spines with lumbosacral 
malformations.

With lumbosacral malformations, the bony architecture 
is somewhat ambiguous and not always easily described 
despite a lot of classic markers [3–5]. The vertebral seg-
mentation, from genetic origin, includes both muscular 
and bony structures. Every lumbar posterior muscle has its 
own shape that varies with each vertebral level. Every 
muscle belongs to a clearly defined vertebral segment. A 
global study can help the understanding of these 
malformations.

 Anatomy [6]

Every lumbar vertebra gives insertion to five fascicles of the 
Multifidus. Every fascicle spans the underlying vertebrae. The 
belly of the Multifidus lies behind the vertebral lamina as far 
as the mamillary processes. The last mamillary process is the 
sacral one, near the ala sacra and the internal iliac aisle. The 
length of the posterior vertebral lamina increases from L1 to 
S1. So, the belly of the Multifidus is larger in S1 than in L1.

The Longissimus and Iliocostalis (pars lomborum) have 
one fascicle at each level. Each fascicle attaches to a transverse 
process. The muscular belly spans to the iliac crest and the 
postero-superior iliac spine. So, their bellies are the largest in 
the middle lumbar level and decrease towards the iliac crest 
where they attach and form a musculo-aponeurotic sheet.

The inversion of the muscular shapes, larger in the upper 
level, for the Iliocostalis and the Longissimus (pars lumbo-
rum), larger in L5S1 for the Multifidus, must be noted.

 Patients and Method

A series of 90 lumbar spines have been analyzed by two 
experienced spine specialists, a neuroradiologist and a neu-
rosurgeon. The results of each specialist were also repeated. 
The study was performed with X-ray and CT-scan with a 
specialized software (Fig. 1). Among the 90 studied lumbar 
spines, 59 presented a normal bony anatomy. Thirty one 
were recognized as having a lumbosacral malformation. A 
disc, above a vertebra that is attached to the pelvis is named 
“free or functional disc”. The first “free disc” is usually 
L5S1. The upper discs, named second, third and fourth discs 
are usually L4L5, L3L4 and L2L3 (Table 1).

Instead, a disc, under a vertebra completely or partially 
attached to the pelvis is a false or non-functional disc. 
Usually, this disc is S1S2.

The surface of the posterior muscles has been measured at 
the level of the four last “free discs” and, if necessary, the 
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“non-functional disc”, with horizontal cross-sections, that go 
through the posterior part of the inferior endplate.

These horizontal cross-sections are studied from native 
slides acquired during CT scan and not with cross-sections 
made in the axis of the disc.

The axis of the disc varies with lumbar lordosis. The 
cross-sections overlap and represent a shifting surface of the 
muscles. Instead, horizontal cross-sections, by definition, are 
parallel and represent a specific surface of the muscle.

Two muscular surfaces have been measured: the surface 
of the Multifidus (MS) alone and the global surface (GS) of 
the three muscles (M + L + IC). The ratio of the two surfaces 
(MS/GS) has been calculated.

The vertebrae have been named in accordance with clas-
sic data:

• Five free lumbar vertebrae
• The L3 transverse process is longer, larger and more hori-

zontal than any other

• Instead the L4 transverse process is short, slender with an 
oblique ascending slope

• The innominate line crosses the disc L5S1 in its posterior 
part, on the lateral X-ray

• The sacral slope (S1 endplate) is 38° (± 8°)
• The superior attachment of the psoas muscle is at T12L1 

level

 Results

The results are reported in Table 2.

• Those of a lumbar spine that has been seen as normal
• Those of lumbar spine with lumbosacral malformation

Fig. 1 CT-scan lateral and 
axial views L4–L5. 
Measurement of the surfaces 
of Multifidus and the three 
posterior muscles 
(M + L + IC) with horizontal 
cross-section

Table 1 True levels

Normal lumbar 
spine

Lumbar spine with 
sacralization

False or non- 
functional disc

S1S2 L5S1

Free disc First disc L5–S1 L4–L5
Second 
disc

L4–L5 L3–L4

Third disc L3–L4 L2–L3
Fourth 
disc

L2–L3

Table 2 Surfaces ratio of the lumbar posterior muscles at every disc 
level

Surfaces ratio
Multifidus

Multifidus Longissimus Iliocostal
=

+ + iis

Normal lumbar spine Sacralization
Number of spines 59 31
False or non-functional 
disc

– –

Free disc First disc 95% (80–100%) 64% (43–81%)
Second disc 51% (43–66%) 37% (33–42%)
Third disc 34% (27–39%) 20% (15–27%)
Fourth disc 18% (15–21%) 15% (12–18%)
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 Discussion

At every level, the mean ratio between the surface of the 
Multifidus and the global surface of the three muscles is very 
precise, with a very narrow range.

To be the most precise, the extreme values, at every level, 
never overlap the values of the adjacent levels.

The smallest range is at L3L4 level. This can be explained 
by the lumbar lordosis. The L3L4 disc is usually in a horizontal 
plane. A horizontal cross-section is not affected by the lordosis. 
The cross-sections are nearly perpendicular to the muscles, that 
is, always with the same angle, as previously described.

At every level a precise pattern can be described at that 
specific segment.

Instead, if the figures do not match the presumed level, a 
malformation can be suspected. The true level must be iden-
tified in Table 1.

Other authors have studied the posterior lumbar muscles. 
Fortin et al. [7] have described a quantitative paraspinal mea-
surement. Hoh et al. [8] have searched the anatomical fea-
tures of the paramedian muscles with application to the 
splitting approach to the lumbar spine.

If we compare the results we have obtained with this 
method to the classic anatomical markers, we notice that all 
classic markers can be wrong but one: the superior attach-
ment of the psoas muscle. In summary, it is the muscular 
system or myomer, that is, the anterior psoas muscle and the 
posterior lumbar muscles that mark the segmentation most 
precisely. The L3L4 disc, or the third “free disc”, is the most 
reliable (MS/GS 34%). This disc is key to this research.

In our study, we find 31 sacralizations for 90 lumbar 
spines.

Two forms of sacralizations can be described:

• The first one (Fig. 2) is a lumbar spine with four free ver-
tebrae and one vertebra which is attached to the pelvis. It 
is an obvious sacralization, usually well described radio-
logically. We named this form, 4FV  +  1 (4 free verte-
brae + 1 attached).
The s, at every level (those of the free discs and the figure 
of the transitional disc), are those obtained for a normal 
lumbar spine from L2L3 to L5S1.
Thirteen forms of this sacralization (4FV + 1) have been 
found on 31 various sacralizations.

• The second form of sacralization (Fig. 3) represents the 
other 18 sacralizations. This form, unlike the sacraliza-
tion 4VF + 1, is far from obvious. The lumbar spine pres-
ents, at the first glance, five free lumbar vertebrae and 
one transitional vertebra. For this reason, we named this 
form 5FV + 1. At every level the ratios are different from 
those obtained in a normal lumbar spine. Or, as we have 
written, the ratios are very precise, specific for a level. 
The discrepancy has prompted a search for a hidden 
malformation.
For these 18 lumbar spines, we studied the insertion of the 
psoas muscle, either with MRI or by coronal cross- 
sections. The thoracic vertebrae were also counted:
 – The first free vertebra, under the rib cage, is not L1 but 

T12.
 – The last free vertebra, at the lumbosacral junction, is 

not L5 but L4.

This form of sacralization (5FV + 1) presents also these 
particularities:

M

Fig. 2 Sacralization form 4 FV + 1. CT-scan volume 3D and axial view + X-ray lateral view: 12 thoracic vertebrae; four lumbar vertebrae; one 
transitional vertebra (L5)
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• The last free vertebra has a transverse process smaller 
than the next superior vertebra that is the second free ver-
tebra. This last one often presents the longest transverse 
process (instead, usually, these particularities are respec-
tively those of L4 and L3).

• The innominate line, on the lateral X-ray view, does not 
cross the last free disc but the non-functional disc (instead, 
usually, this particularity respectively belongs to L4L5 
and L5S1).

This form of 5FV + 1 sacralization is obviously the most 
difficult to identify, commonly described by radiologists as a 
normal lumbar spine or as lumbarization.

Though, the lumbarization, in our study, is hardly identi-
fied. It seems to be a normal lumbar spine with few varia-
tions. Sometimes, there are a prominent ala sacra and a 
somewhat posterior innominate line.

Instead, the transverse processes (L3 larger than L4), the 
attachment of the psoas muscle and the figures of our study 
are those of a normal lumbar spine. No specific pattern has 
been used as a criterion.

Hox genes encode transcription factors essential for pat-
terning the anterior to posterior animal body axis [9, 10]. 
During development, hox genes are activated in a time 
sequence. A slight time delay in expression leads to caudal 
transposition of the sacrum.

Concerning monkeys [11], the primitive monkeys 
(macaque, gibbon) have seven or eight free vertebrae (11 
thoracic vertebrae, six or seven free lumbar vertebrae and 
one free sacral vertebra). The lumbar spine mobility between 
the thorax and the pelvis is important.

Instead, the great monkeys (gorilla, chimpanzee) stand 
up: this required a strong bony pelvic frame for sustaining 
the weight of the erect trunk. The chimpanzee has 12 or 13 
thoracic vertebrae, three free lumbar vertebrae and six or 
seven fused sacral vertebrae.

The lumbar spine of homo sapiens seems to be placed 
between these two forms.

The lumbar spine flexibility may be linked to the persis-
tence of either one free thoracic vertebra or one free sacral 
vertebra (Fig. 4).

Instead, the lumbar spine inflexibility may be linked to the 
complete dorsalization of 12 thoracic vertebrae and the tho-
rax or the superior (sacralization) progression of the sacrum, 
including the fifth or even the fourth lumbar vertebrae.

Proponents of the lumbar interbody fusion surgery tend to 
increasingly prefer a more lateral approach in recent years.

The Extraforaminal Lumbar Interbody Fusion (ELIF) 
(Fig. 5) reaches the disc with a 45° angle, due to a skin inci-
sion 10 cm lateral to the midline. The approach reaches the 
plane between the Multifidus and the Longissimus pars lum-
borum [1, 2]. The surgeon is able to glide between the mus-
cles, described by CT. The surgical approach is led, not by an 
ambiguous bony architecture due to vertebral distribution 
abnormalities but by the pattern of the muscle groups at the 
level of the foramen.

For example, at the L4L5 level the surgeon will find the 
plane between the Multifidus and the Longissimus pars lum-
borum midway between the midline medially and the iliac 
crest laterally.

At L3L4 level, the plane will be at one-third of the way 
from the midline to the iliac crest.

M

Fig. 3 Sacralization form 5 FV + 1. CT-scan volume 3D, axial and coronal views: 11 thoracic vertebrae; five free vertebrae (T12 + 4 lumbar 
vertebrae); one transitional vertebra (L5)
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 Conclusion

The muscle pattern, genetically controlled, is specific to each 
level of the lumbar spine. The figures of the three muscles 
(M, L and IC) surfaces, measured with CT horizontal cross- 
sections, match one vertebral level. That leads the clinician 
in the study of the lumbosacral malformation and the sur-
geon in the extraforaminal intermuscular discal surgery.

ELIF makes it possible to insert two cages in the disc with 
an approach between the muscles. This explains that this 
technique respects the muscles and can be called a really 
mini invasive technique.
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Vertebral Column: Muscles, 
Aponeurosis, and Fascia

F. Bonnel and A. Dimeglio

The anatomical complexity of the muscles of the vertebral 
column is subtended by a concept based on a muscle–
aponeurosis–tendon synergy. In 1989, Zajac [1] and Ettema- 
Huijing [2] contributed to a new concept on their morphology 
and behavior with the notion of pennate muscle and function 
of the aponeurosis. In 1936 Winkler [3] noted (in French) 
“The comparative study of the vertebral column muscles does 
not seem to have interested many researchers, if we judge by 
the minimal work carried out in this field. The great complex-
ity of the muscle systems is difficult to study, thus the descrip-
tions by the authors are various. Comparative anatomy 
confirmed the conceptual principles of the vertebral muscles 
according to the overall bone morphology in the analyzed 
species. For Gracovetsky [4], to understand its function was to 
evaluate the nature of the forces it must support. On an onto-
logical plan, he suggested that the vertebral column of the fish 
and the surrounding tissues would have been the first “engine” 
which allowed motion and concluded that the column was a 
“mega muscle.” A knowledge of the morphology of the intrin-
sic constitution of the muscles of the thoracolumbar column 
allows modeling [5] in the context of low back pain in order 
to determine the factors responsible and its prevention.

 History

The number of muscles, with the difficulty of dissection, has 
limited their study. Books of anatomy (“Dionis [7], Heister 
[8] Spigelius [9]) Fig.  1)” showed a difficulty and critical 
analysis based on a lot of dissections.

As early as 1685, Stenonis [10] described the geometry of 
the fasciculi: its diaphragm, although simplified, gave a clear 
picture of its organization at the tendon which becomes pro-
gressively thicker. Borelli [11] noted that “the length of a 
muscle was proportional to its degree of motion, which 
depends on the shortening” and admitted seven forms: pris-
matic, rhomboidal, orbicular, crossed, penniforme, radiate, 
helical. Stenonis noted [10] that the length of fascicles was 
constant for each type of muscle (Fig. 2).

In 1892, Trolard, describing the spinal muscles, noted that 
the transversospinalis was most often reduced to a few fas-
cicles. “Despite its numerous dissections, it refused to allow 
a classification and adopted a topographic description from 
superficial to deep” [12].

The papers on the strength of the muscle were carried by 
the German anatomists Fick [13], von Lanz, and Wachsmuth 
[14] at the end of the nineteenth and twentieth centuries. 
Fick [13] noted the relations between size and power and 
characterized the importance of the notion of all fascicles 
in relation to their maximum strength (“Cross Section 
Area”).

The conventional descriptions were based on the complex 
muscle-tendon with 2 parts, a red central muscle and a tendi-
nous terminal. The histological and physiological evaluation 
must be modified and has not been developed in anatomy 
textbooks. Dissections that we have done since 1985 have 
led to a macroscopic dissection on the disposition of the fas-
cicles with the pennation, the aponeurosis, and the fascia to 
support innovative therapies [15].

F. Bonnel (*) 
Orthopedic Surgery, Clinique Beau Soleil, Montpellier, France 

A. Dimeglio 
Department of Pediatric Orthopedic Surgery, Polyclinique Saint 
Roch, Montpellier, France

The model proposed in 2012 by Chrystophy [6] on the 
lumbar column involved 238 muscle fascicles and 5 
intervertebral discs, from the vertical neutral position 
up to 50° of flexion.
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 Organogenesis

Embryologically, the skeletal muscles derive from the meso-
derm, whose cells are organized into regular groups with 
anteroposterior distribution with the somites. There are several 
species of myoblasts during ontogenesis, those who remain in 
the somitic territory, at the origin of the trunk muscles, and 
those who migrate to the limb bud. The differentiation of meso-
derm into myoblastic cells is dependent on four regulatory 
genes: myoD, myogenin, myf5, myf6, plus a fifth less well 
identified: myd [16]. They are organized into 42–44 somites.

Some (e.g., rectus abdominis) derive from the fusion of sev-
eral myotomes. The muscular precursors of a myotome give 
rise to separate muscles in the horizontal plane (trapezius, ster-

nocleidomastoid) or in the frontal plane (external oblique and 
transversus abdominis) and migrate at a distance from their 
original myotome (trapezius, latissimus dorsi). Before birth, 
the number of fascicles increases and between 2 and 16 years, 
according to a multiple of 14 with a regular rhythm up to 
50 years, their size is greater in men than in women, measuring 
3–10 cm long and less than 0.1 mm thick (Figs. 3, 4, and 5).

Fig. 1 Representations of the 
muscles of the vertebral 
column as per Spigelius 
(1685). Note the attention to 
detail in the presentation

By the fifth week, the myotubes appear; at 8  weeks 
(30 mm vc), all the muscles have their mature form and 
change their orientation with the exception of the axial 
longitudinal muscles.

F. Bonnel and A. Dimeglio



281

 General and Semantic Organization 
of the Muscle

 Curvatures: Anatomical and Biomechanical 
Fundamentals

The human column has undergone a double evolution with 
adaptation for bipedal stance and recumbency. Throughout 
its height, it is unstable in the three planes of space, the regu-
lation of which is ensured by all the structures constituting 
two essential mechanical principles with variable curvatures 
and the articular tripod. The notion of curvature is old, Fick 

[13] integrated the hip and pelvis entirely and the functional 
consequences of other types of curvature. At the end of 
growth, we consider that its morphology is stable. If it were 
straight and rigid, we would have difficulty maintaining our 
balance and in the face of mechanical stress, the deformation 
would be unpredictable (buckling).

Fig. 2 Modeling of the vertebral column by Stenonis (1685) with integration of the globality of the load. In this representation, note the mechani-
cal continuity between the column and the lower limb

To adapt, each segment has a curvature that ensures a 
prestressed state of defined shape, organized to oppose 
precise predictive forces so as to avoid breakage.

Vertebral Column: Muscles, Aponeurosis, and Fascia
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Thus, during loading, the deformation will occur by 
accentuating the curvature, and under such conditions, it is 
easier to resist the deformation by concentrating the muscu-
lar insertions into the concavity. The existence of curvatures 

SOMITE

Sclerotome

26 days 

Fig. 3 Histological sections 
of a fetus with positioning of 
somites and neural tube

Fig. 4 At the 60th day of intrauterine life, all muscles are in their final 
position

Fig. 5 During the same period, the neural tube will protect the spinal 
cord. Coronal section of the cervical spine: topographic relationships 
with the spinal cord

F. Bonnel and A. Dimeglio



283

and the flexibility of the intervertebral joints contribute to its 
stability in an erect position. There are so-called physiologi-
cal curvatures which provide greater resistance according to 
the laws governing the elastic columns with alternating cur-
vatures. For these, the resistance to the pressure is expressed 
by the relation N2 + 1, where N is the number of curvatures 

(4 × 4) and 1 the resistance of a rectilinear column of the 
same diameter. In the case of the column with 4 curvatures: 
cervical, thoracic, lumbar, and sacral, the resistance is 17 but 
it is not appropriate to consider the rigid sacral curvature thus 
resulting in 3 curvatures (3 × 3 + 1 = 10) (Figs. 6 and 7). It is 
excessive to establish a strict relationship in a structure where 

Fig. 6 Sagittal sections of 2 fetuses  
(a, b) and adult subjects (c) to show the 
configuration of curvatures of the spine. 
Progressive placement of column 
curvatures from the fetal period, from 
the newborn to the adult

a bFig. 7 Sagittal section of a vertebral 
column with its curvatures (a). Varieties 
of curvatures considered physiological 
according to Fick [13] (b)

Vertebral Column: Muscles, Aponeurosis, and Fascia
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bone density, power of muscles, and ligaments intervene in 
strength as much as the number of curvatures. Some verte-
brae or “keystones” have a special position with respect to 
these curvatures, neutral, and passive vertebrae during move-
ments. The keystone of the cervical spine is C5 or C6, the 
thoracic and lumbar spine in T7 and L3. The transition verte-
brae T1, T12, and L5 are not very mobile during the move-
ments between the different segments. The first and last are 
protected, but the thoracolumbar junction is not and forms 
the frequent traumatic focus that extends from T10 to L1. 
Cervical lordosis is in harmony with thoracic kyphosis and 
lumbar lordosis specific to humans. Standing exists only in 
part for semi-bipeds (semi-brachiators) and more fragile 
extent in other primates. It hardly exists in infants and only 
forms when the trunk is erect and then when walking.

The essential role in the maintenance of this attitude is 
devolved to the muscular tone of posture, in particular to small 

permanent contractions of the muscles of the paravertebral 
gutters and the pelvic girdle. The first biomechanical experi-
ment on stability with incorporated muscles was presented by 
Bergmark [17] with an elastic function. In a histological study, 
Nitz [18] determined the number of neuromuscular spindles in 
the muscles of the lumbar portion with, in the interlamellar and 
interspinous muscles, where a much larger percentage of neu-
romuscular spindles exist than in multifidus and semispinalis.

 Musculo-Aponeurotic Static and Dynamic 
Mechanical Imperatives

Interspinous M

a

Emerging Spinal Nerves

Spinal Nerve

Intermamillary M

Interstyloid Mm

Mamillo-Styloid M

b c

Fig. 8 (a) Diagram of the 
short muscles [3], (b) sagittal 
section centered on lumbar 
spinal processes and (c) 
close-up of unipennate 
muscles: interlamellar, 
interspinous, intertransverse

These intersegmental muscles, in addition to their 
mechanical role, are regulators of tension (Fig. 8).

F. Bonnel and A. Dimeglio
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The muscles and their fascia provide stabilization in an auto-
matic control mode via the extrapyramidal system. Each ver-
tebral body is positioned statically and dynamically, not only 
in relation to its neighbors, by the play of the short interseg-
mentary muscles placed in the depth of the vertebral gutter, 
but also in relation to the whole of the spine by the action of 
the superficial long muscles, which supposes complex muscu-
lar attachments. The imperative is the maintenance of a sym-
metry, with a rigorous adjustment of ligamentary traction and 
tension with 3 muscular groups: posterior vertebral, oblique 
latero-vertebral (vertebral rotation) in case of deflection and 
anterior, so that any imbalance may cause a deviation (Fig. 9).

The general systematization of the posterior muscles is 
based on the direction of their bundles which comprise differ-
ent groups, for example, at the lumbar level: a sacro- transverse 
group (ilio-costal and longissimus dorsi), transverso-spinal 
group (transverse spinous with several long lamellar chevrons, 
short and long spinous), interspinal group (7 pairs of interspi-
nous muscle), and intertransverse group (7 pairs of intertrans-
verse muscles). The laterovertebral muscles form 2 powerful 
muscular columns at the lateral lumbar part (quadratus lumbo-
rum and ilio-psoas). The anterior abdominal muscles counter-
balance the action of the posterior muscles along with those at 
the cervical level (longis coli, rectus abdominis) and by a con-
tinuous superficial set from the head to the pelvis (sterno-clei-

domastoid, sternum, rectus abdominis, and 3 lateral oblique 
muscles with, from surface to deep, the external oblique, inter-
nal oblique, and transversus of the abdomen, whence their 
importance in lumbar posture (Fig. 10).

 Comparative Anatomy: Curves and Muscles

The studies of comparative anatomy by Winkler [3] were a 
response to the relationship between the notion of curvature 
and the anatomy of the muscles: "We did not hesitate to 
extrapolate this study in the field of comparative anatomy, 
knowing that it would be of great interest by observing sim-
pler cases, less evolved than in humans." One of the main 
factors that oppose the thoracic vertebrae to the lumbar is the 
anticline with the orientation of their spinous processes in 
relation to the intermediate vertebra (approx. T12). Those of 
the thoracic vertebrae are inclined towards the intermediate 
vertebra, and they generally diminish in height as they 
approach it. At the level of the lumbar vertebrae, we find 
approximately these same features provided that they are 
observed in the caudal-cranial direction. The spinous pro-
cesses gradually incline towards the limiting vertebra and 
diminish in value as we get closer to it. Those of the thoracic 
region are in retroversion, while the lumbar are in antever-
sion with respect to the intermediate vertebra. Anticlinia 
does not uniformly exist in the mammalian series, which is a 
function of the degree of mobilization of the trunk subdi-
vided into two: cervico-thoracic or anterior and lumbosacral 
or posterior chains. In quadrupeds, the ilio-costal muscle is 
subdivided into two segments, one lumbar and the other 
thoraco- cervical. The lumbar part may be lacking (insecti-
vores), while the other two still exist. The muscle is all the 
more flat and tendinous as the convexity of the column is 
accentuated. In the latter case, when the curvature is too 
strong, there is no muscle (insectivores), when it is neutral, 
neither convex nor concave, the muscle does not exist (ungu-
lates). It is observed that, in quadrupeds, the ilio-costal mus-
cle is generally weak and tending to its initial lumbar part, 
that it is more and more “strong and fleshy” at its thoraco- 
cervical terminal part. In semi-orthostatic simians, the ilio- 
costal muscle is consistent in size from one end to the other. 
In anthropoids and in man, on the other hand, it is highly 
developed and fleshy in the lumbar region and progressively 
weakens in the cranial direction (Figs. 11 and 12).

 Numbers

The number of muscles presumed to be 400 varies: for 
Chaussier [19] 368, Theile [20] 346, Sappey [21] 501 distrib-
uted into 190 truncal, 63 head-neck, 98 upper limbs, 104 
lower limbs, and 46 of the abdomino-pelvic system.

Fig. 9 Organization of the muscles according to the principle of the 
stays (akin to a guy rope or cable tethers) from the shortest to the 
longest

Vertebral Column: Muscles, Aponeurosis, and Fascia
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 Old Nomenclature

Their denominations were based on a single principle. Before 
Sylvius [22], they were designated by the numerical names 
of first, the second, following the order of their superposition 
or their use. The order of Galen [23] was entirely topographi-
cal. Vésale [24] substituted a physiological order according 
to their use, true or supposed, and corrected many errors.

 Modern Nomenclature

For Cruveilhier [25], their shape was determined: from their 
resemblance either with geometric forms, with generally 
known objects, according to their symmetry or their lack of 
symmetry. Under this last report, there was a very great dif-
ference between the osseous and muscular systems. “The 
topographical order was preferable in many respects, in that 
it was essentially anatomical and offered the advantage of 
appreciating the relations of the muscles between them and 

the various regions between them; it had, from the point of 
view of the economy of the subjects and the facility of the 
preparations, an incontestable advantage on the physiologi-
cal order, with which, moreover, could be reconciled for a 
few regions. He adopted the topographical order with some 
modifications which made it possible to study all myology 
on the same subject.”

Since the twentieth century, anatomists had wanted to use 
a vocabulary that is understood by everyone with a universal 
language with Latin, which was that of Nomina Anatomica. 
Since the adoption in principle of Nomina Anatomica at 
Oxford in 1950, they were recognized and legitimized, then 
recognized by the International Federation of Associations 
of Anatomists (IFAA).

 Muscle Insertions

The modalities of their insertions are one of the characteris-
tics that allow their distinction into several groups. Those 

Fig. 10 Three-dimensional functional continuity of the pelvis, thoraco-lumbar and cervico-thoracic muscles

F. Bonnel and A. Dimeglio
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with insertions of extended origin having variable shapes 
(rectilinear, curved) or with multiple digitations (levator 
scapulae) (Figs. 13, 14, and 15).

Another group is distinguished by the presence of the sin-
gle or double origin tendon with two or more muscular bodies, 
with all of these musculo-aponeurotic complexes grouping 
together on a single tendon at its termination. The longissimus 
dorsi in its thoracic portion is detached from the sacral crest by 
a fascial layer which extends with the ilio- costal and ends with 
two chevrons: costal on the last five ribs and transverse on the 
transverse processes of T12–T7. Conversely, it may have 
insertions of osteo-periosteal origin as after constitution of the 
muscular body; it divides into several distinct tendons such as 
the two bundles of the dorsal part of the ilio-costal strand of 
the longissimus dorsi which consists of 6 tense strands of the 
posterior arch of the 1st and 2nd ribs towards the posterior 
arches of the ribs of the 5th to the 11th.

 Intrinsic and Semantic Morphology

It is worth distinguishing the “anatomical muscle fascicles of 
the functional muscular fibers.” The new anatomical 
approach benefits from details of anatomical architectural 

parameters with overall muscular length, length of anatomi-
cal fascicles, length of muscle fiber, and angle of pennation. 
Its actual length is defined as the distance between the proxi-
mal insertion of the muscle fiber and its distal insertion on 
the fascia. This measurement is variable according to the tor-
sion of the fibers. Their length consisting of 500–10,000 par-
allel myofibrils can only be determined by micro-dissection 
after fixation. The fascicle is the sum of several muscle 
fibers, difficult to isolate by microdissection and which can 
contain from 5 to 50 fibers. Fundamentally, the anatomical 
fascicle is not necessarily representative of the real function 
of the muscle, which can only be identified histologically 
[26]. The determination of long or short fibers depends on 
the method of fixation, the measurement of the length of the 
sarcomere being difficult to interpret.

 Sarcomere and Myofibrils

The sarcomere forms the histological functional unit and the 
fascicle the macroscopic functional unit. The universal orga-
nization consists of sarcomeres, which group together in the 
form of myofibrils, which in turn constitute the fascicles. 
The sarcomere consists of actin and myosin interconnected 

Fig. 11 Principle of 
anticlinism: arrangement of 
the spinous processes (a: side 
view) and transverse 
processes (b: dorsal view) in 
the dog (Anatomy museum, 
Montpellier)

Vertebral Column: Muscles, Aponeurosis, and Fascia
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contractile proteins arranged to slide relative to each other. 
The energy allowing their movement comes from the hydro-
lysis of the adenosine triphosphate fixed on the head of the 
myosin which can then tilt. This tilting pulls the action on the 
M band and causes shortening of up to 1 μm which can then 
create shortening of up to 10 cm [27].

The muscular fascicle of the brachial biceps contains 
more than 100,000 sarcomeres that can be arranged in 

parallel or in series to increase their power and movement. 
Its reactivity during growth or a period of immobilization 
can only be interpreted to the extent that one knows the 
type of fascicles and the disposition of the sarcomeres. 
Experi mentally, Huijing [28] studied the degree of atro-
phy in rats (soleus, gastrocnemius) in these two situations. 
The results showed that their intrinsic structure was dif-
ferent. For the soleus, the sarcomeres were arranged in 
parallel and well adapted in their reactivity. Conversely 
for the gastrocnemius, only sarcomeres in parallel adapted 
to the circumstances. He concluded that the architecture 
had a considerable role in explaining these different 
behaviors without changing the length of the fascicles 
(Figs. 16 and 17).

Fig. 12 Results of the arrangement of the vertebral column muscles by Winkler (1936) after dissection of several animal species (Sciurus vulgaris, 
Lupus cuniculus, Scrofa domesticus), the insertions are related to the principle of thoracolumbar vertebral anticlinism

Each myofibril is composed of 1000 to 2 million sarco-
meres in series, 2–3 μm in length and 1 μm in diameter.

F. Bonnel and A. Dimeglio
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Levator
Scapulae Ma b c

Rhomboid M

Fig. 13 Diagram of digitations of the levator scapulae muscle (a, b) and dissection with its four strands (c)

Lumbar
portion

Thoracic
portion

b ca

Fig. 14 Ilio-costal muscle with its lumbar and thoracic portions, 
schematic aspect according to Winkler (a), after dissection of an ana-
tomical specimen (b) and representation of the emergence of the pos-
terior branches of the spinal nerves (c). The muscular strands are very 

short in reference to the thoraco-lumbar aponeurosis. The thoraco-
lumbar aponeurosis represents 90% of its total length, the principle of 
an antigravity muscle that stores energy to restore it in any 
circumstance

Vertebral Column: Muscles, Aponeurosis, and Fascia
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 Titin: The Primary Elastic Protection 
of the Sarcomere

Titin is the most abundant “connective” protein in striated 
muscle, representing 10% of the myofibrillar mass, playing a 
role in the organization of sarcomere components essential 
for their growth.

It is involved in the control of the assembly of sarco-
meric proteins regulating the elasticity of sarcomere 
related to thick myosin filaments and extends from the Z 
disc to the M band (almost half a sarcomere, i.e., more 
than a micron in length). With a length of 1  μm, about 
30,000 amino acids and a molecular weight of 4000 kDa, 
it is the largest known polypeptide chain controlling integ-
rity and ensuring the mechanical stability of the sarco-
mere. During traction, it generates a force sufficient to 
oppose the stretching tension of the sarcomere and plays a 
role in myofibrillogenesis, thus its degradation weakens 
the muscle. At its termination, it constitutes an element of 
information at the level of the Z and M bands as a factor of 
stabilization of passive stretching, a true spring of protec-
tion of the sarcomere during extension. Friden and Lieber 
[29] showed that passive stretching imposed strains equiv-
alent to painful maximal muscle tension that degraded 
titin. By force or equivalent elongation, the extensibility of 
the elastic component of a rat soleus was about half that of 
a rat’s rectus femoris. Such a difference would come from 
the existence of the different isoforms of titin and from its 
length of the extensible part. According to the type of mus-
cle, it has different mechanical properties.

The control of displacement during contraction is con-
trolled by titin, which has a finely tuned passive tension set-
ting (Fig. 18).

Fig. 15 Dissection and removal of the thoraco-lumbar portion of the 
ilio-costal mm (a) with, in close-up (b), the muscular strands which con-
tinue with a aponeurosis for each digitation. Note the reduced length of 
the strands (fascicles) compared to that of aponeuroses (aponeurosis)

MOTOR

myosin actin

Z I A M         A I Z

Fig. 16 Schematic 
organization of a sarcomere 
which is the fundamental 
motor of all muscles

Its role is fundamental in the protection of sarcomeres 
during excessive traction, mainly in the vertebral col-
umn where its constraints are central to its stability.

F. Bonnel and A. Dimeglio
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 Muscles and Aponeurosis

When these models join together, they result in a complex 
muscular organization of effective functionality. The length 
of fascicles of a long muscle should not be judged by that of 
the fleshy aspect but should encompass its associated fascial 
elements.

The generic term of fascicle is a functional set of sarco-
meres as discussed by Huxley [30] and Alexander [31]. The 
particular fusiform shape of many muscles is a false image of 
the true length of the fascicles. The observation before dissec-
tion gives the impression that a fascicle extends from one end 

of the muscle to the other [32]. After a specific dissection, the 
particular disposition of each muscular fascicle whose mus-
cular constitution is based on fundamental models adapted to 
their function with parallel fascicles, convergent with three-
dimensional arrangements [13, 33–35]. In man, the length of 
fascicles is on average 4–5 cm, the longest being 10–15 cm. 
The axis of the muscle being not the same as that of the fas-
cicles which compose it, we must study, for each, their direc-
tion with respect to the aponeuroses and the tendon.

 Muscle Fasciculi and Aponeurosis

 Muscle Fasciculi and Pennation: Topographical 
Economics
Muscles requiring considerable efforts have a large cross 
section with parallel fascicles, which would require an 
extensive and non-punctiform bone insertion. But there 
being no room for a muscle too large and thick, a solution 
has been found by an oblique arrangement of the fasci-
cles (pennate) over the whole length of the bone and the 

When stretching the sarcomere, it generates a force 
capable of opposing the physiological tension of 
stretching. Exceeding this causes a rupture of the myo-
sin actin bridge with trauma to the sarcomere [29]. The 
length of the sarcomeres varies according to the posi-
tion of the joint.

Muscle Fiber

100,000 Myofibrils

Nucleus

Myofibril

SARCOMERES 

A I

Z ZH

Actin

Myosin

I band I bandA

M

Sarcomere

Z Z
ACTIN

TITIN

MYOSIN

10.000 to 2.000000

Fig. 17 Organization from 
the sarcomeres of the 
constitution of a muscular 
fiber

Vertebral Column: Muscles, Aponeurosis, and Fascia



292

fascia, which continues with a tendon, an organ of 
transmission.

The dissections show in all cases the presence of an apo-
neurosis with two types of fasciculi which are inserted into 
the main axis of the aponeurosis or alternatively, laterally 
according to the principle of a unipennate or bipennate mus-
cle. On a global level, the insertions of the fascicles are 
arranged in the three planes of space (Fig. 19). The justifica-
tion for this provision has two functions. The first is the con-
stant development of a rotational movement with a certain 
amplitude according to the length of the fascicles. The sec-
ond is based on the principle of permanently maintaining the 
tension of the aponeurosis which allows the fascicles to 
maintain a permanent tension for a maximum yield, what-
ever the position of the joint.

For the muscles of the pelvis, the central fascia is important 
and the fascicles which are involved are of the unipennate type. 
For the extensors, the aponeurosis are in the form of two resil-
ient layers on which short fascicles fit into the category of uni-
pennate antigravity muscles. In this case, the two fasciae are 
broad, flattened, and mirrored, are very powerful, less rapid, 
and have limited displacement. For the flexors, the constant 
central fascia occupies between 90 and 95% of the total length 
of the muscle, from its origin to its termination. In the case of 
the intrinsic ones, the arrangement is proportional to those of 
the girdles with a central fascia and a comparable arrangement 

of the fascicles (Fig.  20). Each muscle has two extremities, 
mostly with two tendons, one of origin, and the other of termi-
nals with fascicles having a particular disposition, we can pre-
dict innumerable varieties in their constitution.

The fascicles are implanted directly or obliquely on the 
aponeurosis, like the barbs of a feather on their common 
stem: (penna: feather), as per Borelli [11] and Stenonis [10].

 Aponeurosis: Fundamental Structure

The aponeurosis is the indissociable complementary element 
of the muscle. The fascicles are inserted either along the axis 
of the fascia or obliquely to distribute the mechanical stresses 
avoiding rupture during muscular contraction, all along its 
length.

Small posterior serrated muscles are often joined by a 
continuous fascia. This disposition is present in mammals 
(rodents), which plays a role in respiration (spino-costal 
muscle) (Figs. 21, 22, and 23).

 A Historical Conceptual Error

For Cruveilhier [36] the term aponeurosis was used, a name 
whose etymology displayed a great anatomical error 

Sarcomere

Sarcomere

Z M Z

Titin

Contraction

Titin

Fig. 18 Schematic 
representation of titin which 
is the protection factor of the 
sarcomere during excessive 
lengthening. During extension 
movements, titin, by its 
extension properties, protects 
the sarcomeres
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(aponeurosis, from the Greek apo neuron as the ancients 
regarded the nerve as the white parts). Today they are referred 
to as fascia (fascia: band), applied by extension to all the 
aponeuroses as the dedicated name in the form of a broad 
band. In 1847, thanks to his observation [36] and his reflec-
tion, he gave a macroscopic description of a remarkable pre-
cision “the most general disposition is as follows:

It is along the faces and edges of this aponeurosis that the fasci-
cles are born (insert). It is again on a membranous surface or 
aponeurosis that they terminate. This aponeurosis, gathering on 
itself, constitutes a terminating tendon which the fleshy fibers 
(fascicles) leave at a more or less considerable distance from its 
extremity. It results from this provision: (1) a considerable devel-
opment of surface for the insertion of the fascicles which the ten-
don collects, so to speak, in order to concentrate their efforts on 
the same point; (2) the obliquity of insertion or incidence of the 
fasciculi in relation to the tendon which represents the axis of the 
muscle, that is, the direction. It is conceivable that this obliquity 
is of the greatest relevance in the dynamic relation of the force of 
action of the muscles and leads necessarily to a great loss of 
forces. There is a great variety in these angles of insertion or inci-

dence of fascicles on the aponeurosis. It is conceivable that the 
facility of multiplying the fascicles by arranging them in this way 
obliquely outweighs the disadvantage of their direction.

 Intrinsic Structure of the Aponeurosis: 
Endomysium and Perimysium Aponeurosis

Electron microscopy of the fascicles shows that the 
 endomysium is a continuous collagenous tissue that allows it 
to be individualized. It forms an important part of the isola-
tion mechanism of the fascicles or constitutes the outer part 
or reticular leaflet of the sarcolemma. The epimysium sends 
fine septae of connective tissue called perimysium determin-
ing primary, secondary, and tertiary bundles. Within these 
fasciculi, each fascicle is surrounded by a thin layer of con-
nective tissue consisting mainly of an outer lamina (basal 
lamina) and reticulin fibers, the endomysium. It is the whole 
of this connective tissue that transmits the constraints of the 
fascicles to the fascia (Fig. 24).

The different muscular fascicles are not randomly 
grouped, but constitute regular bundles surrounded by an 
outer layer of dense connective tissue, limiting the muscles 
as a whole called epimysium.

In 1989, Ettema and Huijing [2], on the physiological 
level, led to an interpretation and a comprehensive mechani-
cal synthesis of the internal structures of the fascicle and 
aponeurosis. For the sarcolemma of isolated fibers, the endo-
mysium contributes to the elastic static function as it can be 
stretched to 140–150% and contributes to the elasticity and 
viscosity of the muscular complex. The sum of the connec-
tive tissue increases the compliance of the muscle in addition 
to that of the fascicles and the tendon.

UNIPENNATE

D

L

L
a b

BIPENNATE

FUSIFORM

Fig. 19 Arrangement of the 
fascicles in a bipennate 
fashion with their insertion on 
a central fascia (white fibers) 
(a), and diagram of different 
modes of insertion of the 
fascicles with respect to the 
fascia (b)

The original tendon extends as a form of membrane or 
aponeurosis in the thickness or surface of the muscle.

Fig. 20 Insertions of fascicles of the trapezius muscle at the level of 
the spinous processes of the cervico-thoracic vertebrae, lamellar aspect
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Due to the tension that is transmitted through the 
aponeurosis to the endomysium, the mechanical properties 
of this connective tissue are a factor contributing to improve 
the mechanical properties of the muscle, transferring the 
stresses between the discontinuous fascicles through tran-

sendomysial bundles. In contrast to the high tensile forces of 
the collagenous fibers on which the fascicles attach them-
selves, the translaminar leaflets undergo shear forces of the 
endomysium. Each muscle fiber is surrounded by a fibrous 
tissue (perimysium) which is organized into cells which, by 

Fig. 21 Disposition of 
aponeuroses (aponeurosis) 
(whitish fibers) of superior 
serratus posterior intended to 
distribute the constraints of 
muscular fascicles. It is a 
unipennate muscle type, 
observe the disposition of 
these aponeuroses 
(aponeurosis) of the 
superficial (a) and deep (b) 
aspects. Most anatomical 
depictions represent only one 
aspect that does not make it 
possible to understand the 
essential role of the 
aponeuroses (aponeurosis)

a b

Fig. 22 Dissection of serratus posterior superior and inferior (a) joined by a continuous aponeurosis (b), in this case, muscular fascicles persist 
along its length with the aponeurosis
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their adhesion, undergo progressive elastic transmission of 
mechanical shear stresses.

In certain configurations, the intramuscular fascial seg-
ments may be subdivided into any number of small segments 
or grouped into a whole (law of commutativity and associa-
tivity) (Figs. 25 and 26). When bending the head, the muscle 
stretching is such that the sarcomeres may be destroyed. To 
combat this eventuality, there are multiple aponeuroses in the 
muscle to distribute the constraints and protect them. In addi-
tion, depending on the length of the lever arm, the muscle 
has a resistant and elastic aponeurosis structure giving it a 
“digastric” appearance. The semi-spinalis cervicis responds 
to these objectives (transverse processes of C3–T5 with two 
bundles, medial (T5–T3), lateral (T3–C3), terminating at the 
occipital nuchal line) with a fascial intersection.

 Mechanism of the Aponeurosis

At the level of the aponeurosis, there is no uniform extension 
zone during passive or active movements [2]. These tension 
variations are according to the axial stresses that have already 
been observed for tendons, ligaments, and aponeurosis. For 
the aponeurosis, it appears that the tension forces are higher 
at the two extremities of the muscle than in the middle part. 
Its behavior varies between passive movements and active 
movements. In passive movement, it deforms more in the 
direction of the length and less in the direction of the width. 
Knowledge of its elastic properties is essential for under-
standing changes in fascicle length or of the sarcomere. When 
modeling the muscle–tendon complex, the variations in 
length, the difference observed in the changes between the 

a bFig. 23 Common 
aponeurosis (green arrow) for 
longissimus dorsi and 
ilio-costal: posterior view (a). 
Sagittal section (b) at the 
insertion on the sacrum, 
contrary to the overall 
appearance of the muscle, the 
muscular fascicles are very 
short, responding to the 
mechanical principle of 
maximum yield during 
contraction

Fascicle

Aponeurosis
Fig. 24 Organization of the 
aponeurosis in the muscle 
which promotes the 
transmission of the stresses. 
Histological section at high 
magnification
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Medial strand
Lateral strand 

a

c

C3

T3

T6

b
Fig. 25 Posterior view of the 
large posterior cervical 
complex according to Winkler 
(a) and after dissection with 
its fascial intersection and its 
two bundles (b). During the 
movements of anterior flexion 
of the head (c), it is essential 
that the muscles consist of an 
aponeurosis (c) which 
protects the tension of the 
sarcomeres

Fig. 26 Disposition of 
variable aponeuroses 
(aponeurosis) in the 
continuity of the muscles 
according to the law of 
association and commutativity 
intended to balance the 
transmission of stresses with 
identical contraction of all 
muscular fascicles
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fascicles and the muscular length were attributed to the elastic 
compliance component of this fascia in the muscle according 
to Hill's conceptual model, created with contractile and elas-
tic structures [2, 37]. This concept is reinforced by the junc-
tion between the aponeurosis and the tendon, which has a 
conical shape to distribute the harmonious transmission of the 
stresses (Fig. 27).

Mechanical tests on the elastic properties of a muscle 
focus on the tendinous structures isolated from the rest of the 
muscular element, ignoring the role of the aponeurosis [2, 
37, 38]. Comparative studies of the reaction pattern during 
muscular contraction or passive stretching showed that fas-
cial characteristics differ significantly: in passive movement, 
there is more fascial length involved in weak forces than 
comparatively for muscle contraction activities. The differ-
ence in length may be greater than 1.25  mm for approxi-
mately 6% of the length of aponeurosis. During an isometric 
contraction of a muscle, the contraction of the fascia is lim-
ited to about 3.5% of the total fascial length. During this iso-
meric contraction, the energy expenditure of the aponeurosis 
is evaluated at 2.8 microJoules (μJ). As a passive element, 
this finding may seem paradoxical. Although passive, any 
structure during a displacement is subject to an intimate cel-
lular change that is accompanied by energy-releasing cellu-
lar metabolic variations, either in the form of a loss or a 
recovery. According to a more affordable model, the fascia 
can be compared to a piece of elastic which, when tensioned 
beyond its length, stores a force (requiring an energy expen-
diture for its tensioning) which, when stopped will regain its 
initial length and as a result, restore the energy stored during 
tensioning (e.g., archery and pole vaulting) (Fig. 28).

When the force decreases from the maximum force (opti-
mum length) to a force equal to its passive resistance (initial 
state), the aponeurosis decreases in length by 9%, resulting 
in work of 4.8 μJ. Dissection of the lumbar portion of the 
longissimus dorsi (antigravitary) shows a aponeurosis that 
occupies 95% of its length. The aponeurosis mass occupies 

Aponeurosis

PE

PE

SE

C

C

SE

Tendon

Muscle

Collagen

Fig. 27 Modeling of the muscle–aponeurosis–tendon complex accord-
ing to the Hill principle with the contractile muscle component (C) and 
the elastic aponeurotic component (PE) and that of the tendon (SE) in 
series and in parallel

Fig. 28 Representation of 
sporting activities based on 
the restitution of energy 
(archery, pole vault)
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the lateral part of the lumbar curvature which inserts on the 
deep medial aspect of the rough surface of the iliac bone 
between the articular surface and the medial lip of the iliac 
crest. Each bundle ends with a lateral chevron on the costi-
form processes and a medial chevron on the accessory tuber-
cles of the lumbar vertebrae.

When standing, the fascia behaves like a passive rope that 
maintains joint balance without involving muscular contrac-
tion resulting in a significant saving of energy expenditure.

During one movement, its length variation is considered 
an important factor in explaining the difference in muscle 
length changes. For Lieber [27], during passive movements 
in the frog, the elasticity of the aponeurosis was 8% and for 
the tendon of the semi-tendinosis it was 2%. Huijing [28] 
showed a greater extension of the aponeurosis of gastrocne-
mius in the rat when the muscle was in contraction. For the 
same mechanical effect, the tendon had a tension of 3 to 4%, 
which indicated that the compliance of the aponeurosis was 
different from that of the muscle. The lengthening of the 
muscle depends on the properties of the aponeurosis which is 
an important element as a factor of storage of energy and its 
release during muscle contraction. The elastic energy stored 
during the passive elongation is very low (about 0.04  μJ) 
because of the small levels of force, if the muscle is activated 
to a certain length, the aponeurosis is stretched by about 2% 
resulting in 0.56 μJ elastic energy storage. For an active mus-
cle, if the muscular force decreases, the force exerted on the 
aponeurosis is also reduced; this results in a release of energy 
of 3.15 μJ. The consequence is that the relaunched energy of 
3.5 μJ can be obtained if the fascia follows the force/length 
displacement curve during the isometric contraction of a 
muscle. The properties of the fascia appear to be an impor-
tant field for architectural modeling applications of a muscle. 
For muscular modeling, therefore, the stiffness of the fascia 
must be incorporated for elongations of less than 10%. The 
origin of the restitution of energy is still obscure, but may be 

dependent on the aponeurosis-tendon junction. All these fun-
damental notions find their application in the structure of the 
posterior muscles of the vertebral column, where the apo-
neuroses occupy a prominent place.

 Muscle with Parallel Fascicles: 
Pseudo-Penniform

The fascicles have the same direction between the two inser-
tions with parallel fascicles. This arrangement is mechani-
cally ideal and has maximum efficiency requiring 
simultaneous contraction of all sarcomeres in parallel or 
series. This anatomical arrangement is met for some mus-
cles: rhomboid, serratus posterior (Fig. 29).

 Unipennate Muscle (Fig. 30)
The muscle is semi-penniform or unipennate when the fas-
cicles are arranged on one side of the fascia, the other side 
remaining free. The longus capitis is broad and thick above, 
narrow below, and arises by four tendinous slips, from the 
anterior tubercles of the transverse processes of the third, 
fourth, fifth, and sixth cervical vertebrae, and ascends, con-
verging toward its fellow of the opposite side, to insert into 
the inferior surface of the basilar part of the occipital bone. It 
presents in its continuity an intermediate aponeurosis which 
strengthens its power and protects the sarcomeres in cephalic 
extension movements.

 Bipennate Muscle
The aponeurosis extends a great distance, and the fascicles 
orient themselves obliquely on both sides of the aponeurosis. 
The longissimus cervicis, observed individually, consists of 
fusiform bundles but as a whole is functionally bipennate 
(Fig.  31). It is presented in three portions with rectilinear 
fascicles stretched from T1–T2–T3 to the anterior aspects of 

Fig. 29 Unipennate 
rhomboid muscle with 
direction of the muscular 
fascicles in the axis of the 
aponeuroses (aponeurosis) 
granting it increased power
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C2–C3–C4. A cervico-cephalic oblique portion is detached 
from the anterior tubercles of the transverse processes of 
C45–C4–C3 to terminate on the anterior tubercle of the atlas 
and a stretched oblique cervico-thoracic portion of the ante-
rior tubercles of the transverse processes of C5–C6–C7, the 
anterior surface of the vertebral bodies of T1–T2–T3. This 
inverted V arrangement with oblique fascicles is a factor of 
rotational stability of the cervical spine with cerebral- 
thoracic mechanical coupling.

The disposition of transversospinales (transverso-
spinales) muscles (the deep layer of the intrinsic back 
muscles) at the thoracic level with its 23 bundles is compa-
rable with the long and short erector spinae, long and short 
lamellar which act as multisegmental rotational and oblique 
limiters, simulating a bipennate muscle (Fig. 32).

The quadratus lumborum was modeled after dissection 
into three subgroups with anterior fascicles, intermediate 
lumbocostal fibers, and posterior fibers with variability in 
50% of the subjects [39] (Fig. 33).

The insertion of the fascicles on the aponeurosis is the 
essential element of the organization of the muscle (Fig. 34). 
The pennate disposition of the fascicles allows an increase of 
the physiological Cross Sectional Area (PCSA) hence 
increased power. If the muscular hypertrophy causes an 
increase in the angle of pennation of the fascicles, this angle 
will be disadvantageous for the development of force. On the 
other hand, an increase in the angle of pennation with a 
greater number of fascicles attached to the tendon will 
increase muscle volume and power (PCSA) [40].

 Angles of Pennation Articulation 
and Muscular Power

If all the fascicles were parallel and of the same length, they 
would have to contract at the same time to produce an articu-
lar displacement, thus limiting amplitude. The distribution of 
the fascicles over the entire length of the aponeurosis, which 
occupies 50–80% of the total length of the muscular com-
plex, allows their progressive mechanical play during the 
movement of the joint with a variation of the pennation angle 
which has an influence on the speed of shortening. At identi-
cal sarcomere length, a pennate muscle has a lower rate of 
shortening than a muscle with parallel fascicles. The archi-
tecture of the muscle is essential if one wants, for example, 

Longus cervicis
(coli)

Longus capitis

Fig. 30 Muscles along the 
head and neck, note the 
presence of aponeurosis at its 
medial part

Longus cervicis (coli)

Middle scalene

Anterior scalene

Fig. 31 Long neck muscles with its three types of vertical and oblique 
fascicles drawing a rhombus with permanent three-dimensional adapta-
tion of the musculo-aponeurotic fascicles
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to correlate mechanical data and biochemical data. The force 
transmitted by the muscle to the tendon is correlated with the 
angle of pennation. The greater the angle of pennation, the 
less the tension force and, conversely, an acute pennation 
angle increases its power.

The arrangement of fascicles during articular mobiliza-
tion with rotation alters the pennation angle, increasing its 
power [40, 41]. In the extended position, an obturated pen-
nation angle from the fascicles results in a reduction of the 
muscular force while in bending an acute angle increases 
the power. In all cases, the aponeurosis are under elastic 
tension. The morphology of the ilio-costalis in its lumbo-
thoracic portion with its oblique bundles together with all 
other muscles can be schematized according to the princi-
ple of a game of “tug- of- war.” This makes it possible to 
understand the essential role of the position of the athletes’ 
inclination (pennation angle) for maximum performance. 
The angles of pennation of the anterior, lateral, and poste-
rior muscles of the column have penultimate angles 

between 0° and 15° with aponeuroses of 90–95% of the 
total length of the muscle (Figs. 35, 36, 37, and 38).

 Muscular Action and Topography

The deep muscles fit over the length of the bone they sur-
round, and the superficial muscles correspond to the bones 
only by their extremities or by their tendons, which slide 
over the bones before they insert, and surround the articula-
tions and contribute powerfully to ensure their stability. The 
appreciation of the strength of a muscle supposes the knowl-
edge of the number of its fibers, of the quality, of the consti-
tution of the fascicles, of the disposition of the lever on which 
it acts, of its angle on the lever and the angle of incidence of 
the fascicles with respect to the virtual axis of the muscle. 
Each fascicle being very distinct from the neighboring fas-
cicles, and which may be considered as a small power, it is 
conceivable that the more fibers there are in a muscle, the 
more vigorous its contraction. The quality, the constitution 
of the fibers, the intensity of the stimulant, affect not so much 
the contraction force of a muscle but the number of its fibers. 
To be convinced of this, one only has to compare the move-
ment energy of an individual during sporting activities.

 Topography and Global Functionality

The longest muscles are the most superficial and pass in 
front of several articulations, resulting in compound or rather 
successive movements which simplify the mechanism of 
locomotion at the same time as they increase the energy of 
movements.

This considerable length of certain muscles is advanta-
geous in that it enables them to take a fixed point of support 
on a less mobile part, on the trunk those which move the pel-
vic limbs take a point of support on the pelvis. As a result of 
the different mechanism of the shoulder and pelvis, it ensures 
the fixed insertion of all the muscles of the lower limb, while 
the spine of the scapula, the sternum, clavicle, column, and 
ribs serve as a fixed insertion to those of the upper limb.

The movements of the body segments spontaneously 
organize under mechanical conditions such that the muscle–
fascia (apeurosis)–tendon complex yield is optimized and 
the energy expenditure required to perform a given task is at 
a minimal level. During walking, the subject chooses his 
speed at a comfortable level which corresponds to the mini-
mum caloric expenditure to cover a unit distance of one 
meter. In the reference conditions, the muscles insert by their 
tendons on the skeleton so that their length is as close as pos-
sible to their optimal length. It is at this length that they 
develop the highest tension and speed when they begin to 
contract. Walking is a relatively inexpensive activity in 
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Short erector spinae

Long erector spinae 

Fig. 32 Transversospinales Mm (Winkler)
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energy, since the kinematics of the displacements of the two 
lower limbs allow the best exploitation of quantitatively 
important inertial phenomena because of the mass of mobi-
lized parts.

The broad muscles occupy the walls of the large cavities. 
Quadrilaterals go from one part of the trunk to another (qua-
dratus lumborum), whereas they are triangular when they are 
extended from the trunk to the limbs. When there are several 
superimposed large muscles, their fascicles affect an oppo-
site direction in such a way as to cut at an angle or to cross 
one another, an arrangement which singularly increases the 
resistance of the abdominal walls. In place of the three broad 
muscles of the abdomen, if this were a single muscle, three 
times thicker with a single direction, their purpose would be 
less well achieved (Fig. 39).

If, in order to characterize the short muscles, only the brev-
ity of the fascicles was considered, there would be a very 
large number which deserve this name, but it is the brevity of 
the muscular body which serves artificially as a basis. Short 
muscles are everywhere where there are short bones to move 
(inter-transverse, interspinous). The muscles of the vertebral 
gutters are short, although they present as lengthy arrange-
ments, as they are only a series of short muscles arranged 
following each other, so as to simulate a long muscle (longis-
simus dorsi: lumbar-thoracic-cervical-cephalic, ilio-costalis: 
lumbar-thoracic-cervical). Their modeling by Bogduk [42] 
was divided into four components with lumbar, thoracic, ilio-
costal thoracic, and ilio-costal lumbar portions. This type of 
systematization moves away from anatomical reality and lim-
its conclusions of experiments. The functional interrelation-

a b

c d

Fig. 33 The Quadratus lumborum (square muscle of the loins) in 
ventral and dorsal view (a, b) with its modeling (c). The set of inser-
tions of the muscular fasciculi with its 45° pennation angles is simi-
lar to a bipennate muscle contributing to its lumbo-costo iliac rotation 

function compared to the 3 muscles of the anterolateral wall of the 
abdomen. Horizontal cut (d) at the lumbar level with all the posterior, 
anterolateral, and anterior muscles constituting the abdominal 
chamber
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a bFig. 34 Sagittal section (a) 
of aponeurosis (green arrow), 
and longissimus dorsi and 
ilio-costalis (common mass) 
at their insertion on the 
posterior aspect of the 
sacrum. The very short 
muscle fascicles (b) are 
oblique at 45° with pennation 
angles of 0–5° and proximal 
and distal insertions on 
aponeurosis. The angle of 
pennation varies according to 
the degree of flexion- 
extension of the lumbar spine. 
Whatever its position, the 
fascia is in permanent tension 
(anti-gravity) intended to 
protect the sarcomeres and to 
restore the energy

Fascicles

tendon aponeurosis

Ilio costalis M

Fig. 35 Overall arrangement 
of the muscle–aponeurosis–
tendon complex and the 
insertion of muscle fascicles 
according to a variable 
pennation angle  
(a). Organization as an 
example of ilio-costalis 
muscle (b)

M. Ilio-Costal

Fig. 36 The mode of action 
of this complex can be 
compared to the game of "tug 
of war" with, at one end, the 
permanent tensioning of the 
central aponeurosis 
materialized by a competitor 
endowed with a power 
proportional to its weight 
(PCSA)
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ships between the muscular-aponeurotic complexes of the 
spine and the lower limbs are numerous. An unequal length of 
the lower limbs induces an increase in the amplitude of the 
vertebral column and the oscillation of the pelvis. A loss of 
mobility of the vertebral column decreases the oscillation of 
the pelvis and the rate of walking. Blockage of the column by 
a brace or extended arthrodesis results in a considerable 
change in the stride. A loss of function of the ilio-psoas causes 
a lack of control of lumbar lordosis (Fig. 40).

 Muscle Direction

This is one of the most important points. It is impossible to 
exactly evaluate their action, so the angles of pennation 
between the fascicles and (aponeurosis) must be evaluated 
much more than is usually done for the precise determination 
of this direction. The axis of the muscle being not the same as 
that of the fascicles which compose it, we must study both the 
direction of the muscular body and its tendon, and the direc-

Fig. 37 To increase the 
traction power, we use 
teammates who by their 
position (acute angle of 
pennation) participate in 
maximum performance

Fig. 38 The equilibrium between the competitors induces a resistant identical structure which responds to the global concept of the Euler column 
(agonist and antagonist muscles) underpinned by the permanent action of the aponeuroses with energy restitution
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b ca

Fig. 39 Schematic representation of the three muscles of the anterolateral-lateral region of the abdomen (a), anterior view of the abdominal wall 
(b), the dissection reveals a fascial structure with crossing angles in the three planes of space (c)

a bFig. 40 Mode of insertion of 
the ilio-psoas muscles with 
their insertion on the lumbar 
vertebrae, a factor of stability 
of the lumbar lordosis: adult 
subject (a) and fetus (b)

tion of the muscle fascicles with respect to the fasciae. 
Sometimes the fascicles follow the same direction as the apo-
neurosis (e.g., rhomboid), sometimes they follow obliquely 
along the aponeurosis to form the penniform or semi-penni-
form, convergent or radiated muscles, as in the latissimus 
dorsi, trapezius, or extend obliquely between two aponeurotic 
planes, etc. (Figs. 41 and 42). Often, the different portions of 
a muscle have very different directions, so that, in order to 
know its action, it must be decomposed into as many portions 
as there are directions in the fascicles: longissimus dorsi, ilio-

costalis, trapezius, serratus anterior. It is the large muscles 
that offer examples of this complex arrangement, and the total 
effect is the result of all the partial actions.

Each muscle has an axis or a median line, to which we can 
relate the general effect of its fascicles. This line is well 
traced; it is only to shorten it in the various attitudes of the 
components to determine their action. There are muscles that 
have a curvilinear direction; the first effect of their contrac-
tion is to straighten their fascicles, and this effect produces, 
one may appreciate their uses as those of rectilinear muscles.

F. Bonnel and A. Dimeglio



305

The direction of the muscles must be studied with 
respect to the axis of the body, and especially to the axis of 
the limb, the lever on which they act (functional globality). 
A very large number is almost parallel to the axis of the 
lever that they are moving, but in certain attitudes they 
move away from parallelism, forming pronounced angles 
with the levers on which they take their insertion, and even 
sometimes become perpendicular to these levers. In this 
respect, the direction of the muscles is not absolute; it is 
subordinate to the attitude of the levers, offering various 
incidents which are much closer to parallelism than to per-
pendicular incidence.

 Muscle Torsion

The mechanical approach of the muscle is indissociable from 
the study of the aponeurosis and the tendon which constitute 
the elements of transmission and regulation of the power and 

articular displacement. There are several models concerning 
the functional organization of the muscular–aponeurosis–ten-
don complex. Rouvière [43] showed that in certain muscle 
groups fascicles in the macroscopic anatomical sense (to be 
distinguished from functional muscular fibers) spiral together 
(splenius capitis, splenius cervicis). The splenius capitis sepa-
rates from the caudal part of the septum nuchae, from the C7 
to T3 spinous processes and from the interspinous and supra-
spinous ligaments and terminates at the lateral end of the 
lower lip of the occipital nuchal line and on the lateral surface 
of the mastoid process. The splenius cervicis (spinous process 
of T3–T5 with transverse processes from C1 to C5) circum-
vents the lateral surface of the splenius capitis (Fig. 43).

The organization of the small complexes of the longissi-
mus cervicis (transverse processes from C4 to T4 ending on 
the mastoid), by their twisted disposition with an acute pen-
nation angle, increases its power and stiffness in the context 
of its action in rotation torque of the cephalic segment 
(Fig. 43b).

The torsion of the fascicles of the latissimus dorsi is a fac-
tor for its increase in power according to a fixed point. Its 
description by Bogduk et al. [42] was 13 strands with 5 to the 
lumbar spinous processes, 6 to thoracic spinous process, and 
the 11th and 12th ribs (Fig. 44).

On an experimental basis, if we take a certain number of 
strands of any material and we attach them parallel to each 
other, we will have a beam whose resistance will be equal to 
the sum of the partial resistances of each strand, but also 
slightly more than each of these strands. If the spiral beam 
is twisted, its tensile strength will not change but if sudden 
traction occurs, the first effect is to lengthen the bottom of 
the helix, similar to that produced by a coil spring. The 
lengthening of the bottom of the helix, whose fascicles have 
a spiral arrangement, attenuates the effects of shocks and 

Fig. 41 Arrangement of beams of L. dorsi Mm and Ilio-costalis Mm 
on an anatomical subject with a thoracic kyphosis putting under tension 
the aponeuroses and fascicles modifying the bending moment

Fig. 42 Trapezius muscles 
with their insertion on the 
cervico-thoracic spine. Note 
the importance of the 
aponeurosis which balances 
the stresses at the different 
levels, with the torsion of the 
fascicles of the cervical 
portion
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the danger of breakage resulting from a sudden and violent 
pull. The angle of pennation between the aponeurosis and 
the axis of the muscle shows a torsion of the order of 10–15°. 
Morphological analysis in contraction shows that the 
arrangement of the fascicles with an angle of pennation in 
rotation increases its power.

 Monoarticular Muscles and Mechanical Rotary 
Results

A monoarticular muscle crosses only one joint. Any muscu-
lar contraction causes two actions: one longitudinal and one 
rotational component. The longitudinal component has the 
effect of either applying the joint surfaces against each other 
(coaptation effect) or to separate the articular surfaces (dislo-
cation effect). The rotational component causes a rotation 

about the mechanical axis of the joint and according to the 
articular type is called flexion.

The rotational movement, (Mf) the “moment” is the prod-
uct of the muscular force (Fm: PCSA) by the distance (d) of 
this force to the axis of rotation: Mf = Fm × d. The distance 
(d) is equal to the sine of the angle defined by the insertion 
distance of the muscle at the center of the joint and its direc-
tion. The rotational force varies according to its place of 
insertion in relation to the center of the joint. The bending 
moment of the thoracic ilio-costal decreases in extension 
whereas that of the long thoracic remains unchanged. The 
weak bending moment of the abdominal obliques, psoas, and 
quadratus lumborum have little influence during anterior 
flexion [6] (Tables 1 and 2).

The monoarticular muscles are sufficiently long and 
extensible to allow complete extension and, during flexion, 
to completely flex the joint. The simultaneous presence of 

Septum Nuchae

C3

Splenius Capitis

Splenius Cervicis

T5

Small
complexus M

Large complexus M

Splenius
capitis

b

a
Fig. 43 (a) Posterior view of 
the cervical region with 
splenius capitis which is 
bypassed by the splenius 
cervicis increasing the overall 
power through the torsion of 
the fascicles. (b) Insertions of 
the small complexus 
(semispinalis capitis) 
characterized by an 
intermediate fascia and its 
twisted global axis (a). 
Horizontal section of the 
posterior muscles of the neck 
with the different muscular 
planes (b) which constitute 
dynamic elements according 
to the principle of the 
composite beam

F. Bonnel and A. Dimeglio



307

monoarticular and polyarticular being constant, it is con-
cluded that such a provision must have a mechanical advan-
tage. The question is to know why these two types of muscles 
are present, since only the monoarticulars are sufficient, 
whereas the polyarticulars limit movement. The answer is 
provided by their distribution whose muscular masses are 
not evenly distributed between all segments. In its lumbar 
portion the muscles are bulky to respond to the important 
constraints of the entire column.

 Polyarticular Muscles and Resultant 
Mechanical Rotators

A polyarticular muscle (bi-articular or multi-articular) bridg-
ing two or more articulations intervene in such a way that 
their shortening is minimal. Within this perspective, the dis-

placement linked to the mobilization of a joint is compen-
sated by a complementary displacement of another joint, 
which is observed at the level of the cervical spine. The con-
ditions are not very different from the isometry, so that the 
developed tension remains as close as possible to the opti-
mum value corresponding to the resting length.

The primary functional objective is essentially focused on 
the distal articulation, the positioning of the proximal articu-
lation being intended to reinforce their main action. For 
example, the extension of the knee puts on tension the gas-
trocnemius and favors the impulse power of the triceps sural 
(triceps) on the foot whose actions are closely correlated with 
each other. The action of the trunk muscles is more important 
if the knees are bent, which has the effect of releasing the 
pelvis and allowing its anterior tilt. Their role is essential in 
the positioning of the joints, with improvement of the yield 
and equilibrium of the stresses at the level of the cartilage.

Fig. 44 Overall aspect of latissimus dorsi coursing the costal wall and 
its change of direction with the torsion according to the direction of its 
fascicules at the humeral tendon insertion. The thoraco-lumbar inser-
tion zone is made by means of a very resistant aponeurosis plane 

designed to oppose excessive tension in certain pathological situations 
(e.g., hypertrophy of the muscle in the paraplegic, fixed bar traction). 
The progressive change of direction of the fascicles potentiates its 
power
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 Mechanical Properties

 Muscular Work

Studies on the mechanical properties of isolated muscle 
fibers have shown the important role of the elastic compo-
nents located in these fibers and particularly at the level of 
the intramuscular junction zones. However, the comparison 
of values with elongation as a consequence of the optimum 
force exerted obtained in the fibers or fascicles and in an 
intact muscle generally concludes that most of these compo-
nents must be located outside the fascicules in the aponeuro-
sis and tendon. The muscular fibers consist of elementary 
contractile units (sarcomeres placed in series or in parallel), 
and the result is that the speed of shortening of the muscle is 
all the greater because it is longer, because it has more sarco-
meres. The relation Vmax = 10 × LF s−1 for a contraction with-
out resistance means that for long muscles with a large 

number of sarcomeres, the maximum speed of shortening is 
equal to 10 times the length of muscle fibers per second (a 
muscle having fibers of a length of 10 cm would have, in the 
absence of any resistance, a maximum speed of shortening of 
100 cm/s).

Described in 1891 by Blix [44] on the isolated and teta-
nized muscle, the characteristic force/length relationship 
shows that up to a reference length the force increases with 
length. Beyond this reference length (limit length), breaks 
arise in the structure. The strength/length relationships of the 
contractive component differ according to the slow or fast 
percentage. On a frog gastrocnemius (slow muscle) the force 
does not diminish rapidly with length: the muscle thus has a 
fairly wide range of length for which its maximum force 
remains constant whereas a fast muscle like the flexor hal-
lucis exhibits an optimum force for a relatively narrow range 
of length. This allows a postural muscle like the longissimus 
dorsi to develop maximum strength for a wide range of joint 
positions. Its effectiveness, being postural function, is rein-
forced by the development of a passive tension that does not 
consume biochemical energy for short lengths.

The components of the muscle are shortened on average 
in the ratio 2/3 of its length up to 50% of the total length. The 
muscles passing in front of a joint must have functional mus-
cle fibers three times longer than the insertion distance on 
either side of this articulation correlated with the shortening 
during the complete realization of the movement. This length 
allows them to exert maximum force when the movement 
starts and stays with a certain force when the maximum 
movement is reached. The relationship between the length of 
muscle fibers (sarcomeres) and the extent of shortening is an 
important element.

 Muscle Yield

The evaluation of the work shows that a muscle strand 
2 cm long has the same output as two strands located in 
parallel of 1  cm each. The essential organization in the 
approach of the mechanical functioning and the perfor-
mance of a muscle rests on the direction of the fascicles 
and the arrangement of the aponeuroses. The shortening of 
the fascicles results in an increase of the pennation angle. 
For example, for long fibers of 6.5 cm, contraction results 
in a shortening of 3.3  cm, but the overall shortening is 
3.8 cm (Fig. 45).

 Fascicle Mechanic Performance 
and Physiological Cross-Sectional Area (PCSA)

Muscle strength is proportional to the cross-sectional area 
of the muscle (5–10 kg/cm2) but independent of its length 

Table 1 Intrinsic biometry with: length of sarcomeres (ls), fascicle 
length (lf), pennation angle (a) and Physiological Cross Sectional Area 
(PCSA) (Christophy [6])

Muscle

Sarcomere 
Length, ls 
(μm)

Fascicle 
Length, lf 
(m)

Angle of 
Pennation 
(a) (°)

PCSA 
(mm2)

Psoas: L3 3.11 0.14 10.7 101
Rectus abdominis 2.83 0.3 0 567
Erector spinae, L. 
dorsi, L. costal, 
lumbar portion

2.37 0.03 13.8 154

Erector spinae, L. 
dorsi, L. costal, 
thoracic portion

2.37 0.11 13.8 100

Quadratus 
lumborum

2.36 0.03 7.4 40

Latissimus dorsi 2.30 0.3 0 90
Internal oblique 2.83 0.04 0 185
External oblique 2.83 0.04 0 196

Table 2 Biometrics of morphological characteristics of major colum-
nar muscles by Seireg [63]

Muscle
Muscle 
length (m)

PCSA 
(cm2)

Angle 
pennation (°)

Longissimus capitis 0.12 1.22 10
Longissimus coli 0.08 0.82 10
Rectus capitis anterior 0.03 0.13 10
Rectus capitis lateralis 0.025 0.21 10
Semispinalis 0.1 1.89 10
Splenius cervicis 0.16 3.73 10
Sternocleidomastoid 0.2 2.08 10
Rhomboid major 0.11 3.87
Interspinalis 5.68
Longissimus dorsi 
multifidus

1.25

Piriformis 0.08 20.54 9.5
Psoas 0.25 2.65 7.5
Latissimus dorsi 0.27 12.90
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[45–48]. The resistance of an elastic is not changed by 
increasing or decreasing its length, but the force is increased 
by increasing the number of fascicles of the muscle (Fig. 46).

The contractile properties of the muscle depend on the 
importance of the fascicles. The capacity of a muscle to pro-
duce a force is proportional to its PCSA (Physiological Cross 
Sectional Area) which can be translated as “physiological 

surface of muscular cross-section” that is, say a theoretical 
sectional area if all the fascicles were placed in the longitu-
dinal axis of the muscle (all the fascicles are found in the cut 
section), it is a reflection of the number of sarcomeres in 
parallel.

The PCSA described empirically by Fick [13], Haxton 
[49], computed mathematically, is maintained by the muscu-
lar volume divided by the average length of the muscle or the 
length of the fascicles with or without consideration of the 
pennation [1, 2] and is defined by the total area of the fasci-
cles which induces the power and the number of sarcomeres 
leading to displacement. When the training is accompanied 
by a muscular hypertrophy, the maximum force developed, 
relative to the surface unit of the muscular section, remains 
minimally modified. A hypertrophied muscle due to muscle 
training is capable, for the same resistance, to distribute it to 
a larger surface, which leads to the force developed per unit 
area decreasing, conversely, for the same force developed 
per unit area, the total force developed by the whole muscle 
is greater.

The evaluation of the PCSA is based on data of the mus-
cle–aponeurosis complex
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The introduction in the Theta cosine measurement results 
from the fact that the loss of force with respect to a muscle or 
the angle of pennation is zero. This equation is based on a 
constant pennation angle while it is found that this angle var-
ies with a rotation of 1–15°. This twisting arrangement of the 

6,5 3,8cm cm

Fig. 45 Evaluation of the displacement of the fascicles for a bipennate 
muscle

Fig. 46 Relationship between the number of muscle fibers and the 
overall muscle yield
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fascicles has the effect of increasing the power of the 
muscle.

The maximum force F (kg/cm2) is calculated from the 
formula: maximum tension (kg) mass (g)/density (1056   
g/cm3) length of fascicle (cm). Specific features of the PCSA 
have been proposed by Alexander [31].

A muscle with parallel fascicles (pseudo-fusiform) is 
shortened by the same amplitude as the shortening of its fas-
cicles, the force potential produced by the muscle is calcu-
lated by the formula {PCSA (m2)  =  MV/FL  =  m/pL (MV 
muscle volume, FL length of fascicles, p muscle density 
(1.05 gm/cm3), L (muscle length)}.

For a pennate muscle, the direction of the fascicles moves 
away (increasing the angle of pennation) from the longitudi-
nal axis of muscle during shortening while muscle thickness 
remains relatively constant. The result is a greater variation 
in muscular length compared with fascicles. The angle of 
pennation (for a given muscle) increases as the fascicle 
length decreases. For a pennate muscle, because of the obliq-
uity of the fascicles, the theoretical sectional area is the 
reflection of the section of the muscle if all the fascicles were 
arranged in the longitudinal axis [44]. The surface (S) of the 
dissection of the muscle derives its physiological importance 
from the fact that the theoretical maximum force (FM) devel-
oped by the fasciculi (lf) is directly proportional to it 
(FM = lf × S) whose peak of maximum force developed is 25 
or 35 N/cm2.

The force transmitted to the tendon, (FT), depends on the 
angle α and involves the cosine of the angle “theta” of pen-
nation which normalizes the angulation of the fascicles in the 
axis of work of the muscle.

{ / cos ( , . / ,PCSA cm mass density g cm

fascicles len

2 32 1 05= ( )m p l m p
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A pennate muscle has the capacity to generate a force 
transmitted by the tendon particularly when the pennation 
angle is high. This factor has a relative importance only for 
higher angles at 20° (the muscles of the forearm or the hand, 
muscular strength is not very different, in contrast to the tri-
ceps surae). As part of these measurements, the aponeurosis 
was not taken into consideration. In 1990, Zajac [1] led to a 
physiological interpretation and an understandable mechani-
cal synthesis with modeling of the internal structures of the 
 fascicle by introducing pennation angles and aponeurosis 
(Figs. 47 and 48).

The speed and amplitude of shortening measured at the 
end of the fascia or at the end of fascicles are related by a cos 
α (the less pennate the muscle, the quicker the speed and 
amplitude shortening for each of the muscular and aponeu-
rotic structures). If all the fascicles of the same muscle had 
the same length, the speed of shortening of the whole muscle 
would be proportional to the length of its fascicles. The 
force/length relationship expresses the dependence of maxi-
mal isometric force production by the contractile component 
and of passive tension by the elastic component parallel to 
the length of the muscle. The relationship forces describe the 
dynamic behavior of the contractile component under con-
stant load and velocity. The tension-extension relationship 
characterizes the elastic component in terms of stiffness and 

MUSCLE

TENDON APONEUROSIS (Ff)

CE

SE

Lcos α

α

α
Fm = Ff x Cos (d=b)

Cos (b) 

Fig. 47 Representation 
(Zajac [1]) of the mode of 
operation of the muscle–
aponeurosis–tendon complex 
for the calculation of the force 
of a muscle
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potential energy. All these notions bear witness to the extreme 
complexity of the muscle–aponeurosis–tendon complex.

 Global Mechanical Properties of the Muscle–
Aponeurosis–Tendon Complex

 Muscle Functions and Composite Beam (Fig. 49)

A bone segment, isolated from its environment, subjected to 
a stress, may reach its fracture level very quickly whereas 
during the exercises of everyday life, this eventuality does 
not occur. The arrangement and insertion of the muscles are 
based on the principle of the composite beam with an anti- 

buckling stabilizing effect. The stresses developed at the 
bone are the result of bending actions. In reality, the moments 
of action generated by the bone because of its curvature 
exceed the loads which are exerted transversely at the ends. 
The muscles are provided by their mode of fixation at the 
level of the curvature to decrease the mechanical constraints 
of bending. Thanks to this arrangement, the muscular force 
will neutralize bone deformation. By its presence with its 
multiple bone insertions while increasing the moment of 
inertia of the whole bone-muscle, it increases in considerable 
proportions the mechanical strength of the bone. A concave 
curvature allows a larger muscle insertion area with an 
antigravity function. Jansen [50] enacts the “minimum- 
maximum” law which stipulates that the maximum 

PCSA (m2) PHYSIOLOGICAL
CROSS SECTIONAL  AREA
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a
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m = mass 
p = density (1.05 gm/ cm3) 
t = thickness section 
a = pennation angle

α
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Fig. 48 (a) Data to measure 
the Physiological Cross 
Sectional Area (PCSA). (b) 
Principle of measurement of 
the Physiological Cross 
Sectional Area of a fusiform 
muscle. (c) Principle of 
measurement of the 
Physiological Cross Sectional 
Area of a penniform muscle
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mechanical resistance is achieved with the minimum cancel-
lous bone material which has a well-defined architectural 
trajectory and compensates for the bone material. Adaptation 
processes are under the control of a feedback mechanism 
that is closely related to mechanical constraints. Throughout 
life, osteoblastic and osteoclastic action manifests itself in 
multiple circumstances such as the consolidation of fractures 
or the bone response to muscle insertions. Frost [51] defined 
the concept of the "minimum effective strain" whose values 
were between 0.08 and 0.2% of strain.

Above, the bone was adapting and the signs of remodel-
ing appeared. Enlow [38] demonstrated that osteogenesis 
was induced by compressive forces and osteolysis by exten-
sional stresses. This adaptation of the bone to mechanical 
stresses was possible thanks to its elastic and visco-elastic 
mechanical properties. "Negative feedback" is the essential 
process of regulating bone remodeling. The application of a 
force causes deformities that induce the remodeling process; 
a high stress causes osteoblast hypertrophy. This  hypertrophy 
is followed by a decrease in deformities and osteoclasts, 
which leads to bone atrophy with rapid osteolysis and major 
calcium excretion.

 Purpose, Symmetry, Variability

Of all the organic systems, the muscular system is the most 
important in terms of mass and volume; no system of organs 

presents greater differences from individual to individual, 
and even within the same individual. Anatomical symmetry 
derives functional symmetry. In the series of even muscles, 
each of them has an action identical to that of its counterpart 
and if it is the odd muscles, the two halves that constitute 
them contract together to contribute to a single effect. The 
scalene muscles are an example of symmetry of the tethers of 
the cervical spine (Fig. 50).

The study of various movements shows, between most 
homologous muscle regions, a complete dependence: the 
independency is the exception. The glottis, pharyngeal, 
labial muscles are all those on the right and left, associated 
together in a common action. What solidarity is closer than 
that which exists between the muscles of the two eyes? The 
right and left muscles of language combine their function in 
the complex act of phonation? This harmony of action 
between the symmetrical organs is less perfect. When it 
comes to limbs, the isolated movement of a left arm and right 
leg is not associated with the opposite side to achieve a paral-
lel movement.

Why are the muscles on the right side more developed 
than those on the left? Is there a congenital difference in rela-
tion to the frequency of the left occipito-cotyloid position of 
the fetus? Would the number of left-handers be proportional 
to the number of children born by right occipito-cotyloid 
position, as has been suggested, or would this predominance 
on the right be the pure and simple effect of where we are to 
practice a lot more often the right side than the left? [25]. In 

a b

c

Fig. 49 Anatomical sections 
at three levels (cervical  
(a), thoracic (b), lumbar  
(c)) to determine the 
importance of the composite 
beam in relation to the 
curvature. At the thoracic 
level, the ribs with the 
sternum stabilize this portion 
and require reduced muscle 
mass. Note whitish fibers, 
evidence of aponeurotic tissue 
absorbing the mechanical 
stresses at the top of the 
thoracic curvature
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humans, the predominant muscles of the lower limbs and 
paravertebral gutters predesignate it to the bipedal attitude.

 Volume and Strength of Muscles

Considered in relation to their volume and their own form, 
they have many varieties. The volume of a muscle is in direct 
relation to its strength, but it is not the only condition of 
force.

Two elements are to be considered: the force as measured 
by the volume (number of fascicles), and the energy of its 
contraction, which results from the cerebral influx. Muscular 
hypertrophy may result from hypertrophy of the fascicles or 
an increase in their number as a result of resistance training. 
In humans, the increase in muscle volume is quite slow with 
an average of 0.1% per day, with extreme values of 0.07–
0.23% per day, to reach a maximum increase, on average of 
the order of 10–25% after 8–12 weeks. The increase of the 
muscular section results from the increase as represented by 
the fast fibers, whereas the slow fibers remain minimally 
modified. With the help of the temporal summation of nerve 
stimulation and the increasing recruitment of motor units 
(spatial summation), the force developed by a muscle can 
vary in important ranges. The highest values can be evalu-
ated between 400 and 1000 kg for triceps sural or the gluteus 

maximus. An approximate calculation leads to a maximum 
value of 25 ton if all the muscles were active at the same time 
with maximum force! This phenomenon is based on an asyn-
chronous activation of the fibers according to their capacity. 
A large high-threshold motor neuron that holds a large num-
ber of muscle fibers under its control is put into play after a 
small inverse-mode motor. The electromyogram is a reflec-
tion, during a muscular contraction with increasing load, of 
the activation of more and more numerous, efficient and 
asynchronous motor units [52].

 Law of Third Dimensional Articular Dynamic 
Rotational Centering

The analytical study of the action of a muscle alone cannot 
solve the mechanical behavior of a joint. The harmonious 
movement of a joint requires the synchronous activation of 
all the muscular groups that surround it. The objective of this 
dynamic equilibrium ensures the distribution of stresses on 
the cartilage avoiding its wear (Euler column). This organi-
zation responds to the three-dimensional dynamic articular 
rotational centering law which is part of a principle of func-
tional globality and takes into account other articulations 
[53]. In relation to the three planes of space, there is a move-
ment of flexion extension, a movement of abduction adduc-

Middle
scalene
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scalene
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Scalene

Anterior
Scalene

Anterior Scalene

Middle Scalene

Posterior Scalene

Sternocleido mastoid M c

Fig. 50 Scalene muscles of 
stabilization of the overall 
vertebral column (a), 
horizontal anatomical section 
with their symmetrical 
insertions on the transverse 
processes of the cervical 
vertebra (b). Topographic 
reports of the 3 muscles 
during a dissection (c)
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tion, and a movement of rotation. This terminology is specific 
to anatomy and does not correspond to that used in mechan-
ics which uses only the term rotation. The extension compo-
nent is always weaker than flexion and requires only one 
muscle. In certain positions of the articulation, gravity is suf-
ficient to cause the extension movement.

 Muscular Ambivalence: Articular Chains 
and Stato-Dynamic Effects of Muscles

In the context of an isotonic contraction, two situations are 
distinguished insofar as one of its extremities is kept fixed 
and the other connected to a load offering a resistance R: 
concentric contraction, i.e., its length decreases and its ends 
come closer to the extent that the developed tension is 
greater than R, or eccentric contraction where its length 
increases and its extremities move away to the extent that 
the tension is less than R. If the developed tension increases 
during the shortening, the first part of a muscular contrac-
tion can be performed in isotonic mode, then in isometric 
mode. Thus at the level of the masticatory muscles where 
they are shortened at first, then contract isometrically to 
overcome the resistance offered by food fragments. For the 
extension muscles, they function during contraction ini-
tially in isometric mode, then in a second one in isotonic 
mode.

The static effect (isometric force) of a muscle is defined 
as the state of equilibrium between power and resistance. 
The moment of resistance is proportional to the length of the 
lever arm and the angle between the two levers. For a 90° 
angle with a long lever arm, the articular stress is maximum. 
To reduce this constraint, it is necessary to shorten the point 
of application of the resistance and to make the angle and the 
levers tend towards 0°. The dynamic effect (isokinetic force) 
is the situation in which its power is greater than resistance 
and induces motion. The speed and amplitude of the dis-
placement are greater when one of the insertions is close to 
the joint space. For this purpose, produced by a muscle, the 
indirect action must be added by modifying the position as a 
function of the center of gravity. In the pelvic limb, the flex-
ion of the thigh on the pelvis is accompanied by a flexion on 
the leg by the action of gravity.

The mechanical stresses on the articulations are different 
according to the overall position of the body and the methods 
of application of the resistance. Three articular situations can 
be envisaged with the open articular chain, the closed 
 articular chain and the semi-closed articular chain. The open 
articular chain is the succession of several joints whose distal 
is free, continuity between the chest, the shoulder girdles, the 
arm, the forearm and the free hand with isolated mobiliza-
tion of a joint. The closed articular chain is characterized by 
a succession of articulations interposed between two extreme 
extremities: athlete in a horizontal position with support of 

the hands and feet performing a series of dynamic exercises, 
elevation, lowering. The semi-closed articular chain is the 
situation where one of the two fixed extremities is subjected 
to a determined vectorial resistance: cyclist with his lower 
limb whose foot is embedded in the pedal.

 Muscle Force and Levers

The organization of the musculoskeletal system is based on 
the principle of the levers which are composed of 3 ele-
ments: a fulcrum, a power, and a resistance. The fixed point 
of support is the articulation, power is materialized by the 
muscle, and resistance is opposed to force. To improve the 
muscular quality with respect to a load, it is necessary to 
improve the speed of execution (V), which is a function of 
the ratio of the power of shortening (P) to the mass to be 
displaced and the resistances to be overcome (M): 
V = PM. To decrease the resistance (M), it is important to 
promote the flexibility of the articulation. There is a com-
promise between tone and suppleness, which requires a 
varied and alternating pace of training. Muscles that are 
intended for large displacement due to the length of fibers 
will not have the same performance if the moment of action 
is high. Similarly, if a muscle with a large Cross Sectional 
Area (CSA) is placed with a weak moment of action, it will 
produce only a large angular displacement and not a large 
force.

 Compliance

Compliance is defined as the ability of a muscle to change 
shape (elongate or contract) for a given force while returning 
to the initial state when the deforming force is removed. This 
compliance is a reflection of the elastic energy that can be 
stored by the different elastic structures of the three-level 
complex: fascicles-aponeurosis-tendons. Scott [54] found a 
similarity in the mechanical properties of aponeuroses and 
tendons where the elasticity of these two components could 
reach 8% for the fascia and 2% for the tendon. The angular 
compliance is the consequence of the angle formed by fas-
cicles with aponeurosis, the latter not being in the axis of 
work of the muscle. This angle forces a transformation of the 
length-changing forces of fascicles which are no longer in 
the axis of global muscle deformation. From this change of 
direction follows the appearance of a component perpendic-
ular to the muscular action line which explains the loss of 
force necessary for this transformation. As a result, increas-
ing the pennation angle increases the perpendicular compo-
nent, decreases the effective muscular force transmitted but 
increases system compliance.

When increasing the pennation, one reduces its rigidity, 
the rule of the interdependence of the muscular work between 
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the muscular complex and its elements appear perfectly real-
ized if the elastic work is carried out perpendicular to the 
fascia and takes it into consideration. In order to keep the 
muscle volume constant when the fascia is stretched elasti-
cally, elastic deformation must occur on the surface of the 
fasciae. When the elastic energy is stored in the fascia at the 
same time, the energy will be stored in the surface of this 
fascial structure; its quantity is small but essential to obtain a 
good equilibrium during the work.

 New Compliance Concepts: Muscular Fascicles 
and Fascia (aponeurosis)

The models that have so far been studied do not differentiate 
between the tendon structures and the aponeurotic features 
of a muscle. Jewel [55] reported that 50% of the change in 
the length of the elastic series (muscle-fascia-tendon) of the 
shortening of a frog muscle during isometric contraction 
reside in the collagen fibers. Morgan [56] found that eight 
times more movements were observed in the tendinous 
structures than in the aponeuroses (aponeurosis) of the kan-
garoo muscles. These results seemed to indicate that there 
are differences in elastic characteristics between different 
species and muscles. For a unipennate muscle, a wide angle 
of pennation results in another angular compliance. The 
behavior of the fascia does not only depend on the strength, 
but also depends on its length. It has been shown that the dif-
ference in length between the aponeurosis during the con-
traction of a short muscle subjected to a weak force and that 
of a muscle subjected to a great force exceeds the extension 
of the calculated elastic series. according to the compliance. 
It can be concluded that the length of the muscle determines 
the equilibrium length of the fascia (aponeurosis) which 
changes in the same way.

This mechanism shows that there is a plastic deformation 
induced by the forces developed during the movement. 
During the passive movement of a muscle, the fascia 
(aponeurosis) elongates easily and adapts at the same time as 
all fibrous structures. However, during muscle contraction, 
significant forces perpendicular to the fascia (aponeurosis) 
occur and this results in internal frictional forces between 
different structures that prevent excessive stretching. 
Fascicles opposing the extension of fibrous structures are 
still active in the aponeurosis even when large forces are 
exerted, this mechanism is not possible in experimental stud-
ies where the tendons are separated from one another and the 
muscles are not in contact. This  hypothesis of plastic defor-
mation of the aponeurosis induced by the loss of force was in 
contradiction with the plastic deformation proposed by 
Alexander [44] which determined that a certain level of force 
was necessary to cause deformation. It is essential to note 
that changes in the compliance of a muscular system due to 
the geometry of the muscle do not influence the amount of 

elastic energy stored in the series of the elastic element. In 
posture, three systems intervene: head- neck, thoracolumbar, 
and the global body—talo-crural joint (ankle).

Gregory [57] showed that rectus femoris and the gastroc-
nemius were energy transporting elements from the proxi-
mal to the distal lower limb. Functionally, it is found that 
during extension of the knee there is an associated plantar 
flexion—a strong power that is transmitted from the rectus 
femoris to gastrocnemius. These two muscles have impor-
tant similarities in their anatomical morphology, the poste-
rior surface of the rectus femoris is essentially aponeurotic, 
spreading over its entire length and for the gastrocnemius 
the presence of both superficial and intramuscular aponeu-
rosis extends from proximal insertion to distal insertion. 
These muscles should be considered as antigravity muscles 
with a great energy saving and a return of energy in the 
phases of the walk which reverberate in the thigh and the 
pelvis with adaptation of the vertebral column. Stiffness is 
lower (higher compliance) in the cervical spine for all modes 
of inclination with the C1–C2 junction responsible for rota-
tion and the distribution of flexion from C3 to C7. The tho-
racic column is compliant in rotation and the lumbar spine 
has a great potential of flexion and less in lateral flexion and 
in extension.

 Fasciae

Fasciae are an important component of the musculoskeletal 
system and cannot be dissociated from the study of muscle. 
Long studied independently of each other and only in some 
of their main parts, they were, for the first time, considered in 
a general way by Bichat [58], who united them in its division 
of the membranous fibrous system. The fascia is an extended 
sheet of strong connective tissue that surrounds the whole 
muscle and gives it an anatomical unity. It has 2 other 
mechanical functions by realizing a counter-pressure factor 
towards the muscle during the contraction and by promoting 
their independence and their sliding.

The fasciatherapy that has developed describes a painful 
myofascial syndrome that is a reversible functional distur-
bance that originates in skeletal muscles or fasciae. It is high-
lighted as a Myofascial Trigger Point (point-relaxation) 
which is a painful area of a few mm, located in its fascia. 
These fasciae are intimately related to the skin, which pres-
ents a specific mechanical organization with traction zones 
described by Langer which are at the origin of the choice of 
cutaneous incisions.

 Terminology: Fascia of Contention

Bichat [58] “had divided the aponeuroses (aponeurosis) 
into two classes: some (wrongly) serve as insertion to the 
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true muscular aponeuroses (aponeurosis) and are only ten-
dons: they are the aponeuroses (aponeurosis) of insertion, 
the others are used to these same muscles of means of con-
tention: it is the fasciae (fascia) of envelope or contention." 
Thus, the muscles are situated between two fibrous lami-
nae, one deep, the other superficial, which is the envelop-
ing fascia; Multiple and varied partitions go from one to 
the other and divide them into a multitude of compart-
ments designed to isolate, contain, protect the different 
muscles and promote their sliding and action. Bichat’s 
analysis [9] was close to the modern concept of Ettema 
and Huijing [2], Winters [59] which determined the domi-
nant role of fascia and fascicles.

The fasciae of contention sometimes envelop the totality 
of the limbs: they are generic; at once they are only one mus-
cle or more: they are partial and meet not only in the limbs 
where they play an essential role, but also in the trunk 
(Fig. 51).

General rule: wherever there is a muscle that can move in 
its contraction, there is a aponeurosis, or sheath whose thick-
ness is proportional to the length of the muscle, its strength, 
and especially its tendency to move. Each fascia is consid-
ered an outer surface, an inner surface, an edge, or circum-
ference. By their pearly white outer surface, the superficial 
envelope fasciae respond to the skin, from which they are 
separated by the subclinical cellular tissue, enclosing the 
veins, the lymphatic vessels, and the superficial nerves.

The inner surface of the fascia is dull white. Through this 
surface, some give attachment to certain points in the fasci-
cles: this is that of the forearm and the leg. But over most of 

its extent, this surface remains independent of the underlying 
muscles, to which it adheres only by a loose connective tis-
sue. It follows that the skin is mobile on these fasciae; some-
times they adhere intimately by means of fibrous 
prolongations born from the deep aspect of the dermis.

 Structure of the Fascia

The mobility of the skin on the fasciae takes place by the fol-
lowing mechanism: from the deep surface of the dermis, mul-
tiple fibrous prolongations leave, intercepting the areoles 
which are the reservoir of the adipose tissue; these united pro-
longations develop into a membrane which glides over the 
fascia, vessels, and superficial nerves, and is called fascia 
superficialis. It is only found in parts where superficial vessels 
and nerves are distributed between the skin and the fasciae.

The thin fasciae are composed of a single plane of parallel 
fibers, leaving between them considerable intervals; the thick 
fasciae are composed of several superimposed planes whose 
fibers intersect sometimes at right angles and sometimes at 
acute angles. It is rare that, in intertwined fasciae, the ana-
tomical reason of the difference of direction of the fibers in 
that of the muscular fibers is not found. Sappey [21] has high-
lighted considerable evidence of neural tissue. Fascia of com-
pression, which must be adapted to the changes of form which 
accompany the muscular contraction, contains a quantity of 
elastic fibers which perpendicularly traverse those of the mus-
cle. Fascia of large muscles especially at trunk and neck lev-
els differs from long muscles. They are thinner, less resistant, 
dull white and not pearly white. The specific arrangement of 
fasciae of the muscles of the column is related to long dorsal 
and ilio-costal delineating gutters. It is, however, difficult to 
make the precise distinction by dissection between the apo-
neuroses and the fasciae (Figs. 52 and 53).

 Properties of Fascia

As an integral part of fibrous tissue, fascia shares physical, 
chemical, anatomical, physiological, and pathological prop-
erties. Because of their great cohesive strength, the fasciae 
resist the considerable traction or distensions exerted on 
them by the muscular fibers. They establish, among the dif-
ferent layers of organs, very precise limits which are of the 
highest importance to “know exactly if one wants to make an 
accurate account of a host of morbid phenomena”… 
Cruveilhier [25].

They are not very extensible, hence the resistance they 
oppose to the inflammation of the underlying parts (for 
example, compartment syndrome). They are not very elastic; 
when their distention has exceeded a certain extent, they 
never revert on themselves.

Fig. 51 Morphological aspect of a fascia in the thoracolumbar region, 
note the transverse direction of its fibers (yellow arrow)
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This layer of dense connective tissue which covers the 
muscles delimits compartments or compartments by the sep-
tae, which provide a rigid compression of the muscle during 

their contraction. Among the other functions, they allow a 
sliding between the muscles making them functionally inde-
pendent. The space induced between them is a factor of cool-
ing and electrical insulation. The spaces are occupied by 
vascular arterial, venous, and lymphatic elements.

 Clinical Implications

Epidemiological studies confirm the societal impact of low 
back pain, which is observed in 60% of an industrialized 
population. Every year, 5% of adults in the USA have a low 
back pain episode. Of five million patients with low back 
pain, two million are at out of work for a minimum of 
6 months and only 20–40% return to work, Kelsey [60]. The 
concept of postural stability is at the root of the exploration 
and therapy of the vertebral column. The stability of overall 
body mass is proportional to the support represented by the 
feet, at a distance in the horizontal plane between the center 
of gravity and the edges of the support, inversely propor-
tional to the height of the center of gravity but proportional 
to the weight from the body. Walking is a succession of 
unstable periods that are at the base of propulsion. To main-
tain stability, there must be dynamic modulation of the upper 
and lower limbs relative to the fulcrums. This system has to 
deal with variations in order to restore balance. To fulfill this 
contract, the neuromuscular system must behave in an elastic 
system with a certain amount of energy and restitution of the 
aponeurosis.

The zones of stiffness and their evaluation at different lev-
els listed by Ashton-Miller [61] are six with compression, 
anteroposterior shear, lateral shear, flexion-extension incli-
nation, lateral inclination, and torsion.

For Crisco [62], the polyarticular muscles are advanta-
geous in terms of stability. These superficial muscles have 
high bending moments and are especially suitable for modu-
lating stiffness. On the cervical level, the small suboccipital 
muscles are essential for maintaining the head (Fig. 54).

 Muscle and Infiltration Fat: Aging

In the elderly, the adipose system reappears and the mus-
cles become less bulky. The reliefs weaken; the forms tend 
to resemble their primitive roundness without being com-
parable to those of the young man. In the latter, they are 
rounded, but slender and firm; after middle age, they are 
sometimes rounded and firm, but thicker, which occurs if 
the adipose tissue predominates; sometimes rounded and 
slender, but softer, as a result of slimming or aging. They 
participate in the general atrophy manifested by the most 
sensitive effects. After their withdrawal, they no longer fill 
the boxes between the fasciae that surround them, with a 

Peritoneum 

Psoas

Fascia transversalis

Fig. 52 Schematic horizontal section at the lumbar level delimiting 
spaces through the fasciae (green)

Fig. 53 Horizontal section of lumbar spine muscles with bony gutter 
boundaries specific to each muscle
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kind of flaccidity to which is added their greater softness. 
In extreme old age, the adipose tissue infiltrates in greater 
abundance between the various bundles of the muscular tis-
sue, which very often takes a yellowish hue. Often, lobules 
of fat appear in the primitive bundles, and sometimes even 
fat cells (Fig. 55).

 Conclusion

The normal operation of the vertebral column is still poorly 
known despite over 2 million references found in the litera-
ture. The difficulties lie in the actual evaluation of the 

structures and the current technical means available. The 
morphological bases since the work of Winkler [3] are an 
important achievement. The new concept associating the 
contractile and elastic components of Zajac [1] of the muscle 
(aponeurosis) complex is at the basis of modeling pro-
grammes in the dissection of pathology. Three-dimensional 
explorations should improve our knowledge provided that 
the column is integrated into a functional set with individual 
variability. Following advances in its understanding and 
applications in biology, the tensegrity model will represent 
one of the most relevant concepts for understanding the mus-
culoskeletal system with two structure-function pairs associ-
ating “tension- cohesion” and “compression solidity.”

a

Large oblique M

c

Large rectus
posterior

of the head Small rectus
posterior

of the head

b

Fig. 54 Muscles of the 
cranio-cephalic junction with 
the four muscles (Rectus 
posterior of the head- large 
and small, large oblique of the 
head, small oblique of the 
head) which constitute the 
triangle of Tillaux (a). These 
muscles adjust the movements 
of the head and act as limits 
in large rotational movements. 
Anatomical cuts  
(b) horizontal plane  
(c) frontal section with large 
oblique
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 Introduction

The final decades of the twentieth century have seen a sharp 
rise in the prevalence of back pain in the western world [1]. 
From a purely osteoarticular perspective, this may seem par-
adoxical insofar as, at the same time, working and living 
conditions seem to have improved [1]. Recent animal and 
human studies have repeatedly advanced the importance of 
paraspinal muscle dysfunction in the pathogenesis of low 
back pain [2–4]. Similarly, the increase in disorders of sagit-
tal balance of the spine, related to idiopathic paravertebral 
atrophy with increasing age underscores the functional 
importance of these muscles [5]. These muscles, because of 
their insertions, are extensors of the spine, that is to say that 
their concentric contraction tends to induce an extension of 
the spinal segments with respect to each other. This concep-
tion of their action is, not sufficient to account for their pro-
tective role of the spine. It also seems a little limited to 
account for their postural and dynamic actions. Is their action 
unambiguous? What synergistic action do they have with 
each other and with other muscles? What mechanisms can 
induce their dysfunction? What are the postural and dynamic 
consequences of their dysfunction? Are their lesions irre-
versible or can we resist the durability of these induced dis-
orders? Technological advances have recently allowed us to 
conduct work aimed to address all of these issues. They are 
based on a fine analysis of the trunk movements and the 
simultaneous recording of the activity of many muscles, as 
well as on the magnetic resonance (MRI) of contractile com-
ponents of paravertebral masses.

This is a synthesis of current knowledge based on a litera-
ture review. It aims to expose the recent functional anatomy 

data of the paraspinal muscles and emphasize the clinical 
implications that may arise.

In the first part, we will study the topographic and func-
tional organization of the paravertebral muscles, including a 
recall of the descriptive anatomy of the paravertebral mus-
cles and the different functional anatomy models that have 
been proposed to explain the postural role of lumbar and 
abdominal muscles and therapeutic prospects they offer. 
Then we will summarize the functional implication of the 
erector spinae during walking.

Secondly, we will recall the theories that tend to explain 
the muscular role in the perpetuation of chronic low back 
pain.

 Descriptive Anatomy of the Paravertebral 
Gutter

It should be noted that, compared with the joints of the limbs 
which, when they are in one plane, have a relatively simple 
muscular control, the organization of the axial muscular sys-
tem is more complex because of the high degree of freedom 
associated with stacked vertebrae. Most spinal muscles are 
housed in the paravertebral gutter, which is between the spi-
nous and transverse processes of the vertebrae. The muscles 
in the paravertebral gutter are organized in four superim-
posed planes [6]. To emphasize this organization, we chose 
to report it, as a whole, at the cervical, thoracic, and lumbo-
sacral level, starting with the deepest plane. They are covered 
by the muscles of the posterolateral wall of the trunk whose 
spinal insertions form the thoracolumbar fascia [7].

 Plane of the Transverse—Spinous Process 
Muscles (Deepest)

It extends from the second cervical vertebra to the sacrum. It 
includes three muscles. Intertransverse muscles (intertrans-
versarii) are small muscles from transverse process to trans-
verse process. They are even, symmetrical, and located 
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laterally all along the spine. Their unilateral concentric con-
tractions provoke homolateral inclination of the spine. The 
11 rotatores muscles are small symmetrical muscles that fill 
the base of the paravertebral gutters inserting on the trans-
verse process to the lamina of the superjacent vertebra. Their 
concentric contraction induces an extension and a contralat-
eral rotation of the superjacent vertebra. The multifidus mus-
cle is composed of muscle bundles that medially fill the 
paravertebral gutter, inserting on a transverse process and 
which send muscular extensions to each of the superjacent 
lumbar spinous processes. Its contraction, concentric, causes 
an extension and a contralateral rotation of the vertebrae of 
termination with respect to the vertebra of insertion.

 Plane of the Spinalis and Semispinalis Muscles

It covers the multifidus muscle. It consists of two groups of 
muscles called spinalis (spinalis dorsi, spinalis cervicis, and 
spinalis capitis) and semispinalis (semispinalis capitis, semi-
spinalis cervicis, and semispinalis dorsi/thoracis), which 
span from top to bottom. The spinalis muscles are located 
nearest to the midline, spanning from top to bottom in the 
paravertebral gutter and have an action of extension of the 
spine.

The spinalis cervicis is stretched between the lateral sur-
faces of the C2–C7 spinous processes. The spinalis dorsi 
extends between the lateral surfaces of the spinous processes 
of T1 to L3. The semispinalis muscles are more lateral and 
extend laterally and obliquely downward. The semispinalis 
capitis extends from the superior nuchal line of the occiput to 
the transverse processes of T1–T6. It covers the spinalis cer-
vicis. The semispinalis thoracis is stretched from spinous 
processes of C2 to T4 to transverse processes from T2 to 
T11. It is covered at the top by the semispinalis capitis and at 
the bottom by the spinalis dorsi.

 Plane of Longissimus and Iliocostal Muscles

The muscles of this plane (longissimus capitis, longissimus 
cervicis, longissimus thoracis, and iliocostalis) overlap par-
tially and laterally, over the spinalis and semispinalis mus-
cles. They are extensors of the spine, extending downwards 
towards the midline. The fibers of the longissimus muscles 
are the most medial and intertwine from top to bottom. The 
longissimus capitis muscle extends laterally to the semispi-
nalis cervicis. It inserts itself on the mastoid process and 
ends on the transverse processes from C3 to T1. The longis-
simus muscle of the thorax inserts on the transverse pro-
cesses of the 12 thoracic vertebrae, on the upper edge of the 
posterior arches of the last eight ribs and unites inferiorly 
with the iliocostalis muscle to form the lumbosacral mass, 
largely encompassing the spinous processes of the last 4 
lumbar vertebrae, the posterior third of the iliac crests, and 

posterosuperior iliac spines. The iliocostalis muscle, more 
lateral than the longissimus muscle, inserts on the transverse 
processes of the last four cervical vertebrae, arising as flat-
tened tendons from the posterior arch of the last ten ribs. It is 
then further reconstituted by fascicles laterally inserting on 
the posterior arches of the last six ribs, culminating in a 
larger volume. It ends by providing the lateral fibers of the 
lumbosacral mass.

 Plane of the Splenius Muscles

It partially covers the semispinalis muscles. It is limited to 
the upper cervical and thoracic regions and includes two 
muscles: splenius capitis and cervicis. The splenius capitis 
inserts on the mastoid and superior nuchal line and ends on 
the cervical spinous processes. It is an extensor of the head 
and ipsilateral rotator. The splenius cervicis wraps laterally 
and caudally around the splenius capitis. It inserts on the 
transverse processes from C1 to C3 and ends on the spinous 
processes of the first five thoracic vertebrae. It is an extensor 
of the neck.

The thoracolumbar fascia that covers the paravertebral 
muscles seems particularly interesting to study. The dimen-
sions and nature of this electrically inactive fascia allow 
electromyographic recording of the activity of the erector 
spinae muscles (longissimus and iliocostalis) by surface 
electrodes over almost the entire height of the vertebral col-
umn [8]. Moreover, it is perforated by vessels from the para-
vertebral muscles in relation to a fascial zone that 
accompanies their neurovascular bundle and separates the 
multifidus and longissimus muscles [9] and seems to be a 
natural pathway for the surgical approaches of the lumbar 
spine (Wiltse) [10].

 Anatomical Models (Figs. 1 and 2)

The oldest model of functional anatomy of the spinal mus-
cles is based on the observation of the effect of the concentric 
contraction of the muscles. The paravertebral muscles (dor-
sal to the spinal axis) oppose the abdominal (ventral) mus-
cles. Thus, truncal extension movements are related to a 
contraction of the paravertebral muscles, while the flexion 
movements are related to the contraction of the abdominal 
muscles [11]. The vertebral column is then considered as a 
guyed mast (with radiating cable stays) by the anterior and 
posterior muscles of the pelvis and whose inclinations 
respond to alternating shortening of antagonistic muscles 
(Fig. 1). However, this model did not respond to the alterna-
tion of activity of the paravertebral muscles observed during 
anterior flexion movements of the trunk [12]. Thus, some 
authors have explored the activity of all the muscles sur-
rounding the spine during flexion-extension of the trunk 
[12]. The observation of simultaneous contractions of the 
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paravertebral and psoas muscles led these authors to propose 
the notion of a composite beam that is actively constituted by 
contractions of the deep muscles that stabilize the lumbar 
spine by adhering to the vertebrae during trunk movements. 
The latest model based on the different conditions of stabili-
zation and mobilization of the trunk tends to oppose the 
action of the central qualified muscles: multifidus (M), inter-
nal oblique (IO), transversus abdominis (TA), psoas (P), and 
rectus abdominis (RA); to the action of so-called peripheral 
muscles: external oblique (OE), erector spinae (ES) includ-
ing longissimus (L) and iliocostalis (IC) but also divided into 
ES pars lumborum (LES) and ES pars thoracis (TES), glu-
teus maximus (GM) and rectus femoris (RF). In the latter 
model, the core muscles are considered protective muscles of 
the spine, while the peripheral muscles are seen as stabiliz-
ing and mobilizing muscles (Fig. 2).

In addition to histological arguments clearly differentiat-
ing paraspinal deep muscles from the superficial muscles, 
the construction of the latter model is based primarily on 
information provided by the analysis of dynamic multi- 
channel EMG tracings from trunk muscles recorded syn-
chronously with data kinematics and dynamics. Three 
categories of muscle behavior can be studied by these elec-
tromyographic techniques: the study of the muscular syn-
chronization during voluntary movement, the analysis of the 
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reaction times of the spinal muscles reacting to an environ-
mental stimulus, and the measurement of the strength and 
endurance for each muscle based on the analysis of the fre-
quency of the action potentials and the surface markers. All 
of these behaviors have been studied in healthy subjects and 
compared to those observed in patients with low back pain 
during standardized flexion-extension movements with the 
pelvis held stationary, free movement, or in response to dis-
turbances of balance.

The study of the synchronization of the spinal muscles 
during movement and their reaction times in response to a 
disruption of sagittal balance reveals, in healthy subjects, a 
stereotyped muscular organization of the abdominal and 
lumbar muscles. Thus, in subjects without low back pain we 
find:

• during standardized movements, a symmetrical co- 
contraction of P and MF or RA and MF [11, 13], to pro-
tect the lumbar spine during movement,

• during free movements, a symmetrical initial and protec-
tive co-contraction of MF, OI, and RF, then a mobilizing 
and independent contractions of ICT, OE, GM [14],

• during postural reactions induced by a sudden distur-
bance of sagittal balance, a co-contraction of MF and TA 
[15], followed by alternating anti-phase contractions of 
the agonist and antagonist muscles accompanying stabi-
lization oscillations around the new sagittal balance posi-
tion [3].

On the other hand, in chronic low back pain, we find a 
certain desynchronization resulting in:

• during standardized movements, by a loss of symmetric 
co-contraction of MF and RA [16],

• during free movements, by a loss of the specificity of 
peripheral movement-inducing muscles associated 
with LES hypoactivity compensated by hyperactivity 
of TES [17],

• during the reactions to a disturbance, by a delay of the 
stabilizer reaction of central muscle [15, 18] and a loss of 
secondary phase opposition of the agonist and antagonist 
muscles [3] in favor of a co-contraction of disseminated 
muscles [19].

The clinical consequence of the desynchronization of 
abdominal and lumbar muscles can be advanced to explain 
the clinical lumbar instability defined as the presence of lum-
balgic (low back pain) recurrences starting abruptly follow-
ing an inappropriate movement, which reflects a decrease of 
muscular vigilance as well as the dysfunction of the correc-
tive programs [20].

The estimation of muscular strength and endurance also 
reveals changes occurring in low back pain relative to a sub-

ject free from spinal pathology. Thus, in those without low 
back pain we find:

• a symmetry of force and EMG activity of RA and MF [17, 
21, 22],

• EMG activity of extensors proportional to the applied 
force [22],

• a decrease in EMG activity of RA and OE during heavy 
lifting,

• and during endurance exercises, the effort is initially pro-
vided by the axial muscles then relayed by the peripheral 
muscles [23]. Fatigability predominates at the MF at the 
level of L5 [24].

In contrast, we find in low back pain:

• an asymmetry of force and activity for EMG and MF [17, 
21, 22],

• an initial overuse of OE and underuse of axial muscles 
[19, 23],

• EMG over-activity for extensors for the applied force [22],
• an absence of a decrease in EMG activity of RA and OE 

[19] during heavy lifting,
• in endurance, effort is initially provided by the OE mus-

cles then relayed by the TES muscles and fatigue prevails 
at the thoracolumbar level [17, 23].

This lack of strength and endurance is to be related to low 
back pain secondary to sustained efforts, due to the muscle 
weakness and poor management of the muscular forces that 
expose the bone and joint structures to harmful stresses.

 Control and Genesis of Trunk Movements 
During Walking

Understanding the activity of ES during locomotion requires 
understanding of the genesis of trunk movements in rhyth-
mic locomotor activities. Many authors consider that the 
main role of the trunk is to limit accelerations suffered by the 
head during locomotion, particularly in the anteroposterior 
direction, to optimize the work of equilibration of the ocular 
and vestibular sensory centers integrated into the skull [25, 
26]. During walking, accelerations and curvatures of the 
trunk being weak, Thorstensson et al. [27] equate the trunk 
with a rigid segment whose different inclinations make it 
possible to maintain its equilibrium. For some, spinal func-
tioning during walking helps to regulate the movements of 
the head despite acceleration imposed by changes in direc-
tion of the pelvic floor [28, 29]. During running, while under-
going greater accelerations, there is an anticipation of 
accelerations, an increase of the flexion of the trunk, and a 
phase shift between the movements of the different segments 
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of the trunk which participate in the increase of its capacities 
of absorption of the accelerations [25, 30]. The theory that 
the trunk is passively displaced on the pelvic floor is concep-
tualized on the model of the inverted double pendulum. In 
the latter, the upper part of the body associating the trunk, the 
arms, and the head whose mechanical representation is 
reduced to a rigid segment [31] articulates at the level of the 
pelvis with two rigid segments which represent the lower 
limbs [32]. This theory seems robust since the truncal move-
ments observed during walking are quite predictable in a 
theoretical manner, from accelerations imposed by the lower 
limbs [32]. Nevertheless, other authors take into account the 
intrinsic movements of the trunk such as lateral flexion and 
rotation, and give them a stabilizing role of kinetic energy of 
the trunk [33] or stabilizer of the head [30, 34].

Some authors support the hypothesis of Gracovetsky [35] 
that the intrinsic movements of the trunk are involved in the 
genesis of forward movement during human walking [36, 
37]. Other authors noting preponderant trunk stability com-
pared to sub- and super-jacent segments [38, 39], giving two 
predominant functions in locomotion; would be to foster the 
stability of the head during motion, the other is to serve as an 
inertial base facilitating movements of the pelvis and lower 
limbs during walking. In both cases, the erector muscles spi-
nae seem to be heavily involved in the work done by the 
trunk.

 Erector Spinae Muscle Activity During 
Locomotion

During walking and running, studies have reported the pres-
ence of two bursts of activity during walking by ES lumbar 
muscles at L4 levels [25, 27], L2 or L3 and L5 [30, 40, 41]. 
Other studies have reported the existence of ES muscle 
activity all along the vertebral column in walking [42, 43]. 
These flushes of activity vary in terms of organization, 
amplitude, and duration depending on the locomotion con-
ditions [8]. The intensity of the electromyographic activity 
of ES seems to increase with walking speed [8, 43–45]. 
These bursts of activities occur at the lumbar level, synchro-
nously with an anteversion movement of the pelvis at the 
moment of contact of each heel on the ground [25, 30, 45] 
and after the burst of activity of lateralis gastrocnemius 
muscle [43, 46]. During walking, ES activity begins at the 
C7 level significantly earlier than that at the lumbar level 
[8]. This eliminates an organization of the activity of purely 
reaction order mediated by a reflex arc of proprioceptive ori-
gin [47] and suggests the proactive nature of their contrac-
tion, whether it is related to postural anticipation phenomena 
[25, 48] or to the spinal interneurons of locomotion [8, 49–
51]. Thus, at the biomechanical level, the ES muscles seem 
to participate in both the anteversion of the pelvis observed 

at each step, which allows an appropriate attitude to resist 
the stresses induced by the laying of the foot on the ground 
but also to participate in the transformation of the regular 
movement of the thorax in phasic movements of anteversion 
of the pelvis which favor the propulsion of the body forward 
by the lower limbs [8, 52, 53].

 Theory of Chronic Lumbago of Muscular 
Origin

A cascade of reactions seems to be implicated in the transi-
tion to chronic low back pain. An initial disc lesion appears 
to be the origin of lumbago [54, 55]. The neural reaction that 
follows, carried by the sinuvertebral nerve induces muscle 
contraction of the ES muscles, responsible for muscle con-
tractions and antalgic postural attitude classically described 
in lumbago. As the relief arrives, the plasticity of the nervous 
system seems to favor the persistence of the new functional 
schema induced by the pain. The patient’s mainly neuromus-
cular static or dynamic abnormalities are induced by persis-
tence of the functional pattern caused by pain.

Thus, there is an early and persistent dysfunction of the 
spinal muscles after an episode of lumbago, resulting simul-
taneously in an inhibition of multifidus muscles and a perma-
nent and inappropriate contraction of the erector spinae 
muscles which persist beyond the acute episode of pain [56].

This dysfunction is manifested in chronic low back pain 
by a collective deficit of the extensors and by postural abnor-
malities related to a spinal proprioception disruption origi-
nating in the spinal muscular type Ia neuromuscular spindles 
[18]. MRI demonstrates in low back pain the occurrence of 
early atrophy of MF [56] and histochemical analysis demon-
strates alterations of this muscle whose aerobic metabolism 
is disturbed in chronic low back pain [57].

All in all, all these arguments have led some authors to 
choose muscle as a therapeutic target in low back pain. 
Some, like Mayer [58], propose a repackaging of intensive 
therapy of 5  weeks. This kind of support appears to have 
significant efficacy in reducing the inability to work espe-
cially young motivated patients, with improving compensa-
tory mechanisms and cardiovascular functional restoration 
which go beyond an exclusively spinal problem.

Others propose a targeted action against the atrophy and 
endurance of MF [4]. In this context, Danneels shows that 
among the 3 exercises usually proposed (stabilization, iso-
metric work, and dynamic work), only the isometric and 
dynamic exercises allow after a program of 6 weeks at the 
rate of 3 sessions per week, correction of atrophy and MF 
endurance in CLBP.  Finally, Hides [20] applied the same 
procedure as Danneels [4], showing in the immediate after-
math of lumbago, a major reduction in low back pain recur-
rence over the 3 years following the initial episode. Indeed, 
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if the percentage of recurrence of a lumbago outside rehabili-
tation is 80% each year, the introduction of a physiotherapy 
program reduces this rate to 30% [20].

Finally, some propose acting on reflex contractures. Thus, 
vertebral manipulations in sub- acute low back pain result in 
stretching, a measurable secondary relaxation in electromy-
ography [59] which is certainly responsible for the proven 
analgesic efficacy of vertebral manipulations in this indica-
tion [60]. Another way to lift reflex contractures is to para-
lyze the contracted erector muscles spinae. This was 
proposed by Foster et al. as part of a randomized placebo- 
controlled double-blind study, with spectacular results show-
ing a relief rate of 72% among subjects treated against 16% 
among subjects treated with placebo [61].

 Conclusion

The new models of functional anatomy proposed in the lit-
erature have therefore made it possible to propose new thera-
peutic approaches that seem effective in the secondary 
prevention of low back pain.

References

 1. Beaudreuil J. Les lombalgies et leur traitement. Impact Médecin. 
2000;508(27):6–22.

 2. Solomonow M, Zhou BH, Baratta RV, et  al. Biomechanics and 
electromyography of a cumulative lumbar disorder: response to 
static flexion. Clin Biomech (Bristol, Avon). 2003;18(10):890–8.

 3. Radebold A, Cholewicki J, Panjabi MM, et al. Muscle response pat-
tern to sudden trunk loading in healthy individuals and in patients 
with chronic low back pain. Spine. 2000;25(8):947–54.

 4. Danneels LA, Vanderstraeten GG, Cam Bier DC, et al. Effects of 
three different training modalities on the cross-sectional area of the 
lumbar multifidus muscle in patients with chronic low back pain. Br 
J Sports Med. 2001;35(3):186–91.

 5. Delcey V, Hachulla E, Michon-Pasturel U, et  al. Camptocormia: 
a sign of axial myopathy. Report of 7 cases. Rev Med Interne. 
2002;23(2):144–54.

 6. Drake R, Wayne Vogl A, Mitchell A. Musculature du dos. In: Gray’s 
anatomie pour les étudiants. Ed française. Issy-les-Moulineaux: 
Elsevier Masson SAS; 2006. p. 45–65.

 7. Bogduk N. Les muscles lombaux et leurs fascias. In:  Anatomie du 
rachis lombal et sacré. Paris: Elsevier; 2005. p. 131–67.

 8. De Seze M, Falgairolle M, Viel S, et  al. Sequential activation of 
axial muscles during different forms of rhythmic behavior in man. 
Exp Brain Res. 2008;185(2):237–47.

 9. Vialle R, Court C, Khouri N, et al. Anatomical study of the paraspi-
nal approach to the lumbar spine. Eur Spine J. 2005;14(4):366–71.

 10. Olivier E, Beldame J, Slimane MO, et al. Comparison between one 
midline cutaneous incision and two lateral incisions in the lumbar 
paraspinal approach by Wiltse: a cadaver study. Surg Radiol Anat. 
2006;28(5):494–7.

 11. Granata KP, Wilson SE.  Trunk posture and spinal stability. Clin 
Biomech (Bristol, Avon). 2001;16(8):650–9.

 12. Samuel J, Revel M, Andres JC, et al. An electrokinesiologic study 
of the lumbar paravertebral muscles. Rev Rhum Mal Osteoartic. 
1988;55(5):389–94.

 13. Huang QM, Andersson E, Thorstensson A. Intramuscular myoelec-
tric activity and selective coactivation of trunk muscles during lat-
eral flexion with and without load. Spine. 2001;26(13):1465–72.

 14. Danneels LA, Vanderstraeten GG, Cambier DC, et al. A functional 
subdivision of hip, abdominal, and back muscles during asymmet-
ric lifting. Spine. 2001;26(6):E114–21.

 15. Hodges PW. Changes in motor planning of feed- forward postural 
responses of the trunk muscles in low back pain. Exp Brain Res. 
2001;141(2):261–6.

 16. Ng JK, Richardson CA, Parnianpour M, et al. EMG activity of trunk 
muscles and torque output during isometric axial rotation exertion: 
a comparison between back pain patients and matched controls. J 
Orthop Res. 2002;20(1):112–21.

 17. Lariviere C, Gagnon D, Loisel P. A biomechanical comparison of 
lifting techniques between subjects with and without chronic low 
back pain during freestyle lifting and lowering tasks. Clin Biomech 
(Bristol, Avon). 2002;17(2):89–98.

 18. Radebold A, Cholewicki J, Polzhofer GK, et al. Impaired postural 
control of the lumbar spine is associated with delayed muscle 
response times in patients with chronic idiopathic low back pain. 
Spine. 2001;26(7):724–30.

 19. Chen WJ, Chiou WK, Lee YH, et al. Myo-electric behavior of the 
trunk muscles during static load holding in healthy subjects and low 
back pain patients. Clin Biomech (Bristol, Avon). 1998;13(Suppl 
1):S9–S15.

 20. Hides JA, Jull GA, Richardson CA.  Long-term effects of spe-
cific stabilizing exercises for first-episode low back pain. Spine. 
2001;26(11):E243–8.

 21. Ng JK, Parnianpour M, Richardson CA, et al. Functional roles of 
abdominal and back muscles during isometric axial rotation of the 
trunk. J Orthop Res. 2001;19(3):463–71.

 22. Alexiev AR.  Some differences of the electromyographic erector 
spinae activity between normal subjects and low back pain patients 
during the generation of isometric trunk torque. Electromyogr Clin 
Neurophysiol. 1994;34(8):495–9.

 23. Ng JK, Richardson CA, Parnianpour M, et  al. Fatigue-related 
changes in torque output and electromyographic parameters of 
trunk muscles during isometric axial rotation exertion: an inves-
tigation in patients with back pain and in healthy subjects. Spine. 
2002;27(6):637–46.

 24. Lee RG, Tonolli I, Viallet F, et al. Preparatory postural adjustments 
in parkinsonian patients with postural instability. Can J Neurol Sci. 
1995;22(2):126–35.

 25. Thorstensson A, Carlson H, Zomlefer MR, et al. Lumbar back mus-
cle activity in relation to trunk movements during locomotion in 
man. Acta Physiol Scand. 1982;116(1):13–20.

 26. Cappozzo A.  Analysis of the linear displacement of the head 
and trunk during walking at different speeds. J Biomech. 
1981;14(6):411.

 27. Thorstensson A, Nilsson J, Carlson H, et al. Trunk movements in 
human locomotion. Acta Physiol Scand. 1984;121(1):9–22.

 28. Sun LW, Lee RY, Lu W, et  al. Modelling and simulation of the 
intervertebral movements of the lumbar spine using an inverse 
kinematic algorithm. Med Biol Eng Comput. 2004;42(6):740–6.

 29. Schache AG, Bennell KL, Blanch PD, et al. The coordinated move-
ment of the lumbo-pelvic-hip complex during running: a literature 
review. Gait Posture. 1999;10(1):30–47.

 30. Cromwell RL, Aadland-Monahan TK, Nelson AT, et  al. Sagittal 
plane analysis of head, neck, and trunk kinematics and electro-
myographic activity during locomotion. J Orthop Sports Phys Ther. 
2001;31(5):255–62.

 31. Winter DA, Mackinnon CD, Ruder GK, et al. An integrated EMG/
biomechanical model of upper body balance and posture during 
human gait. Prog Brain Res. 1993;97:359–67.

 32. Ziljistra W, Hof AL.  Displacement of the pelvis during human 
walking: experimental data and model predictions. Gait Posture. 
1997;6(3):249.

M. De Sèze and O. Gille



327

 33. Stokes IA. Axis for dynamic measurement of flexion and extension 
torques about the lumbar spine. A computer simulation. Phys Ther. 
1987;67(8):1230–3.

 34. Nadeau S, Amblard B, Mesure S, et al. Head and trunk stabilization 
strategies during forward and backward walking in healthy adults. 
Gait Posture. 2003;18(3):134–42.

 35. Gracovetsky S. An hypothesis for the role of the spine in human 
locomotion: a challenge to current thinking. J Biomed Eng. 
1985;7(3):205–16.

 36. Syczewska M, Oberg T, Karlsson D. Segmental movements of the 
spine during treadmill walking with normal speed. Clin Biomech 
(Bristol, Avon). 1999;14(6):384–8.

 37. Breniere Y, Ribreau C.  A double-inverted pendulum model 
for studying the adaptability of postural control to frequency 
during human stepping in place. Biol Cybern. 1998;79(4): 
337–45.

 38. Kubo M, Holt KG, Saltzman E, et  al. Changes in axial stiff-
ness of the trunk as a function of walking speed. J Biomech. 
2006;39(4):750–7.

 39. Kavanagh J, Barrett R, Morrison S.  The role of the neck and 
trunk in facilitating head stability during walking. Exp Brain Res. 
2006;172(4):454–63.

 40. Lamoth CJ, Daffertshofer A, Meijer OG, et al. Effects of experi-
mentally induced pain and fear of pain on trunk coordination and 
back muscle activity during walking. Clin Biomech (Bristol, Avon). 
2004;19(6):551–63.

 41. Bird AR, Bendrups AP, Payne CB. The effect of foot wedging on 
electromyographic activity in the erector spinae and gluteus medius 
muscles during walking. Gait Posture. 2003;18(2):81–91.

 42. Prince F, Winter D, Stergiou P, et  al. Anticipatory control of 
upper body balance during human locomotion. Gait Posture. 
1994;2:19–25.

 43. Ivanenko YP, Poppele RE, Lacquaniti F. Spinal cord maps of spa-
tiotemporal alpha-motoneuron activation in humans walking at dif-
ferent speeds. J Neurophysiol. 2006;95(2):602–18.

 44. Callaghan JP, Patla AE, McGill SM. Low back three-dimensional 
joint forces, kinematics, and kinetics during walking. Clin Biomech 
(Bristol, Avon). 1999;14(3):203–16.

 45. Anders C, Wagner H, Puta C, et al. Trunk muscle activation pat-
terns during walking at different speeds. J Electromyogr Kinesiol. 
2006;17:245–52.

 46. Cappellini G, Ivanenko YP, Poppele RE, et  al. Motor patterns 
in human walking and running. J Neurophysiol. 2006;95(6): 
3426–37.

 47. Zedka M, Prochazka A, Knight B, et al. Voluntary and reflex con-
trol of human back muscles during induced pain. J Physiol. 1999; 
520(Pt 2):591–604.

 48. Yamazaki Y, Suzuki M, Ohkuwa T, et al. Maintenance of upright 
standing posture during trunk rotation elicited by rapid and asymmet-
rical movements of the arms. Brain Res Bull. 2005;67(1–2):30–9.

 49. Juvin L, Simmers J, Morin D. Propriospinal circuitry underlying 
interlimb coordination in mammalian quadrupedal locomotion. 
J Neurosci. 2005;25(25):6025–35.

 50. Falgairolle M, De Seze M, Juvin L, et al. Coordinated network func-
tioning in the spinal cord: an evolutionary perspective. J Physiol 
Paris. 2006;100(5–6):304–16.

 51. Ballion B, Morin D, Viala D.  Forelimb locomotor generators 
and quadrupedal locomotion in the neonatal rat. Eur J Neurosci. 
2001;14(10):1727–38.

 52. Gracovetsky SA, Iacono S. Energy transfers in the spinal engine. 
J Biomed Eng. 1987;9(2):99–114.

 53. Gracovetsky S. The spinal engine. New York: Springer; 1988.
 54. Indahl A, Kaigle AM, Reikeras O, et  al. Interaction between the 

porcine lumbar intervertebral disc, zygapophysial joints, and para-
spinal muscles. Spine. 1997;22(24):2834–40.

 55. Indahl A, Kaigle A, Reikeras O, et al. Electromyographic response 
of the porcine multifidus musculature after nerve stimulation. 
Spine. 1995;20(24):2652–8.

 56. Danneels LA, Vanderstraeten GG, Cambier DC, et al. CT imaging 
of trunk muscles in chronic low back pain patients and healthy con-
trol subjects. Eur Spine J. 2000;9(4):266–72.

 57. Zhao WP, Kawaguchi Y, Matsui H, et  al. Histochemistry and 
morphology of the multifidus muscle in lumbar disc herniation: 
comparative study between diseased and normal sides. Spine. 
2000;25(17):2191–9.

 58. Mayer TG, Gatchel RJ, Kishino N. A prospective short-term study 
of chronic low back pain patients utilizing novel objective func-
tional measurement. Pain. 1986;25(1):53–68.

 59. Dishman JD, Ball KA, Burke J. First Prize: Central motor excit-
ability changes after spinal manipulation: a transcranial magnetic 
stimulation study. J Manip Physiol Ther. 2002;25(1):1–9.

 60. Abenhaim L, Rossignol M, Valat JP, et  al. The role of activ-
ity in the therapeutic management of back pain. Report of 
the International Paris Task Force on Back Pain. Spine. 2000; 
25(4 Suppl):1S–33S.

 61. Foster L, Clapp L, Erickson M, et al. Botulinum toxin A and chronic 
low back pain: a randomized, double-blind study. Neurology. 
2001;56(10):1290–3.

Functional Anatomy of the Erector Spinae: Review



329© Springer Nature Switzerland AG 2020
J. M. Vital, D. T. Cawley (eds.), Spinal Anatomy, https://doi.org/10.1007/978-3-030-20925-4_22

Connective Tissues of the Posterior 
Aspect of the Trunk
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Abbreviations

DAT Deep adipose tissue
dPLF Deep lamina of the posterior layer of the fascia 

profundis
FS Fascia superficialis
GM Gluteus maximus muscle
IC Iliocostalis muscle
L Longissimus muscle
Lcap Longus capitis muscle
Lcol Longus colli muscle
LD Latissimus dorsi muscle
LS Levator scapulae muscle
M Multifidus muscle
EO External oblique muscle
IO Internal oblique muscle
P Psoas muscle
PLF Posterior layer of the fascia profundis
QL Quadratus lumborum muscle
R Rotatores muscle
R1 1st rib
R12 12th rib
Rh Rhomboidus muscle
S Spinalis muscle
SAT Superficial adipose tissue
Sc Scalene muscles
Scap Splenius capitis muscle
Scerv Splenius cervicis muscle
SCM Sternocleidomastoid muscle

Sp Splenius muscles
SPi Serratus posterior inferior muscle
SPs Serratus posterior superior muscle
sPLF Superficial lamina of the posterior layer of the fas-

cia profundis
SSp Semispinalis muscle
T Trapezius muscle
Ti Inferior fibres of the trapezius muscle
Tra Transversus abdominis muscle

 Introduction

The difficulty in approaching the description of the connec-
tive tissues of the back or of any other area of the body lies in 
the diversity of aspects of these tissues.

Even though the histology of these structures shows sev-
eral aspects and properties depending on their locations, they 
all share a common base: a dense gel (the ground substance) 
in which cells and fibres are suspended, providing colloidal 
properties to the tissue [1].

The interlinking and overlapping of different connective 
structures with different aspects, the difficulty to differenti-
ate them due to the lack of literature on their mechanical 
properties, as well as the fact that the different types of tis-
sues are linked by transitional forms [2], adds to the diffi-
culty to describe the connective tissues.

There are as many variations in the types of connective 
tissues as there are in the vocabulary used to describe them. 
Aponeurosis, fascia, tendon, membrane: all describe connec-
tive tissues. They are used indifferently and interchangeably 
based on the appreciation of the authors, and therefore do not 
allow an exact identification of the type of connective tissue 
by the reader.

Fascia is a term that is commonly used. It is a connective 
tissue, although its exact definition diverges depending on 
the author [3, 4]. The Latin etymology of the word “fascia” 
means band, bandage or ribbon, and illustrates the notion of 
wrapping.
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Liptan[1] refers to this etymology defining the fascia as a 
“dense connective tissue that envelopes muscles grossly, and 
also surrounds every bundle of muscle fibres and each indi-
vidual muscle cell”. This connective tissue appears inti-
mately and inextricably linked to the muscle and is continuous 
with the tendon and with the periosteum. The word “fascia” 
is not only used in the sense of enfolding. It is also indiffer-
ently used to refer to a variety of structures that all belong to 
the family of connective tissues.

Bonnel [5] mentions Cruveilhier and Bichat who tried, 
amongst others, to define these structures, concluding that 
their classification was complex and imprecise. This ambig-
uousness and complexity was already highlighted by Hyrtl 
[6], one of their contemporaries, who claimed that: “nobody 
needs an explanation of the word fascia”. The organisations 
in charge of the harmonisation of the anatomical terminol-
ogy as well as numerous authors (FCAT  - Federative 
Committee on Anatomical Terminology) [3, 4, 7–16] dis-
cussed this definition which resulted in the elaboration of 
definitions.

However, three main terminologies remain in use to 
define the word fascia: Gray’s Anatomy [17], FCAT and 
FRC (Fascia Research Congress). They diverge in how they 
integrate the different anatomical and connective structures, 
and therefore in their definition of the word “fascia”, and 
they are oriented towards specific applications [3].

The organisation and definition of the connective tissues 
can be based on several factors:

 (1) Based on their mechanical properties

Leeson [2], amongst others, distinguishes loose and dense 
connective tissues. The loose connective tissues are charac-
terised by their high degree of deformability compared to the 
dense connective tissues. The dense connective tissues 
include tissue the fibers of which are regular and parallel to 
one another (tendons, ligaments and aponeuroses). This 
organisation relies particularly on mechanical forces experi-
enced from the embryonic development [2, 17–19]. The 
dense connective tissues also include some tissues the fibres 
of which are irregular, such as the fasciae and the fibrous 
capsules of some organs, or the dermis of the skin.

We will use the description of Leeson in this chapter, and 
differentiate regular and parallel fibres (aponeurosis, tendons 
and ligaments) from irregular fibres (fasciae, fibrous cap-
sules). In addition, the epimysium is considered as a fascia.

 (2) Based on their anatomical position

The term “plane” [20], which originates from dissections, 
is often used in the anatomical language to present the differ-
ent layers. However, other terms have been employed to 
define the disposal of the anatomical elements:

 – “Layers” as per Bourgery and Jacob [17, 21]
 – “Groups” as per Drake [22]: posterior, middle, anterior

We will use the “layer” denomination to describe the con-
nective tissues of the back.

Traditionally, the connective structures of the back are 
described in two layers: a superficial layer (fascia superficia-
lis) and a deep layer (fascia profundis). These terms will be 
used in this description. The superficial layer, under the der-
mis, is surrounded by layers of fat. The deep layer (fascia 
profundis) is directly linked to the muscular and bony struc-
tures, and is itself divided in sub-layers.

Several authors describe the fascia profundis in the lum-
bar region with three sub-layers separating (1) the posterior 
layer: the latissimus dorsi (LD) from (2) the middle layer: 
the iliocostalis (IC) and longissimus (L) from (3) the anterior 
layer: the quadratus lumborum (QL). Some authors only 
describe two layers (posterior and anterior layers) and omit 
the fascial band that passes between the paraspinal muscles 
(iliocostalis and longissimus) and the QL [23]. In order to be 
thorough, we will include this band and therefore describe 
three sub-parts to the fascia profundis on the cervical, tho-
racic and lumbar region: posterior layer, middle layer and 
anterior layer.

Furthermore, in the thoracic and cranio-cervical regions 
of the fascia profundis, we will add an additional “intermedi-
ate layer” between the vertebral gutters and the deep aspect 
of the posterior layer.

Additionally, the structures appear in various aspects 
throughout the dorsum of the trunk. It is therefore necessary 
to describe the fascia profundis in layers while distinguish-
ing the lumbosacral, thoracic and cervico-cranial portions in 
order to better understand their layout.

Following the description of the fasciae of the back, their 
innervation as well as their mechanical properties will be 
presented.

 Fascia Superficialis (FS)

 Introduction and definition

The FS does not only concern the dorsal region of the trunk 
it also surrounds the body [23]. According to Cunningham 
[24] and Godman [25], the FS doubles the skin of the whole 
body to the exception of some rare regions. A century later, 
Langevin [15] still describes it as being a layer directly 
beneath the skin, hence the appellation of subcutaneous fas-
cia or tissue by some authors [13, 26, 27] (Fig. 1).

Numerous authors describe it as comprising “fatty lob-
ules” [28] or being “more or less impregnated with fat” [15, 
24], while the most common nomenclature define the FS as 
including all the adipose which accompanies it [14]. 
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Lockwood [29] proposed to include the adipose layers in the 
term superficial fascial system (SFS). We will use Lancerotto’s 
[28] and Stecco’s [30] definition of the FS, that is to say, the 
FS refers to the membranous layer within the SFS only.

 Composition and Location of the FS

The FS is surrounded by fat and separates the superficial 
layer of adipose tissue (SAT) from the deep layer of adipose 
tissue (DAT). Compared to the superficial layer of adipose 
tissue, the deep layer has smaller fatty lobules, and the trans-
versal liaisons of its septae are more obliquely oriented. 
Their size varies depending on the location in the body, the 
sex, as well as the adiposity of the subjects (“thin in the tho-
racic region, it can reach several centimetres in the lumbar 
region”) [28] (Fig. 2).

Several authors and anatomists [14, 27, 28] describe that 
this membranous layer (the FS) can be made of one to sev-
eral fine and horizontal membranous sheets. It is made of 
areolar connective tissue [27] and does not have clearly iden-
tified cranial or caudal borders [28]. In cases where there is 
more than one membranous sheet, they are separated by vari-
able quantities of fat (Fig. 3).

Additional fibrous septums arise from the FS and form a 
three-dimensional mesh of transversal or oblique interlink-
ing through the SAT and DAT.  This network forms a 
honeycomb- like structure [28, 85] on which are attached the 
fatty lobules of the SAT and DAT. In the SAT, this network of 
septae is called retinacula cutis superficialis.

The collagen fibres of the FS are associated with elastin 
fibres that provide a great deformability to the fibro-elastic 
structure [21, 27]. The FS appears as well-defined, continuous 
and well-organised membrane or layer, of aspect predominantly 
membranous, with irregular islands of fat cells. Microscopically, 
it appears lamellar [4] or honey-comb-like [28, 85].

 Function

The mechanical roles of the FS are to cover, maintain and 
shape the fat of the trunk, and to connect the skin to the 
underlying structures while allowing sliding motion of soft 
tissues to occur with movement.

Furthermore, the fatty lobules of the FS ensure a mechan-
ical protection to compression. The fatty lobules provide a 
resilience to compression that guaranties the protection of 
the underlying structures and the restitution of the initial 
form [27, 28].

In addition, some skeletal muscles attach only to the 
superficial fascia, such as the platysma muscle or the mus-
cles of facial expressions that enable humans to smile, frown 
and cry [15].

Fig. 1 Once the epidermis removed (SKIN), the superficial adipose 
tissue (SAT) and deep adipose tissue (DAT) appear, separated by the 
fascia superficialis (FS)

Fig. 2 The fascia superficialis (FS) is attached to the latissimus dorsi 
(LD) via connective fibres (ARROWS) that protect the nervous fibres 
and blood vessels (BV) by limiting the sliding motion

Fig. 3 In the lumbar region, the fascia superficialis (FS) is merged with 
the adipose tissue (FS/AT) and remains closely linked to the fascia pro-
fundis (FP). The FS is made up of fat lobules embedded in a connective 
mesh transversally linking and unifying different layers, while ensuring 
an important degree of deformability
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 Fascia Profundis (FP)

The fascia profundis is situated deeper than the fascia super-
ficialis and is directly in contact with the bones and muscles 
(Fig. 4).

It is found in the literature by the name of deep fascia, 
thoracolumbar fascia [23, 31, 32], lumbodorsal fascia [24], 
tendon of the latissimus dorsi [33], or lumbar aponeurosis 
or fascia [26, 33–35]. It is described by Gray [36] as being 
made up of the lumbodorsal fascia, the lumbar aponeurosis 
and the vertebral fascia. Its close relationship with the 
muscles and the bones justifies that it is described as a 
“false aponeurosis” or “tendinous membrane” by Rouviere 
[20] and of “aponeurosis of the latissimus dorsi” by 
Cunningham [24].

Depending on the nature of its constitution and on where 
it is situated on the trunk, it will act as a means of docking for 
the contractile fibres on the bones, or act like a flexible sheath 
or like a rigid shell. The posterior layer and the middle layer, 
together with the postero-lateral region of the vertebral col-
umn, constitute an “osteofascial” compartment [17] that 
encloses the muscle group called erector spinae.

 Lumbosacral Region

In the sacral region, below the level of L5, the fascia profun-
dis, or thoracolumbar fascia, is a thick aponeurotic structure 
which attaches to the sacrum and laterally to the posterior 
iliac spines.

It comprises the aponeurosis of the Multifidus (M), L and 
IC muscles, as well as the aponeurosis of the latissimus 
dorsi. It is called by some authors the thoracolumbar com-
posite (TLC).

Cranially to L5, the fascia profundis splits into three lay-
ers: the posterior layer (PLF), the middle layer (MLF) and 
the anterior layer (ALF).

 Posterior Layer of the Fascia Profundis, 
Lumbosacral Region

The posterior layer of the fascia profundis (PLF) appears as 
a large, pearly white membranous sheet—a colour that is 
characteristic of this tissue. It is a dense, fibrous connective 
tissue. The fibres are parallel to one another within the 
matrix. Their orientation is oblique, cephalic or lateral.

The PLF is made up of the aponeurosis of the latissimus 
dorsi (LD), the aponeurosis of the serratus posterior inferior 
(SPi) and the posterior aponeurosis of the extensors (L+IC).

The aponeurosis of the latissimus dorsi (LD) and of some 
of the extensors (L+IC) emerge from the thoracolumbar 
composite (TLC) of the sacral region, and they define two 
layers or laminae:

The posterior aponeurosis of the LD and the aponeurosis 
of the SPi become the superior lamina of the PLF (sPLF). It 
allows the insertion of the contractile fibres of the latissimus 
dorsi. The insertion roughly follows a line, starting between 
the median third, the posterior third of the iliac crest and the 
spinous process of T7.

The anterior aponeurosis of the LD and of the aponeuro-
sis of the SPi, as well as the posterior part of the retinacular 
sheath that surrounds the paraspinal muscles (L+IC) becomes 
the deep lamina of the PLF (dPLF).

 Middle Layer of the Fascia Profundis, 
Lumbosacral Region

The aponeurosis of the QL and of the M, L and IC muscles 
separate from the thoracolumbar composite (TLC) of the 
sacral region. The middle layer of the PLF is made up of the 
anterior fascia of the M muscle, the posterior fascia of the 
QL, and the aponeurosis of the transversus abdominis (Tra) 
and internal oblique (IO).

The middle layer of the PLF is located in the plane of the 
costiform processes of the lumbar vertebrae.

Cephalically, it inserts on the inferior edge of the 12th rib 
and on the lumbo-costal ligament [22]; however this infor-
mation varies depending on the authors.

At the L2 level, the middle layer will merge with the ante-
rior layer. We will refer to the resulting layer as the anterior 
layer. The term “middle layer” therefore only exists in the 
lower lumbar region and in the cervical region.

 Anterior Layer of the Fascia Profundis, 
Lumbosacral Region

From its differentiation with the TLC and up to the level of 
L2, the anterior layer of the PLF is made up of the anterior 
sheath of the QL muscle and extends laterally with the sheath 

Fig. 4 Removal of the epidermis and of the fascia superficialis (FS) 
exposes the superficial lamina of the posterior layer of the fascia pro-
fundis (sPLF). The fascia superficialis (FS) and the sPLF are connected 
by connective fibres that protect nerves and blood vessels by limiting 
the sliding motion
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of the psoas muscle (P), [33]. Going cranially from L2, the 
middle layer merges with the anterior layer that is then made 
up of the anterior fascia of the multifidus muscles (M), and 
the surrounding sheath (anterior and posterior) of the QL 
[24, 36, 37].

The anterior layer is not taken into account identically by 
all the authors that can describe two or three layers to the 
fascia profundis in the lumbar region. Authors describing 
two layers do not include this anterior layer and refer to it as 
the transversalis fascia [23].

It inserts caudally on the superior edge of the iliolum-
bar ligament and on the iliac crest [22]. The cephalic 
insertion of the deep layer varies according to authors. It 
is described as being on the arcuate ligament [22] or the 
lateral arcuate ligament (lateral lumbocostal arch) or 
medial arcuate ligament (medial lumbocostal arch) [20]. 
Medially, it merges with the fascia iliaca, and with the 
sheath of the psoas muscle [20, 24] and inserts on the cos-
tiform processes of the lumbar vertebrae, laterally and 
posteriorly to the fascia iliaca [22]. Its lateral insertion is 
on the lateral raphe.

The Lateral Raphe
The lateral raphe is made up of the merging of the posterior, 
middle and anterior layers, laterally to the QL muscle. It 
extends antero-laterally via the connective sheaths of the 
transversus abdominis (TA) and internal oblique (IO) 
abdominal muscles.

 Thoracic Region

In the thoracic region, the fascia profundis consists of the 
posterior and anterior layers of the lumbosacral region. In 
between them, an additional fibrous element separates the 
extensors (L+IC+S) from (M+R): the intermediate layer.

 Posterior Layer of the Fascia Profundis, 
Thoracic Region

In the thoracic region, the superficial lamina of the posterior 
layer (sPLF) covers the inferior fibres of the trapezius mus-
cle (T). It is made up of the posterior aspect of the sheath of 
the trapezius muscle and therefore inserts on the spinous pro-
cesses of the lower vertebrae (Fig. 5).

In the thoracic region, the deep lamina of the posterior 
layer (dPLF) is made up of:

 – the anterior sheath of the rhomboid muscle (Rh), then also 
includes the anterior sheath of the levator scapulae (LS) 
and of the serratus posterior inferior (SPi) and superior 
(SPs) (in continuity with this of the LD and SPi).

 – the posterior sheath of the spinalis muscle (in addition to 
this of the L+IC) then also includes this of the splenius 
muscle (Sp).

The Deep Lamina of the Posterior Layer of the Facia 
Profundis in the Thoracic Region
This connective layer is visible underneath the DL in the tho-
racic region. It contains thin and spaced-out pearl white 
fibres, the density of which varies according to the spinal 
level and the individual.

The fibres, parallel to one another, are arranged transver-
sally from the spinous processes of T10 to C7 and do not 
reach the ribs. They provide aponeurotic properties to this 
structure. However, since they do not serve the purpose of 
docking of the contractile fibres as the superficial lamina 
does with the trapezius muscle, Loukas [32] does not con-
sider this layer as an aponeurosis (Fig. 6).

Laterally, the deep lamina extends with the sheath of the 
splenius, subscapularis, teres major and teres minor muscles. 

Fig. 5 Bilateral removal of the skin reveals the posterior layer of the 
fascia profundis (sPLF). It covers, on both sides of the vertebral column 
(Spine), the latissimus dorsi (LD), its aponeurosis (“asterisk”), and the 
inferior fibres of the trapezius (Ti—dashed line)

Fig. 6 The opening of the superficial lamina (sPLF) reveals the apo-
neurotic fibres of the LD (“asterisk”) connecting the latissimus dorsi 
(LD) and Trapezius (Ti) muscles
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Its large side is on the spinous processes of T10 to T2. 
According to Rouviere [20], its large side has a common spi-
nal origin with the aponeurosis of the LD and a part of the 
Trapezius muscle. The two layers merge near the median 
axis. The smaller side is located at the costal angles of the 4th 
to 9th ribs, and varies of one to two rib levels according to 
authors (Fig. 7).

Cunningham [24] considers that it continues laterally in 
the intercostal area through the intercostal aponeurosis. This 
sheet is named differently according to the authors and to the 
level on the trunk:

 – Intermediate aponeurosis of the serratus muscle [33, 38, 39].
 – Vertebral aponeurosis [26, 35, 40, 41]
 – Aponeurosis of the serratus posterior muscle [42]
 – Lumbodorsal fascia (posterior layer) [17, 36, 43]
 – Dorsal fascia [34]
 – Lumbar fascia [24, 44]
 – Thoracolumbar fascia (TLF) [17, 24, 44–48] (Figs.  8 

and 9)

The generally admitted inferior spinal insertions globally 
correspond to the insertion of the serratus posterior inferior 
(SPi). Its superior insertion is controversial. According to 
some authors [20, 21, 39, 42] it links the superior edge of the 
SPi to the inferior edge of the serratus posterior superior 
(SPs), which justifies the denomination of (intermediary) 
aponeurosis of the serratus.

For others, [35, 38, 44, 46, 48] it goes underneath the SPs to 
extend through the connective sheath of the splenius muscles 
(Sp) and therefore is part of the deep cervical fascia. According 
to Drake [22], it goes in front of the SPs before merging with 
the superficial layer of the deep cervical fascia (Fig. 10).

Fig. 7 Strong connective fibres (arrow) accompanying nerves and 
blood vessels between the deep lamina (dPLF) and the superficial lam-
ina (sPLF)

Fig. 8 Removal of the latissimus dorsi, Trapezius and Rhomoidus 
muscles show the deep lamina dPLF. A window in the dPLF shows the 
iliocostalis (IC) and longissimus (L) muscles, the aponeurotic fibres of 
which are visible below the transparent dPLF. S scapula, aponeurotic 
fibres (“asterisk”)

Fig. 9 The opening of the deep lamina (“asterisk”) reveals the longis-
simus (L) and iliocostalis (IC) muscles. The sacral region (S) is covered 
by the thoracolumbar composite, the superficial part of which is repre-
sented by the aponeuroses of the latissimus dorsi (white part)

Fig. 10 The fibres of the deep lamina (dPLF) are situated deeper than 
the superficial lamina (sPLF) and the latissimus dorsi (LD). The fibres 
of the dPLF are parallel to one another, and the dPLF is denser caudally 
(plain arrow) than cranially (dashed arrow)
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The dPLF follows the shape of the costal arc. It forms the 
arch of the vertebral grooves, separating the superficial lon-
gitudinal spinal muscles from the transverse and oblique 
muscles [26, 41]. Embryologically, this connective sheet is 
the separation between the dorsal epimere that gives rise to 
the epaxial muscles, which form the deep muscles of the 
back (spinalis, longissimus, iliocostalis, rotatores (R) and 
multifidi), and the ventral hypomere that gives rise to the 
hypaxial muscles of the lateral and ventral body wall in the 
thorax and abdomen and extending to the shoulder girdle 
(latissimus dorsi, trapezius, rhomboidi, levator scapulae) 
(Figs. 11 and 12).

Its close links with the abdominal muscles internal oblique 
and transversus seem to allow the transmission of the force that 
they develop to participate in the extension of the spine [49].

 Intermediate Layer of the Fascia Profundis, 
Thoracic Region

Within the erector spinae or paraspinal muscles compart-
ment, the intermediate layer is not a perfectly identified real 
layer but a sliding plane between more superficial longitudi-
nal muscles (L + IC + E) and deepest muscles (M + R + Ssp).

 Anterior Layer of the Fascia Profundis, Thoracic 
Region

The anterior layer of the fascia profundis does not have 
major changes in the thoracic region compared to the lumbo-
sacral region. In the thoracic region, the anterior layer is in 
continuity with the extension of the sheath of the QL.

 Cervico-Cranial Region

 Posterior Layer of the Fascia Profundis, 
Cervico-Cranial Region

In the cervico-cranial region, the superficial lamina of the 
posterior layer (sPLF) is in continuity with the thoracic 
region and is therefore made up of the posterior aspect of the 
sheath of the trapezius muscle.

Cranially, from the upper nuchal line, it merges with the 
connective sheath of the skull.

LD wraps the latissimus dorsi in the thoracic region. In 
the cervico-cranial region, this same layer wraps the trape-
zius. It forms the superficial blade of the nuchal fascia and 
merges, from the superior nuchal line, with the connective 
sheath of the skull.

 Intermediate Layer of the Fascia Profundis, 
Cranio-Cervical Region

The sheaths of the iliocostalis cervicis and longissimus cer-
vicis muscles reach the transverse processes of the cervical 
vertebrae from C2.

The sheath of the longissimus capitis muscle becomes 
one with the connective sheaths of the skull from the mastoid 
process.

 Middle Layer of the Fascia Profundis, Cranio- 
Cervical Region

At the T4 level, the middle layer emerges from the anterior 
layer. It is made up of the anterior fascia of the M+SSp and 
the posterior fascia of the Lcol+Lcap.

Fig. 11 The removal of the superficial lamina (sPLF) and of the latis-
simus dorsi (LD) reveals the serratus posterior inferior muscle (Spi) 
and the deep lamina (dPLF). The fibres of the dPLF cover the iliocos-
talis (IC) and longissimus (L) muscles in the costal region (R). It also 
shows the trapezius (Ti) and rhomboidus (Rh) muscles that insert on 
the scapula (S)

Fig. 12 The latissimus dorsi (LD) is closely linked to the serratus pos-
terior inferior (Spi) muscle via its aponeurotic fibres that extend to the 
spine (Spine). The fibres of the dPLF are oriented in the same 
direction
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 Anterior Layer of the Fascia Profundis, Cranio- 
Cervical Region

The sheaths of the scalene musles (Sc) insert on the superior 
edge of the first two ribs, and on the cervical vertebrae on 
their costiform process (anterior tubercle) and transverse 
process (posterior tubercle).

The sheaths of the suboccipital muscles reach the connec-
tive sheath of the skull from the inferior nuchal line.

 Innervation

The connective tissues of the back compose an envelope that 
individualises anatomical structures. Being continuous, this 
envelope homogenises and links the different anatomical 
structures. It has therefore a fundamental role in providing 
nervous information. Each of the layers that composes the 
connective tissues of the back has a specific organisation, 
constitution, appearance, function and relation. In conse-
quence, their innervation is also variable and specific [13].

This informative function is insured by the sensitive 
information which remains not well-known in its distribution 
and function. It appears difficult to study with precision the 
sensitive innervation of the connective tissues, since they can 
have ramifications in the tissue as well as in the muscles or 
the skin. There are four types of sensory fibres in the connec-
tive tissues of the back that originate from different sensory 
receptors. These receptors differ in size, configuration, 
organisation, form and density. They are not specific to this 
region and are found throughout the whole body.

Sensory innervation is essential from the first weeks of 
the embryological development [50], and connective tissues 
have an essential role in the organisation and formation of 
the nerve fibres and of the muscles [51].

We will consider the sheath of the muscles as being part 
of their aponeurosis. All these aponeuroses compose the tho-
racolumbar fascia described above. This part will focus on 
the sensory innervation of the thoracolumbar fascia, the ner-
vous endings of which are located within the muscle sheaths 
and aponeurosis. This description is not limited to the TLF 
and is applicable to the connective tissues in general.

 Fibres and Receptors

The thoracolumbar fascia is innervated by the dorsal ramus 
of the spinal nerve [52–54]. The dorsal ramus has myelinated 
motor fibres (Aα, Aβ and Aγ), unmyelinated vasomotor 
fibres (C) and sensory fibres.

There are 4 types of sensory fibres, carrying information 
from the endings located in the muscle sheaths and aponeu-
roses to the dorsal horn of the spinal cord.

Sensory Fibre Types Found in the Connective Tissues of 
the Back
Type I sensory fibres have the largest diameter (12–20 μm) 
and are distributed in two sub-groups: type Ia sensory fibres 
that originate as annulospiral endings in muscle spindles, 
and type Ib sensory fibres that originate as Golgi tendon 
organs, Meissner corpuscles or Merkel corpuscles. They 
have the thickest myelin sheath and have therefore the high-
est conduction velocity (79–114 m/s) [55].

Type II sensory fibres transmit the information from sec-
ondary sensory endings, intrafusal fibres located within the 
muscle spindles, Pacinian, Ruffini or Golgi-Mazzoni cor-
puscles. They are thinner of diameter (6–12 μm) and their 
thin myelin sheath allows for a conduction velocity of 
30–65 m/s [55, 56].

Type III sensory fibres convey information from second-
ary endings of muscle spindles and paciniform corpuscles in 
a small (~1 μm of diameter), not well myelinated and slow 
fibre. They can be considered as pressure-pain receptors 
since they are stimulated by local pressures of high intensity 
[57]. Most endings are free nerve endings within the muscle 
or in the surrounding tissues.

Type IV sensory fibres have a higher threshold. They 
have no myelin sheath, a small diameter (1–6 μm of diam-
eter) and a slow conduction velocity. All of their endings 
are free nerve endings, and they are stimulated by pro-
longed contractions under ischemic conditions. Therefore, 
they provide information on the mechanical, thermal and 
chemical changes that happen during dangerous contrac-
tions of the muscle.

Sensory Receptors Found in the Connective Tissues of 
the Back
Pacinian corpuscles (or lamellar corpuscles) are oval-shaped, 
encapsulated sensors. Their capsule is made of 20–60 con-
centric lamellae of fibrous connective tissue.

They detect rapid vibrations (200–300 Hz) and are found 
in the deep layers of the fascia superficialis (dermis). Stilwell 
[58, 59] highlighted their presence in fibrous connective tis-
sues (such as fasciae, aponeuroses and tendons). They trans-
mit their information via type II fibres, have a low threshold 
and act as rapidly adapting mechanoreceptors.

Paciniform corpuscules, also called Pacinian-like corpus-
cle, or modified Pacinian corpuscles, have been described by 
several authors as nerve II type endings [55, 60].

Golgi-Mazzoni sensors have a similar composition to that 
of Pacinian corpuscles. They are found in several connective 
tissues and have been studies more specifically along the 
inside surface of articular capsules. They are type II fibres 
endings and respond to compression applied perpendicularly 
to the plane of the capsule, and not to tensional loading 
[58–62].
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Golgi tendon organs are located at the junction between 
the contractile and the fibrous part of muscles. They are con-
sidered as major proprioceptive organs and act as slowly 
adapting mechanoreceptors with a low threshold [53, 63, 
64]. They continuously transmit information on the active 
forces that are being produced in the muscle [64]. They have 
been long considered as having a high threshold and acting 
as a protective mechanism against overload, becoming active 
towards the end of range of motion [56].

Ruffini corpuscles (or bulbous corpuscles) are charac-
terised by elongated, fibrous capsules and splayed endings. 
Their capsules are thinner (only one to two lamellae) than 
those of Golgi tendon organs. They are distributed in three- 
dimensional clusters of up to six corpuscles [56] and are 
located mainly in the deep layers of the skin, but also 
within the fasciae, tendons, tendon sheaths and retinacula 
[58, 65]. Unlike Golgi tendon organs, that are connected in 
series, Ruffini corpuscles are in-between the collagen 
fibres. They have a low threshold, very little adaptation 
and respond to skin stretch (skin deformation) as well as 
sustained pressure [66].

Meissner’s corpuscles (or tactile corpuscles) are mecha-
noreceptors that respond to light touch. They have a low 
threshold and are rapidly adapting. They are primarily 
located in the fascia superficialis, under the epidermis, 
mostly in regions of hairless skin and at the finger pads. The 
fibrous capsule has a length of 30–140 μm and a diameter of 
40–60 μm.

Merkel nerve endings are mechanoreceptors found in 
the basal epidermis. Like Meissner’s corpuscles, they are 
located in regions of hairless skin, but they are also in 
hairy skin and are mostly found in the fingertips. They are 
slowly adapting, and respond to low frequencies (5–15 Hz), 
to very small displacements of less than 1 μm and to sus-
tained pressure.

Free nerve endings represent 75% of all the endings: they 
are unencapsulated [83] and are mainly type III and type IV 
fibre endings. In some rare occasions, large sensory axons, 
even of type I, have been described as ending in free nerve 
terminals within muscles. They are mostly type IV non- 
myelinated, but have be found with myelinated fibres of type 
II, III, and on some occasions in type I [65]. They express 
polymodality as some endings work as thermoreceptors, and 
others work as mechanoreceptors or nociceptors. Free end-
ings are not specific to the type of tissue of fascia they 
innervate.

Sympathetic innervations are unmyelinated fibres with a 
small diameter and a low conduction velocity (~2 m/s). They 
are part of the group C nerve fibres. The thoracolumbar fas-
cia has a rich innervation with sympathetic fibres (fibres 
being immunoreactive to enzymes characteristic of postgan-
glionic sympathetic fibres have been found in the superficial 
layer) [52, 55].

Thermic Effects on Fibre Activity
A general slowing of the fibre activity can be observed by 
cooling the muscles, where a considerable activation is 
observed by warming the muscles. More specifically, Ia 
units, and type II units when the muscle is stretched, are the 
most sensible to this change of temperature. When the mus-
cle is relaxed, group II units exhibit an opposite pattern: they 
appear to increase their discharge rate on cooling and 
decrease it on warming [67, 68].

Conclusion of Innervation
The sensory information delivered by the sensory fibres of 
the fascia (and more specifically the TLF) plays an important 
role as inputs for the dorsal horn of the spinal cord.

The TLF has a dense network of nerve fibres [23, 28, 85] 
with different endings, in variable quantities and distribu-
tions amongst its different layers.

The sensors are mostly located in the fascia superficialis. 
Amongst them are nociceptive fibres, which could be an 
important source for low back pain, as well as for the general 
proprioceptive function of the TFL [69].

In general, the sensory fibres respond to compression and 
tension. The fascia superficialis, together with the other areo-
lar structures, has a particular role. Its innervation responds 
to the translation of the different layers that it links from an 
anatomical point of view.

The TLF being a continuous connective tissue linking dif-
ferent anatomical structures, the sensitive information it con-
veys is part of a vast innervation network. This network 
provides information on the mechanical forces delivered by 
all the different muscles to which the TLF is linked.

Biomechanics
The orientation and alignment of the fibres of the fibrous 
connective tissue is the consequence of the mechanical ten-
sions and tensile mechanical stress applied during the 
embryological stage [2, 22, 70–72, 84]. These connective tis-
sues are the link between bone segments and muscles (apo-
neurosis and tendons), or between two bone segments 
(ligaments).

Embryologically, connective tissues develop autono-
mously and independently from the muscle belly. Muscles 
fibres develop within the connective network and are under 
the control of connective tissue cells. Therefore, the connec-
tive tissue has an organising role and is responsible for the 
muscular pattern formation and architecture [19, 73–76].

The diversity and non-specificity of the orientation of the 
fibres of the fasciae provide them with isotropic properties 
that allow them to withstand deformations in different direc-
tions, being in tension or compression.

Fasciae transmit forces, either directly (tendons and apo-
neurosis) or indirectly (the peripheral, fibrous sheath of the 
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thoracolumbar fascia is in continuity with the muscles [77]). 
This transmission of force is involved in providing sensory 
information (via the sensory innervation network described 
in the previous section), or in transmitting mechanical force. 
Cruveilhier [38] already expressed that, when there was a 
need for a localised application of force, the aponeurosis of 
the muscle formed a tendon.

Bogduk [78] found that the latissimus dorsi applies a 
force estimated between 162  N and 529  N on the upper 
limb, while applying only 30  N on the sacroiliac joint. 
Barker [79] showed that tension is transmitted from the 
transversus abdominis and the latissimus dorsi, to the pos-
terior and middle layers of the thoracolumbar fascia. 
Ultimately, this force is applied to the lumbar column (T12-
S1). Tensions from the gluteus maximus (GM) and the 

internal oblique are applied to the lower lumbar region 
(below L3). Barker [80] later demonstrated, in experimen-
tal conditions, that the middle layer of the lumbar fascia 
“can transmit substantial tensile forces” and is even capa-
ble of “transverse process fracture”.

The TLF is a link between the upper limb and the lower 
limb (Fig. 13).

Functionally, the posterior layer of the TLF (PLF) is in 
continuity with the fascia that covers the epimysium of:

 – (caudally) the gluteus maximus,
 – (infero-laterally) the gluteus medius,
 – (laterally) the external oblique (EO) and the lateral raphe,
 – (supero-laterally) the latissimus dorsi,
 – (cranially) the trapezius inferior.

GMGM

LR LR

sPLF

SPi SPi

LD LD

IC IC
L L

LR

G
m

Gm

S
T
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S
TL

LRMLF

T

Fig. 13 The thoracolumbar fascia is an anatomical and mechanical 
crossroad. The superficial lamina of the posterior layer (sPLF) is the 
link between the superficial, cranial muscles (latissimus dorsi (LD) and 

trapezius (T)), the superficial, caudal muscles (gluteus maximus (GM)) 
and the lateral muscles (serratus posterior inferior (Spi) and connective 
structures (LD))
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Functionally, the middle layer of the TFL is in continuity 
with:

 – (caudally) the sacro-tuberal ligament,
 – (laterally) the lateral raphe,

And in continuity with the fascia that covers the epimy-
sium of:

 – (infero-laterally) the gluteus medius,
 – (supero-laterally) the internal oblique,
 – (cephalically and laterally) the serratus posterior inferior.

Functionally, the intermediate layer inserts on:

 – (cranially) the occiput,
 – (caudally) the lower lumbar region,
 – (laterally) the transverse processes and the costal 

necks.

Functionally, the anterior layer

 – (medially) is in continuity with the fascia that covers the 
epimysium of the psoas,

 – (cranially) inserts on the 12th rib,
 – (on its whole length) inserts on the transverse 

processes,
 – (caudally) inserts on the iliac crests.

The mechanical force is transmitted throughout the entire 
connective network. Barker [79] showed that traction forces 
on the latissimus dorsi and transversus abdominis diffuse in 
the ipsilateral and contralateral posterior layer of the thora-
columbar fascia.

Fasciae and Contractile Abilities
Connective tissues and fasciae do not have contractile 
abilities as such. However, Hinz [81] showed that myofi-
broblasts, present in the fasciae, are activated by fibro-
blasts and generate mechanical tensions (they contract the 
extracellular matrix) as part of the healing process and 
restore mechanical stability. Schleip [82] reported an 
increase in stiffness due to changes in matrix hydration 

following repeated stretching, and smooth muscle-like 
contractions induced pharmacologically. However, there 
was no response to electrostimulation. This capacity of 
the fasciae to increase their stiffness could have implica-
tions in stability and pain management.

 General Conclusion

Amongst the connective tissues of the back, fasciae remain 
poorly researched and poorly understood. This is illustrated 
by difficulties in describing their properties, and by the fact 
that several terminologies remain in use today. The inaccu-
racy of the vocabulary used works against a clear, understand-
able and precise description of the role of this tissue in human 
function.

However, careful anatomical and functional analyses, 
as well as the studying of the embryology and recent evi-
dence, show the importance of the fascia and more specifi-
cally of the thoracolumbar fascia. They compose a 
continuous network of sheaths that individualise and link 
different anatomical structures. Each fascia layer has a 
complex, unique organisation and a specific role, and each 
region is a tangle of several types.

From the first weeks of embryological development, fas-
ciae play an important role as they “give birth” to the major-
ity of the musculoskeletal tissues and guide the general 
organisation of the embryo. Any disruption in its develop-
ment will consequently have a snowball effect on the various 
anatomical elements it is correlated to.

They have a fundamental role in providing proprioceptive 
and nociceptive information, and have a key role in spread-
ing the mechanical forces of the muscles, avoiding localised 
stresses on bony segments.

From a functional point of view, the TLF can be consid-
ered as a crossroad, with force transmission axis arranged on 
different overlapping layers, and unified within a common 
sheath.

Further anatomical, neurological, mechanical and func-
tional research on the thoracolumbar fascia, and on the con-
nective tissues in general, could help harmonising the 
terminologies and could have several applications in ortho-
paedics and traumatology in general.
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The Spinal Canal

Jean Marc Vital

The vertebrae, the discs, and the ligaments delineate spinal 
canals in which the cord and the roots, the arteries, and the 
intraspinal veins will circulate. These channels include:

• The central canal (or vertebral foramen) that surrounds 
and protects the cord and the cauda equina

• The root canals that surround and protect the roots, each 
including the lateral recess, the intervertebral foramen

• The transverse canals which surround and protect the ver-
tebral arteries.

 The Central Spinal Canal (Vertebral 
Foramen)

 Limits (Fig. 1) Superior and Inferior

It opens into the cranial cavity through the occipital foramen, 
or foramen magnum, and ends caudally, in a flute-like beak, at 
the sacrococcygeal hiatus, at the distal end of the sacral canal.

 Peripherals (in the Horizontal Plane)

These are osteofibrous:

• Anteriorly the canal is limited by the posterior aspect of 
the vertebral bodies, of the discs and the posterior longi-
tudinal ligament (PLL). It is the posterior wall that can 

recoil under the effect of an axial compression (vertebral 
fracture) or of a vertebral tumor and compress the neural 
structures

• Posteriorly by the laminae and the yellow ligaments (lig-
amentum flavum). These structures are stacked like roof 
tiles at the thoracic level but allow a gap between them at 
the cervical and lumbar level thus providing access for 
needle puncture under the occiput or lumbar level

• Laterally by the pedicles separated by intervertebral 
foramina.

 Diameter—Internal Surface

The spinal canal follows the spinal curvatures, but its diam-
eter varies widely depending on the segment. There are two 
diameters:

• anteroposterior median (or fixed medial sagittal diameter, 
FMSD) between the posterior wall and the union of the 
laminae and the spinous process (spinolaminar line)

• transverse between the pedicles.

In reality, it is more interesting to determine the surface of 
the canal.

The latter is wide at the cervical and lumbar level and less 
at the thoracic level, especially at T9. Dimeglio [1] (Fig. 2) 
reminds us that the high cervical vertebra can fit the thumb, 
whereas the lumbar vertebra can fit the index and the tho-
racic vertebra the little finger.

We admit that the minimum anteroposterior diameter is:

• Average 20 mm upper cervical, 12 mm lower cervical,
• Average 10 mm thoracic,
• Average 15 mm in lumbar.

J. M. Vital (*) 
Spinal Unit, University Hospital, Bordeaux, France

More than the dimensions of this canal, it is the reserve 
volume around the dura mater which one must take 
into account.
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Fig. 1 Central spinal canal 
(or vertebral foramen). (a) 
Sagittal section (b) Superior 
view. 1. Dorsal longitudinal 
ligament; 2. Spinolaminar 
line; 3. Yellow ligament; 4. 
Intervertebral foramen; 5. 
Pedicle; 6. Posterior wall; TD 
transverse diameter; FMSD 
fixed medial sagittal diameter, 
(c) expansion of the posterior 
wall by fracture or tumor

a b c

Fig. 2 Respective dimensions of the central spinal canal (Dimeglio  [1]). (a) The axis admits the thumb, (b) The lumbar vertebra admits the index, 
(c) The thoracic vertebra admits the little finger
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 The Reserve Volume (RV)

In reality, more than the anteroposterior or transverse diam-
eter, the reserve volume (RV) around the dura mater is most 
important: it is defined in the lumbar region by Lee [2] but 
can be used at all levels (Fig. 3). This RV is relatively impor-
tant in the cervical and lumbar spine and is lower in the tho-
racic area despite the small diameter of the thoracic spinal 
cord (Fig. 4). The most classic example is that of the C1C2 
region where the spinal cord occupies one-third of the canal, 

the odontoid process (peg) another third, the last third cor-
responding to free space for the cord, the RV (rule of thirds): 
spinal trauma lesions, having survived the trauma, are rare at 
this level sometimes despite large traumatic osteoarticular 
movements (Fig. 5).

 The Cervical Spinal Canal

It is the widest; in fact, its median sagittal diameter decreases 
from top to bottom since it is on average 22 mm in relation to 
C1, 20 mm in relation to C2, and 14–17 mm in the lower 
cervical level (Fig. 6).

2

1

Fig. 3 The reserve volume (RV). 1. Sagittal diameter of the dura mater; 
2. sagittal diameter of the canal. RV = 2 − 1

MSD
MD

Vertebral level

Sacrum

L2

T12

T1

C1

1cm 2cm

2cm1cm

MD

MSD

Narrowing in T9

VR

Fig. 4 Variations of the volume of reserve (VR) according to the spinal 
level. MSD median sagittal diameter, MD diameter of the cord with 
cervical and lumbar prominences
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1
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1/3

1/3
1

Fig. 5 The spinal cord in the spinal canal at the level of the atlas. 
1. Odontoid; 2. Transverse ligament; 3. Spinal cord

22mm

20mm

14 to 17mm

Fig. 6 Median sagittal diameters (MSD) at the cervical level. Solid 
arrows: FMSD or bone; Dotted arrow at C6C7: MMSD

The Spinal Canal



348

The fixed medial sagittal diameter (FMSD) corresponds 
to the solid arrows in Fig. 6 drawn between the middle of the 
posterior vertebral body and the upper part of the lamina: this 
bone diameter is fixed and said to be “constitutional” since in 
principle its size does not vary after the closure of the neuro-
central cartilage, around 5–6 years. The dotted arrow joining 
the yellow ligament at disc C6C7 is called the mobile medial 
sagittal diameter (MMSD) since it corresponds to the 
Junghanns mobile segment; in degenerative cervical (or lum-
bar) pathology, this segment is the most affected. Classically, 
a cervical spinal canal of normal size is the sagittal diameter 
of a cervical vertebral body (Wackenheim [3]) (Fig. 7).

Specifically, Pavlov et al. [4] provide an index which is 
the ratio of A (FMSD) and B (anteroposterior diameter of 
vertebral body). If this index is less than 0.8, there is canal 
narrowing (Fig. 8).

Finally, on a lateral radiograph, we can distinguish 3 por-
tions of 5 in the lateral projection of the cervical canal which 
is located between the body (portion 1) and the spinous pro-
cess (portion 5) (Fig. 9).

• portion 2 is the pedicle (transverse),
• portion 3 is articular,
• portion 4 is lamina; it is often considered a safe space.

 Thoracic Spinal Canal

It is oval as at the cervical level but much smaller (FMSD 10 
to 12 mm).

 Lumbar Spinal Canal

It also represents a FMSD drawn between the middle of the 
posterior vertebral wall (more precisely the posterior longi-
tudinal ligament) and the cranial part of the spinous process 
which is more ventral than the caudal part; on this caudal 
part is inserted the yellow ligament which goes up high on 
the cranial lamina in the interlaminar space.

The MMSD is traced between the posterior edge of the 
annulus and the yellow ligament: thus a bulging disc, hyper-
trophy of the yellow ligament or the thickened joint capsule 
frequently reduces the MMSD in lumbar degenerative 
pathology (Fig. 10).

Fig. 7 Normal cervical canal admitting the projection of a normal ver-
tebral body [3]

AB

Fig. 8 Torg and Pavlov index [4] = A/B (normally greater than 0.8)

J. M. Vital



349

5. Spinal process

4. Lamina

54321

3. Articular process 

2. Pedicle

1. Vertebral body 

Fig. 9 The 3 portions of the 
cervical spinal canal which is 
marked by the red arrow with 
the portions 2, 3, and 4. 1. 
Vertebral body; 2. Pedicle; 3. 
Articular; 4. Lamina; 5. 
Spinous process

1

2

a

bFig. 10 The 2 median 
sagittal diameters: (a) Normal 
anatomy (1. FMSD, 2. 
MMSD); (b) Stenotic 
osteoarthritis at the MMSD
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For Verbiest [5], there is absolute stenosis if the measure-
ment (which at the time was performed intraoperatively) is 
less than 10 mm and relative stenosis if this measurement is 
between 10 and 12 mm. If the measurement is radiological, 
the canal is said to be wide if the FMSD is greater than 
14 mm and narrow if it is less than 12 mm. Ullrich [6] sets 
the limit at 11.5 mm for the anteroposterior diameter, 16 mm 
for the interpedicular diameter, and 145 mm2 for the surface 
area.

The shape of the lumbar spinal canal changes from L1 to 
L5; it is rather predominantly ovoid at its upper part (as at 
the cervical and thoracic levels). Due to the imprint of the 
 articular processes which are becoming increasingly coro-
nal, there appears a side portion of the spinal canal which is 
called lateral recess as described later. The lumbar canal 
thus becomes triangular (or deltoid, or trefoil), if the impres-
sion of the articular is more marked [2] (Fig. 11). It is as if 
the lumbar spinal canal tends to extend transversely and to 
shrink from front to back.

Beside the spinal canal, we can describe:

• the lateral recess which are a lateral expansion of the spi-
nal canal,

• the intervertebral foramina, lateral openings towards the 
outside of the spinal canal,

• the transverse foramina that exists only at the cervical 
level and contains the vertebral artery.

 The Lateral Recess

It is defined as a lateral expansion of the spinal canal limited 
laterally by the pedicle and posteriorly by the articular facets; it 
is not entirely integral at the cervical and thoracic levels where 
the spinal canal is oval. It becomes increasingly marked as one 
descends the lumbar spine towards the lumbosacral junction 
where the impression of the S1 articular facet, oriented coro-
nally, is marked in the lumbar spinal canal (Fig. 12).

L1 L2 L3 L4 L5

Ovoid

Triangular

Deltoid

Trefoil

Fig. 11 Morphology of the central spinal canal according to the lum-
bar level [2]

4

A
B

a

3

2

1

b

Fig. 12 (a) The lateral recess (horizontal section): A. pedicular and 
articular limits; B: Anteroposterior diameter; 1. Pedicle; 2. Lower artic-
ular process of the superjacent vertebra; 3. Yellow ligament; 4. Joint 
capsule. (b) The lateral recess (horizontal section in CT scan). 1. 
Central canal; 2. and 3. lateral recess

Described by Crock [7], Lassale [8], and Vital [9], this 
is only an expansion of the vertebral foramen but 
which is very exposed to crowding in the case of osteo-
arthritis and thus to radicular compression in the lum-
bar region.
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Considering the osseous morphology, the lateral recess is 
therefore limited laterally by the pedicle, anteriorly by the 
vertebral body directly within the pedicle, posteriorly by the 
superior articular facet, and inferiorly by the isthmus. We can 
thus oppose the lateral recess superior to the superior articu-
lar (pediculoarticular portion in tomodensimetry) and the 
lateral recess to the isthmus (pediculolamary portion) 
(Fig. 13).

The caudal edge of the transverse process corresponds to the 
limit of these two portions. According to Scoles [10], the antero-
posterior diameter of the lateral recess which corresponds to the 
length of the pedicle decreases from L1 to L5 from 10 mm to 
7.5 mm. The study by Lee [2] CT scan shows slightly higher 

values (12 mm and 8 mm from L1 to L5). In reality, the pres-
ence of the capsule and the yellow ligament, lining the articular 
facet, reduces this diameter to 8 mm on average.

In 3D, the recess is open-ended towards the midline and 
spinal canal and continues at the inferior border of the pedi-
cle through the intervertebral foramina (Fig. 14).

The lumbar root after its departure from the dura, will first 
traverse posterior to the disc, then in the recess and finally in 
the intervertebral foramen.

From its exit from the dura mater to that of the spinal 
canal, the lumbar root traverses the root canal, which there-
fore comprises 3 portions from top to bottom (Fig. 15):

• Sub-pedicular (retro-discal)
• Para-pedicular (in the lateral recess)
• Infra-pedicular (in the intervertebral foramen).

 The Intervertebral Foramen

 Form and Orientation

It has a variable shape and orientation depending on the spi-
nal level (Fig. 16).

• at the cervical level: it is a concave upwardly directed 
trough directed obliquely forwards and outwards with 
respect to the anteroposterior axis of the spine

• at the thoracic level: the foramen has a comma shape and 
faces directly outwards

• at the lumbar level: the foramen has an ear shape and also 
faces directly outwards.

1

3

2

5

4

6

7

Fig. 13 The 2 parts of the posterior wall of the right lateral recess 
(intracanal view with removal of the left half of the neural arch after 
section at the level of the left pedicle (4) and the right lamina (5)): 1. 
Upper articular surface; 2. Isthmus; 3. Caudal edge of the transverse 
process; 4. Left pedicle; 5. Right lamina; 6. pediculoarticular; 7. pedic-
ulolamary portions of the lateral recess

Right pedicle

Fig. 14 Schematic 3D the 
right lateral recess

In the lumbar region, it is the hidden area of MacNab, 
posterior surgical access is difficult.

The Spinal Canal
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 The Cervical Intervertebral Foramen

It is actually a conjugation canal directed 60° forward and 
outward with respect to the anteroposterior axis; a true root 
gutter, it has an average length of 7 mm and has three por-
tions from within outwards:

• pedicular: limited anteromedially by the uncus and con-
taining the anterior and posterior roots

• articular: between the articular process posteriorly and 
the transverse foramen anteriorly and containing the spi-
nal ganglion

6

3

2

1

5

4

a b c

S.P.P.

P.P.P.

I.P.P.

7

7

Fig. 15 The root canal: (a) Anterior view after removal of the vertebral 
body. (b) Intracanal view. (c) Rear view after removal of the neural 
arch: 1. Upper articular; 2. Isthmus; 3. Lamina; 4. Yellow ligament; 5. 

Pedicle; 6. Disc space. 7. articular capsule. SPP subpedicular portion, 
PPP parapedicular portion, IPP infrapedicular portion

a b c

Fig. 16 Shape and orientation of the intervertebral foramina: (a) Cervical level = gutter directed forward and outward (3/4 view). (b) At the tho-
racic level = “comma” directed outward (lateral view). (c) In the lumbar level = “ear” directed outward (lateral view)
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• transverse: corresponding to the process of the same name 
with its two anterior and posterior tubercles (Fig. 17) and 
containing the spinal nerve which is divided into its two 
ventral and dorsal branches.

 The Lumbar Intervertebral Foramen

This foramen may also be considered as a canal especially in 
the lower lumbar area because the pedicles of the lower lum-
bar vertebrae are not vertical but oblique inferolaterally 
(Fig. 18). In reality, this oblique portion of the inner surface 
of the pedicle is rather part of the lateral recess and one can 
consider that the foramen begins at the inferior border of the 
pedicle.

Figure 19 shows the limits: pedicles upper and lower at 
the top and bottom, lateral part of the disc in front, superior 
articular process of the vertebra underlying, and isthmus of 
the vertebra overlying covered by capsule and ligamentum 
yellow, posteriorly. On this sagittal section, with its fat con-
tent, we find the root at the top of the foramen that wraps 
around the superior pedicle with the spinal artery, sinuverte-
bral nerve, root, and foraminal veins. The anterior and poste-
rior limits of the foramena must be distinguished in 2 
portions:

• the first is superior and it is fixed anteriorly by the lateral 
vertebral body covered by the lateral part of the dorsal 
longitudinal ligament (epidural membrane or periosteum 
of Wiltse), behind the isthmus (pars interarticularis), and 
the anterior part of the lamina.

• the second is inferior and mobile; it is limited by the 
underlying disc anteriorly and posteriorly through the 
articular mass, mainly by the superior articular process 
of the underlying vertebra, in its medial part, covered by 
the articular capsule and the yellow ligament which are 
in continuity.

So, like the vertebral foramen presents 2 sagittal diameters, 
fixed opposite the vertebral body and mobile opposite the disc, 
the intervertebral foramen also presents 2 sagittal diameters, 
opposite the vertebral body below the pedicle and opposite the 
underlying disc; the fixed part is generally wider than the mov-
ing part, giving a general shape in inverted pear or auricular.

1

2

3

Transverse foramenConjugation canal

Fig. 17 The 3 portions of the 
cervical intervertebral 
foramen: 1. Pedicle; 2. 
Articular; 3. Transverse

L2

L1

L3

L4

L5

LR F

Fig. 18 Variable orientation of pedicles L1–L5 transforming the fora-
men, with a true hole at L1L2 but a canal at L4L5; thus, the position of 
the Lateral Recess (LR) and Foramen (F) at the inferior border of the 
pedicle regardless of its orientation

The Spinal Canal
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The roof (or posterior wall of the intervertebral foramina) 
is mainly composed of the lamina and the isthmus, which 
make it the “hidden zone” of MacNab (Fig. 20) [11], difficult 
to access surgically (Fig. 21a).

The vertical ridge that laterally limit the lamina and the 
isthmus is more or less lateral with respect to the pedicle and 
thus the roof covering more or less to the intervertebral fora-
men: this ridge extends in fact increasingly laterally as and 
has as one descends to the L5S1 hinge (Fig. 21b, c).

The area of the intervertebral foramen ranges from 
41.5  mm2 to 164  mm2. The L5S1 foramen has the largest 
area, then L2L3 foramen, then L3L4, L4L5, and finally 
L1L2. The height varies from 10.3 to 19.5  mm, the L1L2 
foramen having the smallest height. Finally, the anteroposte-
rior diameter is 8 mm on average.

De Peretti [12] has studied, at all spinal levels, the per-
centage of occupation of the structures, particularly the 

nervous structures, in the intervertebral foramen: it is 
34.4% at C6, 29.5% at T1, 23% at T6, 26.9% at L1, 
18.9% at L3, and 19.3% at L5. Overall, the nerve ele-
ments do not exceed 1/3 of the intervertebral foramen 
surface.

 The Transverse Canal

The transverse canal is constituted by foramena situated at 
the middle part of the transverse processes of C7–C1 
(Fig. 17): the transverse canal is where the vertebral arteries 
pass, starting at C6. In C7, only the vertebral vein passes 
through the transverse foramen (Fig. 22).

Between transverse processes, the canal is closed by 
intertransverse muscles anteriorly and posteriorly (Fig. 23). 
The artery progresses with the vertebral venous plexus and 
the vegetative nerve of François Franck. The spinal nerve 
passes behind the artery and gives anterior and posterior 
branches.

 The Spinal Canals and the Movements 
of the Column

At the same time, according to a well-known radiculomedul-
lary dynamic, the rootlets, and nerves advance towards the 
column of bodies and discs in flexion and retreat towards the 
posterior arc in extension (Fig. 24).
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Fig. 19 The lumbar 
intervertebral foramen. 
Limits: A. Superior pedicle; 
B. Inferior pedicle; 
C. Superior vertebral body; 
D. Isthmus; E. Superior 
Articular Process of the lower 
vertebra; F. Disc; G. Fixed 
portion of the foramen; 
H. Mobile portion of the 
foramen. Contents: 1. Root 
artery; 2. Sinuvertebral nerve; 
3. Anterior root; 4. Posterior 
root; 5. Radicular vein; 6. 
Joint capsule; 7. Foraminal 
venous plexus

1

2

Fig. 20 The roof of the foramen (back view), “hidden zone” of 
MacNab. 1. Projection of the pedicle; 2. Hidden area

All spinal canals, regardless of the level, have an 
anteroposterior diameter which decreases in extension 
and increases in flexion
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a b c

Fig. 21 The roof of the foramen (dorsal view) (Sénégas). (a) high lum-
bar, the lamina is not very overlapping (the lateral crest, in red, of the 
lamina is in medial position relative to the pedicle). (b) at L5 the lamina 

extends more laterally. (c) Yellow boundary of the lateral roofs of the 
intervertebral foramina L1 to L5
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Fig. 22 The transverse canal (left side view): 1. Subclavian artery; 2. 
Subclavian vein; 3. Vertebral artery with the 4 portions V1, V2, V3, and 
V4; 4. Vertebral vein
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Fig. 23 The transverse canal (left lateral view, enlarged). 1. Transverse 
process; 2. Ventral intertransverse muscle; 3. Intertransverse dorsal 
muscle; 4. Vertebral artery; 5. Spinal nerve; 6. Posterior branch; 7. 
Anterior branch
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This explains the aggravation of cervicobrachial compres-
sive osteoarthritic neuralgia with neck extension and improve-
ment of lower limb claudication in the narrow lumbar canal in 
flexion or lumbar kyphosis. Radiographic images standing in 
extension with (Fig. 25) or without opaque product injection 
(saccoradiculography or myelography, Fig. 26) allow visual-
ization of this dynamic compression.

 Degenerative Pathology and the Effects 
on the Spinal Canals

In degenerative pathology, especially lumbar pathology, we 
can observe:

Herniated discs (already described with the interverte-
bral disc)

a bFig. 24 Root displacement 
and spinal canal size variation 
in flexion (a) and extension 
(b)

a b
Fig. 25 Comparison of the 
size of the intervertebral 
foramina in flexion (a) and 
extension (b)
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Figures 27 and 28 represent their location, in the horizon-
tal plane (Fig. 27) and on a posterior view (Fig. 28): which 
are rarely median since the posterior longitudinal ligament 
has a protective role in the midline, are most often postero-
lateral (compared to the lateral recess, within the pedicles, 
and therefore in the intraforaminal position), less often 
foraminal (perpendicular to the pedicles), and more rarely 
extraforaminal (outside the pedicles).

 Spinal Canal and Lateral Recess

This can be reduced in size by (Fig. 29):

• a hypertrophy of the articular facets
• a hypertrophy of the articular facets and disc herniation
• a congenital narrowing including short pedicles.

 The Intervertebral Foramen

Tanaka [13] has described the anatomical relationships of 
the spinal roots and nerves in spinal intervertebral foramina 
and their consequences in degenerative pathology. The disc 

a b
Fig. 26 Reduction of the 
central canal size in L3L4 and 
L4L5 on a 
saccoradiculography image in 
extension (b) with respect to 
flexion (a)

4

321

Fig. 27 Possible location of herniated discs in the horizontal plane. 1. 
Median; 2. Posterolateral (in the lateral recess or intraforaminal, within 
the pedicle); 3. Foraminal (above the pedicle); 4. Extraforaminal (out-
side the pedicle)
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A B C

Fig. 28 Possible location of herniated discs on a posterior view taking 
into account the intervertebral foramen: A: Intraforaminal (1. 
Retrodiscal space 2. Lateral recess). B: Foraminal. C: Extraforaminal
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collapse associated with joint hypertrophy leads, in the 
osteoarthritic process, to a closure of the intervertebral fora-
men (Fig.  30). Any process leading to disc kyphosis will 
open the foramen, while an extensional retrolisthesis will 
close it (Fig.  31). In lumbar spondylolisthesis (SPL), the 
intervertebral foramen is more horizontalized than collapsed 
if the SPL is degenerative (the main compression being in 
the central canal and the lateral recesses) (Figs. 32 and 33). 
Alternatively the foramen is clearly narrowed in the lytic 
SPL (Figs. 34 and 35), the root of the level of the cephalad 

olisthetic vertebra that can be compressed by the isthmic 
hook, the cartilaginous nodule (Gill), and very exception-
ally by the L5S1 disc which is more stretched than herni-
ated. Finally, asymmetric disc disease is a characteristic 
cause of foraminal compression (Figs. 36 and 37); it can be 
primitive, secondary to a discectomy or ipsilateral lumbar 
scoliosis: it is then in the lumbosacral concavity (the side of 
the convexity of the main lumbar curvature) and can be 
expected with significant intervertebral displacement and 
subluxation (Vital [14]).

a b c d

Fig. 29 Reductions in the central spinal canal and lateral recess in degenerative lumbar pathology. (a) Normal anatomy; (b) Articular arthrosis; 
(c) Osteoarthritis and hernia; (d) Congenital narrowing and osteoarthritis

a

c

bFig. 30 Progressive 
reduction from (a) to (c), the 
size of the intervertebral 
foramen parallel to the disc 
collapse
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a b
Fig. 31 Intervertebral 
foramen enlarged by disc 
kyphosis (a) and reduced in 
size by retrolisthesis in 
extension (b)

a b
Fig. 32 Intervertebral 
foramen and degenerative 
spondylolisthesis on sagittal 
sections: (a) central stenosis; 
(b) horizontalized 
intervertebral foramen
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1

2

3

a b

c

Fig. 34 Intervertebral 
foramen and spondylolisthesis 
by isthmic lysis. (a) the 3 
possible compressive 
elements—the isthmic hook 
(1), the nodule of Gill (2), 
more rarely the disc (3); (b) 
flexion displacement; (c) 
extension displacement, more 
compressive

a bFig. 33 Intervertebral 
foramen and degenerative 
spondylolisthesis on axial 
sections: (a) central stenosis 
and in the lateral recess; (b) 
intervertebral foramen not 
shrunk
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Fig. 35 Intervertebral foramen and spondylolisthesis by isthmic lysis 
on a sagittal section on MRI

a b
Fig. 36 Asymmetrical 
discopathy on an 
anteroposterior radiograph (a) 
and its consequence on the 
nerve structures (b)
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Fig. 37 Primary asymmetric 
disc disease in MRI (a) and at 
the base of the scoliosis (b)
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The Spinal Cord

J. Guérin

The spinal cord is the part of the neuraxis contained in the 
spinal canal. It extends from the foramen magnum where it 
follows the medulla oblonga to the L1L2 vertebrae forming 
the conus medullaris (Fig. 1).

It has a cylindrical appearance, slightly flattened from 
front to back. Its average diameter is 1 cm, less than that of 
the spinal canal, which gives it a relative freedom in the 
axial plane. It is about 45 cm long and occupies 2/3 of the 
spinal canal, anchored at its lower end by a fibrous structure, 
the filum terminale to the coccygeal vertebra and laterally 
by the denticulate ligament. It comprises two fusiform 
swellings: the cervical enlargement, corresponding to the 
nervous structures involved in the innervation of the upper 
limbs, and the lumbar enlargement, corresponding to the 
lower limbs.

It is protected by the meningeal envelopes that form a 
continuous sheath (Fig. 2). The dura mater is the outermost, 
fibrous in nature, it terminates next to S3 and engages the 
spinal nerves up to the intervertebral foramen. The arachnoid 
represents the intermediate covering. It delineates the sub-
arachnoid space filled with cerebrospinal fluid and in ana-
tomical continuity with the peri-cerebral meningeal spaces. 
Thus CSF analysis by simple lumbar puncture makes it pos-
sible to detect the presence of an inflammatory or hemor-
rhagic pathology and to analyze the pressure of the entire 
fluid compartment. The pia mater adheres to the surface of 
nerve structures; it is a vascular membrane.

The spinal cord is connected to the peripheral nervous 
system by the spinal nerve roots whose regular emission 
marks a metameric organization mode in superimposed seg-
ments. There are 31 pairs of spinal nerves born from the 
union of ventral motor roots and dorsal sensory roots: 8 cer-
vical, 12 thoracic, 5 lumbar, 5 sacral, 1 coccygeal.

During fetal life, the spine elongates more than the spinal 
cord which remains fixed at its cranial extremity so that if the 

cervical nerves lie in the same plane as the corresponding 
vertebra, as one goes down, they incline more and more to 
reach the corresponding intervertebral foramen, resulting in 
a vertebra-medullary shift of two levels for the thoracic roots 

J. Guérin (*) 
Department of Neurosurgery, CHU Bordeaux, Bordeaux, France
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Fig. 1 Organization of the spinal cord in metameric segments. 
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and more than three levels in the lumbosacral section, the 
conus medullaris projecting opposite T12L1. Below, the 
roots gather to form the cauda equina that occupies the lum-
bosacral space, thus allowing lumbar puncture without risk 
of causing spinal cord injury.

 Description

The spinal cord is constituted (Fig. 3) by a peripheral white 
matter and a central gray matter:

• The white matter contains the ascending and descend-
ing nerve fibers that form tracts that connect the spinal 
cord to the other sections of the neuraxis. It is orga-
nized along an axis of sagittal symmetry which is 
marked on the surface, anteriorly by the medial ante-
rior sulcus (ventral medial fissure) and posteriorly by 
the posterior medial sulcus (dorsal medial fissure), nar-
rower and in contact with the gray matter. On both 
sides of this midline plane, the ventrolateral sulcus cor-
responds to the emergence of the ventral roots of the 
spinal nerves and the dorsolateral sulcus to that of the 
dorsal roots. These sulci delineate funiculi or columns 
of white matter: the dorsal (or posterior) column is 
located between the posterior medial sulcus and the 
posterior collateral sulcus. It is subdivided at the level 
of the cervical segments by an intermediate dorsal sul-
cus into a lateral tract, inserted as a wedge, the cunea-
tus fasciculus (Burdach) and an inner tract, the gracilis 
fasciculus (Goll). The lateral column is delimited by 
the ventral and dorsal collateral sulci. The anterior col-
umns are located on both sides of the median fissure 
and communicate with each other by the ventral white 
commissure.

• The gray matter contains the cells and the nerve centers. 
It is also arranged along an axis of sagittal symmetry 
which gives it the shape of an “X” or a “butterfly with 
spread wings.”

• It is described (Figs. 4 and 5) as:
 1. Dorsal or posterior horns do not reach the circumfer-

ential edge of the cord where the sensory fibers con-
tained in the dorsal roots of the spinal nerves arrive by 
the collateral dorsal sulcus. They are separated in the 
dorsolateral fasciculus of Lissauer that lies in the inter-
val between the surface of the cord and the apex of the 
dorsal horn. The nucleus proprius occupies most of it, 
covered by the clearer gelatinous substance (substantia 
gelatinosa) and the more distal marginal zone (or sub-
stantia spongiosa) which forms as a hood. The nucleus 
dorsalis (Clarke’s column) is recognizable on the pos-
terior edge of the base of the dorsal horns, only at seg-
ments C8 to L2.

 2. Ventral or anterior horns are larger. Their jagged edges 
remain at a distance from the circumferential edge and 
correspond to the passage of nerve fibers for motor 
purposes which exit through the ventral collateral sul-
cus and will constitute the ventral roots of the spinal 
nerves. They are characterized by the presence of 
motor neurons grouped in nuclei which are arranged in 
juxtaposed columns (Fig. 6):

• The medial nuclei are present throughout the cord. They 
correspond to the innervation of the cervical, thoracic, 
and abdominal axial musculature.

• The lateral nuclei are mainly developed at the level of 
the cervical and lumbar swellings. They correspond to 
the innervation of the limbs and are arranged according 
to a double plan of organization: one is functional and 
corresponds to the ventral nuclei for the extensor mus-
cles and to the dorsal nuclei for the flexor muscles, the 

6

7

4

5
8

1

2

3

Fig. 2 The spinal cord and 
meningeal envelopes: (1) dura 
mater, (2) arachnoid, (3) pia 
mater, (4) subarachnoid 
space, (5) denticulate 
ligament, (6) anterior spinal 
artery, (7) posterior spinal 
arteries, (8) spinal ganglion
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other is somatotopic: the medial columns correspond to 
the axial musculature of the limb roots, the lateral col-
umns to the proximal musculature of the elbow and 
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Fig. 3 Configuration of the spinal cord: (1) medial ventral sulcus; (2) 
medial dorsal sulcus; (3) ventral collateral sulcus; (4) dorsal intermedi-
ate septum; (5) dorsal collateral sulcus; (6) ependymal canal; (7) dorsal 
funiculus; (8) anterolateral funiculus; (9) Ventral funiculi; (10) ventral 
spinal roots; (11) dorsal spinal roots; (12) spinal ganglion
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Fig. 4 Internal structure of the spinal cord: (1) dorsolateral fasciculus 
of Lissauer; (2) Waldeyer’s marginal nucleus; (3) substantia gelatinosa 
of Rolando; (4) nucleus proprius; (5) lateral and retrolateral nuclei; (6) 
medial nuclei; (7) Clarke’s column dorsalis nucleus; (8) nucleus inter-
mediolateralis; (9) nucleus intermediomedialis; (10) dorsal column; 
(11) cuneatus fasciculus; (12) gracilis fasciculus
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knees, the retrolateral columns to the distal musculature 
of the extremities (hand and feet).

• At the level of the cervical cord, the central nuclei cor-
respond to the nucleus of the phrenic nerve which 
extends from C3 to C7. Its fibers borrow the anterior 
roots of C4 to form the phrenic nerve that descends to 
innervate the diaphragm. The fibers of the spinal acces-
sory nerve (nerve XI) occupy segments C1–C6. Its 
fibers, after having emerged along the lateral cord, go up 
towards the foramen magnum to penetrate into the pos-
terior cerebral fossa and to join the fibers of the medul-
lary root of accessory nerve (XI) to leave posterior fossa 
by the jugular foramen to innervate the trapezius and 
sternocleidomastoid muscles.
 3. An intermediate central area between the ventral and 

dorsal horns, centered by the ependymal canal which 
is usually obstructed. It is characterized by its reticu-
lar organization forming rich networks of interneu-
rons articulating between them and also includes the 
intermediate columns which belong to the autonomic 
nervous system involved in vegetative life: the inter-
mediomedial cell column is located along the ependy-
mal canal, is present along all of the spinal cord and 
the intermediolateral cell column which occupies 
only the thoracic segments from T1 to L2, where it 
corresponds to the lateral horn. They both belong to 
the sympathetic system. The intermedioventral col-
umn corresponds to the pelvic parasympathetic sys-
tem. It is present only at the level of the sacral 
segments of S2–S4 and specifically intended for the 
innervation of the viscera of the pelvic cavity.

 Anatomofunctional Organization 
of the Neural Centers of the Gray Matter

The gray matter of the spinal cord is organized according to 
a cytoarchitectonic model with 10 laminae (Rexed) num-
bered starting from the dorsal expansions (Fig. 5). They can 
be grouped into three zones which correspond to different 
organizational and functional arrangements and which would 
be like the superposition of three successive layers in the 
evolution of the animal species.

 1. A central formation or fundamental zone is the oldest in 
the phylogenetic scale and corresponds to the intermedi-
ate zone and to laminae VII and VIII. It is characterized 
by a network organization of interneurons in charge of the 
basic motor and vegetative programs essential to the sur-
vival of the individual.

 2. The dorsal horns correspond to laminae I–VI.  Their 
radial organization corresponds to the complex sys-
tems in charge of the specific treatment of pain and 
temperature messages essential for survival by alerting 
for the environment danger by the information brought 
to each metameric level by the dorsal roots of the spi-
nal nerves.

 3. The ventral horns correspond to the IX layer and the motor 
functions from which the orders coming from the spinal 
and the supraspinal structures converge to form the com-
mon final motor pathway. The axons of the motoneurons 
which constitute them correspond to the ventral roots of 
the spinal nerves intended for the somatic musculature.

 The Central Formation Area

• It is organized into networks of interneurons that support 
programmed motor activities (Fig. 7) [3].

The small interneurons are largely anastomosed to each 
other and also articulate with equivalent cells of the contra-
lateral cord and with those on the neighboring levels by the 
intersegmental neurons of the proprioceptive spinal system. 
They form networks of varying complexity that reproduce on 
the spinal level what has been described for the reticular sub-
stance of the brainstem and where elementary somatic pro-
grams are developed. These are present from birth but 
intended to be refined when they are then invested by supra-
spinal afferents which will widen their functional 
potentialities.

Locomotion is an example of such an autonomous mode 
of activity, just like swimming or birds flying [4].

Its reality is easily attested by the example of the chicken 
where its head has been cut off and who is able to continue 
to run for a few moments, that is, to realize a rhythmic and 

n.r.l.

n.l. n.m.

Flexors

Extensors

Fig. 6 Organization in juxtaposed columns of ventral horns. 
Somatotopic correspondences: (nm) medial nuclei present along the 
entire cord corresponding to the axial musculature; (nl) lateral nuclei 
present in the enlargements, corresponding to the proximal muscula-
ture; (nrl) retrolateral nuclei present at the level of the enlargements and 
corresponding to the distal musculature. The columns are arranged in 
two planes: the ventral plane corresponds to the musculature of the 
extensors, the dorsal plane to the musculature of the flexors
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alternating activation of the flexor and extensor muscles of 
the two legs.

It has been studied experimentally in lamprey [5], the 
spinal cord of which can be easily isolated. The recording 
of its swimming by a ripple shows a rostrocaudal sequen-
tial activation in the form of rhythmic pulses, responsible 
for contractions of the longitudinal paravertebral muscles. 
This activity is not reflexive but reflects the intervention 
of central generators [6], CPG (central pattern genera-
tors), right and left segmentaries connected by commis-
sural interneurons responsible for rhythmicity and 
alternation (Diagram 1). The functional plan is that of 
oscillatory systems based on the interaction of commis-
sural inhibitory interneurons.

In mammals, the pattern is identical according to a cycle 
of increasing complexity to ensure the synchronization of the 
different limb segments. The stance phase is when the limb 
touches the ground. It solicits the extensor muscles and it is 
from there that depend on the variations of the duration of 
the locomotive cycle. The swing phase, conversely, varies 
little and involves the flexor muscles.

In newborns, these patterns can be effectively observed 
in the form of automatic swimming or the cyclical motion 
of the legs akin to walking. They then disappear with 
myelination of supraspinal tracts. However, they are likely 

to reappear clinically, in the form of automatisms (mass 
reflex, triple withdrawal, crossed synkinesis, and Babinski’s 
sign) when cord lesions prohibit supraspinal downward 
influences.

It is not a reflex activity because experimentally division 
of sensory roots does not abolish the operation of these gen-
erators whose expression remains however basic and stereo-
typed requiring afferents to modulate their use.

 1. The afferents are segmental, of a proprio- and extero-
ceptive sensory (external stimuli) nature, adapting to 
the conditions of the environment. A cat with transected 
spinal cord is thus able to experimentally adapt its 
speed of unwinding of the carpet from the propriocep-
tive information provided by the spinal sensory end-
ings. Similarly, electrical or mechanical stimulation of 
the cutaneous receptors of the cat’s foot, applied during 
the swing phase, leads to a considerable increase in the 
activity of flexor motoneurons and a greater elevation 
of the limb as to avoid a hypothetical obstacle whereas 
if it intervenes in the stance phase, it causes on the con-
trary a reinforcement of the activity of the extensors of 
the limb so as to  compensate a possible unexpected 
load, or during a misstep creating the sudden failure of 
the limb (Diagram 1).
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Fig. 7 Organization of the central zone into networks of central pattern 
generator interneurons (CPG central pattern generators) [2]. Afferents:  
(1) peripheral sensory segmental afferents; (2) lateral corticospinal 
tract; (3) rubrospinal tract; (4) medullary reticulospinal tract; (5) ventral 
corticospinal tract; (6) pontine reticulospinal tract; (7) vestibulospinal 

tract. Efferents: (8) flexor motoneurons; (9) extensor motoneurons;  
(10) segmental proprioceptive fibers; (11) Clarke’s dorsal nucleus; (12) 
spinocerebellar dorsal tract; (13) ventral spinocerebellar tract: (14) 
pericornual zone
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 2. The supraspinal afferents intervene to trigger and modu-
late these motor patterns (Diagram 2)
 a. The corticospinal tracts come from the cerebral cortex 

investing these interneuronal networks so as to widen 
the range of possibilities and place them under volun-
tary control. Babinski’s sign, which is physiological in 
the newborn, disappears thus when the pyramidal tract 

imposes its regulating influence so that clinically, 
when it is found, it is a pathognomonic sign of a pyra-
midal lesion.

 b. At the level of the brainstem, the nuclei of the mesen-
cephalic reticular formation and the pedunculopontine 
nucleus have been identified as a locomotor region. Its 
stimulation in the cat triggers perfectly organized 
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Diagram 1 Model of organization by semicenters of central rhythmic activities in locomotion [4]: (1) flexor hemicenter; (2) extensor hemicenter; 
(3) inhibitory interneurons (in blue) and activators (in red); (4) flexor motor neuron; (5) extensor motor neuron
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Diagram 2 Structures involved 
in the triggering (A) and control 

(B) of locomotion [3]. Locomotor 
command is sent to the spinal 
cord CPGs (central pattern gener-
ators). It comes from the brain by 
the pyramidal tract and the medial 
forebrain bundle (FMB), passes 
through the mesencephalic reticu-
lar nuclei (RLM mesencephalic 
locomotor region) and the 
medullopontine reticular nuclei. 
The copy of the pattern is sent to 
the cerebellum by the ventral spi-
nocerebellar tract and its adjust-
ment is achieved by the 
spinocerebellar feedback loops
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locomotor sequences whose speed follows the inten-
sity of the stimulation. It intervenes as a trigger for 
spinal patterns. It receives the median forebrain bundle 
(FMB) which places it in relation with the ventral pal-
lidum, the nucleus accumbens, and the hippocampus. 
It projects on the pontine reticular formation that acti-
vates central pattern generators by reticulospinal 
tracts. Thus, starting from an initial impulse and 
because of this central connectivity, the rhythmic gen-
erators of the cord enter into activity, with longitudinal 
and transverse logical coordination and by a harmoni-
ous combination of the upper and lower limbs more 
complex locomotive modules can afterward be 
acquired such as trotting, galloping, jumping, etc.

 c. The cerebellum intervenes to achieve the necessary 
locomotor adjustments that occur through the spino-
cerebellar pathways organized into feedback loops 
where rapid conduction velocity (120  m/s) allows 
almost an instantaneous response:
• The ventral spinocerebellar tract originates in the 

pericornual zone near the ventral motor horns and 
therefore informs the cerebellum directly of the 
activity of the central pattern generators (CPG) as 
soon as they come into play and as a reference copy.

• The dorsal spinocerebellar tract originates in the 
Clarke dorsal nucleus, which is based on the dorsal 
horn that receives proprioceptive information from 
muscle and the neuromuscular spindle during move-
ment and relates to the motor function of the lower 
limbs. Its equivalent for the upper limbs is represented 
by the cuneocerebellar tract. These bundles are pro-
jected on the somatotopically organized spinocere-
bellum (paleocerebellum) and on the corresponding 
intermediate nuclei (globulus and emboliform nuclei).
 – This double cerebellar device thus allows the 

cerebellum to compare the copy of the schedu-
lated spinal pattern and its effective realization at 
the level of the muscular effectors and to make 
the necessary adjustments by acting on the spi-
nal networks. They are explored clinically for 
the lower limb by the “sensibilisated” Romberg 
test and the Stewart-Holmes maneuver for the 
upper extremity.

 – The spinocerebellospinal feedback loops involve 
brainstem structures:
 – The rubrospinal tract originates from the 

mesencephalic red nucleus, which receives 
cross afferents from the paleo (or spino) cer-
ebellum. It controls the activity of the flexor 
muscles of the limb thus involved during the 
swing phase in locomotion.

 – The ventromedial reticulospinal tract that origi-
nates from the pontine reticular nuclei alterna-

tively  intervenes during the stance phase during 
locomotion being a facilitator of the extensor 
muscles.

 – The vestibulospinal tract provides postural 
balance essential for locomotion that 
requires constant adjustments due to the 
imbalance created by bipodal and alternat-
ing walking in humans. Its facilitating 
action is bilateral and is exerted on the 
extensors of the anti-gravity axial muscle 
chains on which the verticalization depends.

• The central formation also contains the intermediate col-
umns that belong to the autonomic system [7]. 

It is responsible for the functional control of the viscera 
and the maintenance of homeostasis by the combined inter-
vention of two systems: the parasympathetic system and the 
sympathetic system, the common feature of which is a 
peripheral organization comprising two neurons, a pregan-
glionic cholinergic connector, and a postganglionic effector, 
articulated on a ganglion relay near peripheral effectors, 
some of which already have a functional autonomy (enteric 
system). Thus, it is a functional control that is exerted on 
these autonomous systems so as to integrate them with the 
conditions of the internal or external environment.

 1. The parasympathetic system has a trophotropic function 
and predominates under physiological conditions. Its 
action is local and relies on short postganglionic choliner-
gic neurons, located near and in the wall of the viscera. At 
the level of the digestive tract, it captures the intrinsic 
enteric system consisting of networks of interneurons 
located in the submucosal and myenteric plexuses that 
already reflexively provide intestinal peristalsis. This 
function is largely controlled by the vagus nerve (X). 
Only the viscera contained in the pelvic cavity receive 
parasympathetic innervation of spinal origin. It corre-
sponds to the parasympathetic sacral or pelvic contingent 
that comes from the intermedioventral column present on 
the sacral segments S2–S4 (Fig. 8). Preganglionic fibers 
are the pelvic splanchnic nerves that accompany the spi-
nal nerves and directly enter the external genitalia, blad-
der, distal portion of the colon and rectum, as well as the 
internal vesical and anal sphincters. The relay ganglia are 
located in contact with or even in the wall of these viscera 
making the postganglionic effector neurons very short.

 2. The sympathetic system, on contrary, has an ergotropic 
purpose. It is involved in emergency or warning situations 
where energy reserves must be mobilized to respond to 
threats from the external environment. The relay ganglia 
are therefore remote from the effector so as to cover a 
large functional area. Its nerve centers are all located at 
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the level of the spinal cord and correspond to two modes 
of organization, one visceral, the other somatic [8]
• The visceral sympathetic contingent (Fig.  9) is 

intended for the innervation of the viscera itself, and 
its action is most often in opposition to that of the 
parasympathetic system. The nerve centers are con-
tained in the intermediolateral columns that occupy 
the lateral horns of segments T8 to L2. The pregan-
glionic fibers accompany the ventral roots of the 
spinal nerves for a short distance, then follow the 
white communicating branches and pass directly 
through the ganglia of the paravertebral chains, 
without any synaptic articulation. They constitute 
the splanchnic nerves that join the prevertebral and 
preaortic relay ganglias, celiac ganglia, and superior 

and inferior mesenteric ganglias. The postgangli-
onic fibers are noradrenergic and are distributed to 
the viscera of the abdominal and pelvic cavities, 
forming with the visceral arteries neurovascular 
pedicles. The adrenal gland, which is a chromaffin 
organ and secretes adrenaline, directly receives pre-
ganglionic fibers. For the organs contained in the 
thoracic cavity (heart, lungs, trachea, esophagus) 
and those of the cephalic extremity (head and neck), 
the relay ganglia are represented by the three cervi-
cal  ganglias and the first four ganglias of the para-
vertebral chain. Postgan glionic fibers join their 
target by forming periarterial plexuses surrounding 
the carotid and subclavian vessels and cardiac plex-
uses (Fig. 8).

Somatic sympathetic system Visceral sympathetic system

10

11
C1

C2

C3

C4

C5
C6

C7
C8

T1

T2

T3

T4

T5

T6

T7

T8

T9

T10

T11

T12

L1

L2

L3

L4

L5

S1

S2

S3

S4

S5

12

13

8

2

3

4

7

5

6

14

preganglionic fibers
postganglioninic fibers

Parasympathetic
pelvic system

1

9

Fig. 8 Distribution of the 
somatic and visceral 
sympathetic systems and the 
parasympathetic pelvic 
system: (1) periarterial 
cephalic branch;  
(2) cardiopulmonary 
splanchnic nerves;  
(3) abdominopelvic 
splanchnic nerves; (4) celiac 
ganglion; (5) superior 
mesenteric ganglion;  
(6) inferior mesenteric 
ganglion; (7) adrenal branch; 
(8) white ramus 
communicans; (9) gray ramus 
communicans;  
(10) sympathetic chain;  
(11) superior cervical 
ganglion; (12) middle cervical 
ganglion; (13) stellate 
ganglion; (14) pelvic 
splanchnic nerves

J. Guérin



371

The somatic sympathetic contingent (Fig. 10) ensures the 
innervation of the sweat glands, the pilomotor muscles, and 
the cutaneous vessels. It innervates these alone as the para-
sympathetic system is absent (although for the sweat glands 
the postganglionic fibers are cholinergic). Its anatomical 
organization is modeled on the metameric distribution of the 
spinal nerves. The spinal cord nerve centers are located at the 
level of the intermediolateral columns or are more likely to 
correspond to the intermediomedial columns which extend 
over the entire length of the cord. Preganglionic fibers are 
short. They follow the ventral roots of the spinal nerves from 
T1 to L2 and follow the white ramus communicans to join 
their paravertebral relay ganglia, which form the sympathetic 
chain from C1 to S5. The postganglionic fibers join the path 
of the corresponding spinal nerves by borrowing the gray 
ramus communicans and are distributed on the smooth mus-
cles of the vascular walls and the pilomotor muscles by their 
adrenergic endings and the sweat glands by their cholinergic 
fibers.

The control of vegetative centers can be reflexive, but 
most often under the influence of supraspinal influences that 
integrate them into behavioral patterns with both somatic 
and vegetative components [9]: 

• Vegetative reflexes are produced by various sensory affer-
ents stimuli coming from the viscera or the skin. Thus, the 
thermal information conveyed by the Aδ and C sensory 
fibers from their exteroceptive origin allows local thermo-
regulation so that the application of cold causes arterial 
vasoconstriction with paleness of the limb and piloerec-
tion whereas, conversely, an increase in temperature leads 
to vasodilation and sweating to create heat loss.

• This mode of reflex functioning is particular to the para-
sympathetic pelvic system and responsible for the physi-
ological control of urination, defecation, and sexual 
reflexes.

• The supraspinal afferents come from the nuclei of the 
medullopontine lateral reticular zone (superficial reticular 
area and nuclei of the pontine tegmentum) where the 
pneumotaxic, inspiratory and expiratory respiratory 
 centers, the cardioregulatory and vasomotor centers, and 
the micturition center have been located. The noradrener-
gic fibers visible in histofluorescence (Fig.  26) descend 
into the lateral spinal cord and terminate on the interme-
diolateral and intermedioventral nuclei and on the phrenic 
and intercostal nuclei. They correspond to the control 
exerted by the hypothalamus where the ergotropic and 
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visceral sympathetic system: 
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intermediolateralis; (2) white 
ramus communicans;  
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trophotropic regulatory centers are located in relation to 
the limbic system. They integrate them into behavioral 
patterns of an emotional nature, for example, but also 
dietary, sexual, or thermoregulatory factors involved in 
homeostasis.

 Dorsal Horns

The dorsal horns correspond to the first six layers of Rexed, at 
which the abilities responsible for treating the dolorothermal 
(pain & temperature) information are located. It is brought to 
each metameric level by the dorsal roots of the spinal nerves. 
They contain several types of fibers that differ in their size and 
conduction velocity as well as in their functional significance; 
myelinated large fibers, with fast conduction velocity belong-
ing to the exteroceptive sensitivity (Aβ (30–70 m/s)) and to 
proprioceptive sensitivity coming from the muscle (Ia and Ib 
fibers) (70–110  m/s) and the small, non-myelinated fibers  
(C fibers) (0.5–2 m/s) or poorly myelinated (Aδ fibers) (10–
30 m/s), at slow conduction velocity. At entry into the cord, a 
separation into two contingents takes place: the large fibers 
form the median contingent which corresponds to the tactile 
epicritic (fine touch) and kinesthetic proprioceptive sensitivity 
is directed towards the dorsal column, the Clarke’s dorsal 
nucleus, and the motor neurons of the ventral horns. The small 
fibers that carry the dolorothermal sensitivity constitute the 
lateral contingent that ends in the dorsal horns. It travels in the 
dorsolateral tract of Lissauer where the fibers bifurcate to give 
ascending and descending branches on 2–3 segments before 
ending at the extremities of the dorsal horns (Fig. 12).

 1. The Aδ fibers terminate on the I and II layers and on the 
deep V layer. The amyelinic C fibers terminate on II layer 

only. Many substances are involved in the transmission of 
the nociceptive transmission: substance P in the superfi-
cial layers I and II but also other peptides: somatostatin, 
vasoactive intestinal peptide, cholecystokinin, CGRP 
(calcitonin gene related peptide), and excitatory amino 
acids (glutamate).

 2. The relay neurons occupying the superficial layers I and II 
and the more central layers IV, V, and VI are of two types. 
Specific nociceptive neurons respond to mechanical or ther-
mal stimulation, which is only nociceptive. They are local-
ized in layer I.  The nonspecific neurons (wide dynamic 
range) located at the level of the layers I, II, IV, V, and VI 
respond to mechanical or light thermal stimulations, non-
nociceptive but capable of becoming nociceptive with the 
intensity of the stimulus. They are convergence cells whose 
stimulus can be located at the level of the cutaneous layer but 
also of the muscles and the viscera. This convergence makes 
it possible to account for referred pain (Fig.  11), which 
sometimes expresses the visceral pain felt on a superficial 
cutaneous territory other than its real deep origin. The classic 
example is that of myocardial pain (infarction or angina pec-
toris) which projects up the chest and at the level of the left 
arm and hand, gallbladder pain that projects into the scapular 
region, and appendicular pain felt in the abdominal wall in 
the para-umbilical area. Indeed, the visceral and somatic 
afferents fibers converge on the same relay neuron, thus cre-
ating the illusion of a superficial pain projected on the cor-
responding dermatome. These two types of cells allow a 
discriminative coding of the dolorothermal message with 
regard to its intensity and its topography. Their axons cross 
the median line at each metameric level and move towards 
the ventrolateral (Déjerine) quadrant where they form the 
spinothalamic tracts responsible for transmitting this infor-
mation to supraspinal structures (Fig. 12):
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The neospinothalamic tract intended for specific tha-
lamic relay nuclei has a somatotopic organization which 
depends on the origin of the fibers, whose lumbosacral 
component is posterior and thus more surgically accessible 
to interruption by anterolateral cordotomy in the treatment 
of pelvic pain.

The paleospinothalamic tract lies within the previous 
one in the anterolateral cord; it is intended for the nonspe-
cific nuclei of the thalamus and gives, during its course in 
the brainstem, collaterals for the medial reticular (giganto-

cellular nucleus), involved in the awakening reactions trig-
gered by painful stimulations, as well as for the reticular 
mesencephalic periaqueductal gray matter (PAG) by its 
spinomesencephalic contingent, involved in the diffuse 
inhibitory control of pain (see below). Other fibers also 
reach the hypothalamus, amygdaloid nucleus, nucleus 
accumbens, and septal nuclei and contribute to the devel-
opment of affective and emotional expressions that accom-
pany pain. The syringomyelic syndrome corresponds to 
the involvement of these spinothalamic tracts at their 
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crossing, at each metameric level at the level of the white 
commissure; it is expressed at the level of the correspond-
ing dermatome by a loss of the pain and temperature infor-
mations sensitivity which contrasts with the conservation 
of epicritic and kinesthetic sensitivities.

Onto this system that transmits the nociceptive and ther-
mal messages and occupies the radial axis of the dorsal horn, 
come various control systems that modulate the signal so 
that pain that represents a punctual alarm signal does not 
extend and become permanent and intolerable.

The control systems are segmental and supraspinal 
(Fig. 13):

 1. In the gelatinous substance (layers II and III), interneu-
rons (islet cells) exert a pre- and postsynaptic inhibitory 
action on the passage of the nociceptive message. They 
are enkephalinergic and GABAergic. This influence is 
confirmed by the analgesia obtained with the administra-
tion of intrathecal or epidural morphine in the treatment 
of pain in anesthesiology. Other interneurons secrete 
opposite excitatory amino acids (aspartate and glutamate) 
which are amenable to pharmacological neutralization 
(anti-epileptics).

 2. The large caliber Aβ fibers which form the medial contin-
gent of dorsal roots emit collaterals which penetrate the 
dorsal horn edges at the level of the IV and V layers and 
articulate with these interneurons or with convergent 
cells. The competition between these two types of fibers 
whose conduction velocity is not equivalent is the origin 
of the gate control theory of Wall and Melzach (Diagram 
3). Large-caliber fibers with a fast conduction velocity 
stimulating the inhibitory interneurons close the gate to 
the passage of the nociceptive message conveyed by the 
smaller and slower fibers. In fact, the uncomfortable sen-
sation of pruritus attenuates at least transiently if the pru-
ritic area is scratched; in the clinic, transcutaneous 
neurostimulation makes it possible to treat certain types 
of pain. We can indeed distinguish:
 – Pain by nociceptive excess which reflects the predomi-

nance of the influences carried by the Aδ and C fibers: 
it is the usual pain due to traumatic or inflammatory 
lesions which release at the level of the periphery algo-
genic substances (histamine, serotonin, substance P) 
which are potentiating and sensitizing. In addition to 
the usual analgesics, they are indications of techniques 
that neutralize the nociception pathways by local anes-
thesia (novocaine), or surgically by selective posterior 
radicellectomy at the Lissauer tract level of the lateral 
contingent, commissural myelotomies (section of the 
fibers at the level of the white commissure), or selec-
tive ventrolateral cordotomy (section of the spinotha-
lamic pathways in the ventrolateral cord).
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 – Pain by deafferentation corresponds to a lack of inhibitory 
influence of the Aβ fibers. It is a neuropathic pain, during 
polyneuritis and other peripheral neuropathies, the pain of 
amputees or Zosterian pain where the pain is felt at the 
level of the dermatome which paradoxically is insensitive 
to touch. The treatment should aim to reinforce the “gate 
control” by percutaneous stimulation, posterior cord 
neurostimulation, antiepileptic drugs or by local intrathe-
cal morphine administration so as to reinforce the action 
of the inhibitory interneurons.

Supraspinal control systems come from the reticular for-
mation of the brainstem (Diagram 4).

The best studied circuit involves the mesencephalic retic-
ular zone whose descending fibers constitute the endogenous 
control system of pain [12] and involves the descending 
serotonergic pathways (Fig. 25). It comprises the periaque-
ductal gray matter (PAG) and the nucleus raphe dorsalis, rich 
in opioid receptors (dynorphin). They emit fibers for the 
reticular nuclei of the pontine raphe (nucleus raphe magnus) 
and for the adjacent nucleus reticularis magnocellularis 
whose fibers descend sparingly into the lateral cord and ter-
minate on the I and V layers. They exert a presynaptic inhibi-
tory action on the primary endings that antagonizes substance 
P and postsynaptic via enkephalinergic interneurons. This 
device is verified by the analgesia obtained by stereotaxic 
stimulation of the PAG.

Another downward path is noradrenergic. It comes from 
the medial pontobulbar reticular nuclei (nucleus paragigan-
tocellularis) and the pontine locus coeruleus. This would 
explain the lack of perception of pain during intense stress or 
strong emotion. Finally, other afferents come from the cere-
bral sensorimotor cortex. They are represented by collaterals 
of the pyramidal tract and also possess an inhibitory effect 
which is reflected in the absence of perceived injuries during 
intense physical engagement in combatants or athletes.

These descending analgesia systems correspond to the dif-
fuse nociceptive inhibitory control function that are triggered 
by the ascending pathways of pain thus providing feedback 
loops from the spinoreticular tract fibers that articulate with 
the magnocellular reticular nuclei and the periaqueductal 
gray matter from which these descending serotoninergic and 
noradrenergic analgesic systems originate.

 The Ventral Horns

The ventral horns contain the layers IX (Fig. 14). They are 
organized into cellular islets containing motor neurons 
whose axons are intended for skeletal musculature. They 
contain two types of neurons.

 1. The large α motor neurons (10–17 μm) innervate the skel-
etal muscle fibers which then cause contraction. Their 
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Diagram 4 Supraspinal function for pain control [13]. At the mesen-
cephalic level, PAG: periaqueductal gray matter contains endogenous 
enkephalin and opioid receptors. It sends serotoninergic efferents to the 
reticular nuclei of the medullary raphe (Nrm nucleus raphe magnus) 
and the nucleus reticularis magnocellularis: RMC. At the spinal level, 
the serotoninergic fibers from the raphe nuclei project onto the dorsal 
horn layers II and III. Noradrenergic fibers from the locus coeruleus 
(LC) and the RMC also terminate on the interneurons of II and III lay-
ers where they exert an inhibitory effect on the neurons included in the 
dorsal horns whose axons form the spinothalamic tracts and send pro-
jections to the supraspinal sites of the medullary reticular formation 
(Ngc nucleus reticularis gigantocellularis) and relate to the descending 
analgesia devices forming an inhibitory feedback device
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dendritic expansions are numerous and form a vast receiv-
ing field. Their myelinated axons correspond to the Aα 
fibers whose conduction velocity is of the order of 
60–90 m/s. They innervate the striated muscle by estab-
lishing synaptic cholinergic contacts at the myoneural 
junction (motor plate) with several muscle fibers. The 
α-motor neuron, its nerve fibers and the muscle fibers that 
it innervates constitute a motor unit. Their number for a 
muscle depends on its contractile force. However, the 
average number of muscle fibers per motor unit varies 
greatly depending on the location and functional value of 
the innervated muscle. Thus the extrinsic muscles of the 
fingers are richly innervated as opposed to the antigravity 
muscles of the trunk where the innervation is of the order 
of 1000 muscular fibers innervated by a single neuron. The 
precision and the ability to modulate the intensity of a con-
traction thus depend on the richness of the innervation.

 2. The γ motor neurons are smaller (2–8 μm). Their myelin-
ated axon whose conduction velocity is of the order of 
10–45 m/s accompanies that of α-motor neurons and con-
stitute the fusimotor fibers that will innervate the intrafusal 
myofibrils (proprioception) located at the polar end of 
muscle spindles, arranged in parallel with striated extra-
fusal muscular fibers. The neuromuscular spindles also 
have at their equatorial part, elongation-sensitive receptor 
organs, which enable them to measure the length of the 
muscle and to transmit this information to the α motor 
neurons to the spinal cord by the Ia fibers thus connecting 
the two types of motoneurons in a functional coupling.

The axons of the α-motor neurons terminate at the level of 
the myoneural junction (neural plate) and innervate the stri-
ated muscle fibers which they cause the contraction

γ-motor neurons innervate the muscular part of the neuro-
muscular spindles (intrafusal fibers), the contraction of 
which causes the stimulation of the intrafusal receptors and 
the Ia fibers which terminate directly on the α-motor neu-
rons. γ-motor neurons receive descending supraspinal affer-
ents involved in the control of muscle tone.

The ventral horn also presents small interneuronal, mul-
tipolar cells whose action is exerted on these motor neurons: 
Ia and Ib interneurons are inhibitory and located on reflex 
circuits. The Renshaw cell also represents a particular recur-
rent inhibitor function intended to limit the motoneuron 
activity over time. It is represented by a short collateral 
which takes a recurrent path and establishes a cholinergic 
excitatory contact with the inhibitory Renshaw cell which in 
turn articulates with the cell body of the emitting cell and 
the synergistic motor neurons. This recurrent inhibition loop 
of which the mediator is glycinergic or GABAergic thus 
renders the motor neuron temporarily inexcitable. Strychnine 
which blocks glycinergic receptors causes tetanic contrac-
ture at high doses.

This effector function, thus marked by a spatial and tem-
poral coding, represents the common final pathway respon-
sible for executing all motor orders of segmental or 
supraspinal origin.

 1. Segmental sensory afferents are the basis for reflex activ-
ity which represents the functional originality of the spi-
nal cord. The intrinsic mono- or oligosynaptic reflexes 
control the length and strength of muscle contraction and 
the extrinsic polysynaptic reflexes have a protective role.
 – Intrinsic reflexes involve muscle proprioceptive 
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The muscle stretch reflex (myotatic reflex) is monosynap-
tic (Fig.  15). Its afferents are constituted by the Ia fibers 
which convey proprioceptive information coming from the 
neuromuscular spindle and collected at the annulospiral end-
ings wound helically at its equatorial zone.

Their stimulation is related to the lengthening of the 
muscle which distracts the spirals. Its efferents end directly 
on the α-motor neurons, provoke the contraction of the 
extrafusal muscle fibers, and diminish their length. This 
stretch reflex thus controls the length of the muscle in 
response to its own stretching and tends to bring it back to 
its original length. Clinically, its corresponding topographic 
value is helpful insofar as it is strictly metameric and mono-
synaptic. It is especially directly involved in the reflex 
adjustment of tonic and postural activity. The weight of the 
body continually tends to flex the joints and consequently 
stretch the antigravific extensor muscles which oppose the 

influence of gravity. This reflex thus ensures a postural tone 
that maintains the standing position.

A second means of putting this reflex into action is indi-
rect and involves the γ-motor neuron (Fig. 16). It realizes the 
device of the γ-loop of Granit which establishes a functional 
coupling between the α- and γ-motor neurons. The stimula-
tion of the γ-motor neurons causes the contraction of the 
intrafusal fibers from which Ia fibers come into play and by 
the muscle stretch reflex pathway elicits the stimulation of 
the corresponding α motor neuron. Many descending path-
ways of supraspinal origin terminate directly on the γ-motor 
neurons (reticulo and rubrospinal tracts) and thus allow static 
adaptations. Moreover, the supraspinal afferents simultane-
ously reach the α- and γ-motor neurons so that the neuromus-
cular spindle then behaves as an error detector by comparing 
the effective length of the muscle and the length that it had to 
reach, between the reality and the set-point. The muscle 
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Fig. 15 Muscle stretch reflex. Activation by muscle stretching: the excita-
tion of the receptors causes a stimulation of the Ia fibers which articulate 
monosynaptically with the α-motor neurons and leads to the reflex contrac-
tion of the agonist muscles aiming to maintain them at their initial position 
and disynaptical inhibition of antagonistic muscles (interneuron Ia)
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Fig. 16 γ-Loop. Concept of servo-assistance of the movements [14]. 
Involvement of the muscle stretch reflex indirectly by intervention of 
the γ-motor neurons (γ-loop) which receive a supraspinal command, a 
copy of that intended for the α-motoneurons. The neuromuscular spin-
dle is an error detector comparing the length of the extrafusal muscle 
with the control message sent to γ-efferents. (1) Command coupled to 
α- and γ-motor neurons. (2) Error detector. Any deviation between extra 
and intrafusal muscle fibers induces an “error” signal and a stretch 
reflex response to bring the extrafusal fibers back to the desired value
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stretch reflex then corresponds to a servo-assistance device 
where any deviation between the intrafusal and extrafusal 
muscle fibers induces an error signal and triggers a reflex 
response which tends to bring the muscle back to the desired 
length and thus improves the precision of the movement.

The reciprocal inhibition reflex (Fig. 15) is disynaptic and 
connected to the stretch reflex device. It involves an inhibi-
tory Ia interneuron, articulated on a collateral of the Ia fibers 
and intended for the motor neurons of the antagonist muscle, 
thus facilitating the action of the agonist.

The inverse myotatic reflex or autogenic inhibition 
(Figs. 5 and 17) is also disynaptic. The afferent path is rep-
resented by the Ib fibers whose receptors are represented by 
the Golgi tendon organs located on the tendons at the ends 
of the muscle itself. Unlike neuromuscular spindles placed 
in parallel, these mechanoreceptors are placed in series 
with respect to the muscular fibers and are thus sensitive to 
the state of tension of muscle during contraction. They are 
articulated with the agonist α motor neuron via the inhibi-
tory Ib interneuron. Its role is to protect the muscle during 
its contraction as a damping system of the intensity of a 
muscular contraction. When the subject has to resist a force 
tending to mobilize a joint at a level of tension, the muscle 
suddenly relaxes like a penknife that closes suddenly (Clasp 
knife reflex).

Spinal inhibitory interneurons therefore appear important 
for balancing the influence of powerful myotatic reflexes. 
They receive, therefore, supraspinal afferents to balance the 
muscle tone and thus facilitate the achievement of motor 
control. However, in the case of spinal cord injuries affecting 
these pyramidal and extrapyramidal descending pathways, 
myotatic reflexes that become exaggerated, vivid, dissemi-
nated, and polyclonic are produced and accompanied by an 
increase in the tone responsible for spasticity in the para-
lyzed areas located below the lesion.

The flexor withdrawal reflex is polysynaptic (Fig. 18). It 
involves the afferent sensory Aδ and C fibers. The trigger 
threshold of the movement is that of a painful stimulus. Their 
stimulation causes flexion of the limb so as to remove it from 
the stimulus. This ipsilateral flexion reflex is also accompa-
nied by a crossed activation of the contralateral extensor 
muscles. This reciprocal innervation serves to enhance pos-
tural support during withdrawal of the affected limb.

 2. Descending influences are represented by the pyramidal 
and non-pyramidal pathways.
 – Non-pyramidal pathways (Diagram 5)

Non-pyramidal pathways are originated from supraseg-
mental formations located in the brainstem. They intervene 
on tone that accompanies movement.

 1. The medial and lateral vestibulospinal tracts are involved 
in postural tone (Fig. 24). They originate in the vestibu-

lar nuclei of the medulla that relay the sensory informa-
tion provided by the vestibular nerve (VIII) and collected 
at the vestibular receptors of the inner ear, sensitive to 
gravity and linear or circular movements of the head. 
They occupy the anterior funiculus and terminate on the 
motor neurons of the medial column, intended for the 
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Fig. 17 Clasp knife reflex (inverse myotatic reflex). It is disynaptic. 
The receptors involved are located at the level of the tendons (Golgi 
tendon organ) and the afferent path represented by the Ib fibers which 
articulate after interneuronal inhibitory relay (interneuron Ib) with the 
motor neurons of the agonist muscle and facilitator for the antagonist 
motor neuron
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Fig. 18 Flexion reflex produces an ipsilateral flexion and contralateral 
extension of the entire limb. Nociceptive stimulation produces a poly-
synaptic reflex contraction of all the flexor muscles of this limb so as to 
subtract it from the stimulus and the mutual inhibition of ipsilateral 
extensors. It is accompanied by a contraction of the contralateral exten-
sor muscles by activation of commissural interneuron facilitators with 
reciprocal inhibition of the flexor muscles on the same side, thus com-
pensating for the lack of support due to the ipsilateral bending and thus 
contributing to the maintenance of the upright position

antigravific musculature. They provide a permanent 
muscle tone that aims to maintain the erect position and 
the axis of the body in a supportive polygon and also 
allow postural adjustments created by sudden and unpre-
dictable imbalances occurring during locomotion.

 2. The reticulospinal tracts come from the medullary and 
pontomesencephalic reticular formation. They end on the 
α and γ motor neurons. They are involved in program-
ming muscle tone of the flexor and extensor muscles 
which must be balanced to allow movement.

The lateral reticulospinal tract represents the large 
descending inhibitory system. It is composed of axons whose 
cell bodies are located in the medial nuclei of the medullary 
reticular formation (nucleus reticularis gigantocellularis) 
(Fig. 23). It descends into the lateral aspect of the cord. It 
exerts an inhibitory action on the motor neurons of the exten-
sors of the limbs and facilitator on those of the antagonistic 
flexors. It thus regulates the tone of muscle chains in flexion 
of the proximal segments of the limbs (elbows and knees) 

and in  locomotion, intervening in programming for swing 
phase.

Alternatively, the medial reticulospinal tract represents 
the main descending activating tract. It arises from the medial 
nuclei of the pontine reticular formation (nuclei reticularis 
pontis caudalis and oralis) and descends into the ventral 
medial funiculus (Fig. 24). It ends bilaterally on layers VII 
and VIII and intervenes as a facilitator of the tone of the 
extensor muscles of the axial and proximal musculature and 
in the stance phase in the locomotion

The tectospinal tracts come from the upper and lower col-
liculi located on the visual and auditory pathways. They are 
crossed from their mesencephalic origin and do not exceed 
the level of the cervical cord. They intervene in the control of 
the orientation of the head in response to a visual or auditory 
stimulus.

• Pyramidal tracts are responsible for the strength and 
direction of movement (Fig. 22)

Pathology of these tracts causes paralysis. They are char-
acterized by their origin located at the level of primary motor 
cortical areas (area 4), somatotopically organized and at pre-
motor and supplemental motor areas (areas 6) for the 
 planning of complex motor sequences. At the caudal end of 
the medulla, at the level of the pyramidal decussation, the 
fibers are divided into a crossed or lateral tract for 3/4 of 
them and a direct tract for the remaining quarter.

 1. The direct pyramidal tract remains in the ventral column 
and does not extend beyond the cervical and thoracic seg-
ments. Its fibers are projected bilaterally on the interneu-
rons and the motoneurons of the medial nuclei 
corresponding to the axial musculature of the trunk.

 2. The lateral pyramidal crossed tract is organized somato-
topically and occupies the lateral column. It ends in the 
interneuronal networks of the central zone from which it 
intervenes indirectly on the motoneurons except at the 
level of the cervical enlargement where the articulation 
can be direct with the retrolateral nuclei charged with the 
realization of fine and voluntary gestures of the hand and 
fingers.

It may be associated with the rubrospinal tract, the influ-
ence of which is less in man. It was formed from the red 
nucleus to the mesencephalic level and receives collaterals 
from the pyramidal tract so that it can be considered as a 
corticorubrospinal tract. Similarly, its fibers are crossed from 
their origin and they accompany it in the lateral column of 
the spinal cord and end by projecting on the lateral part of 
VII layers from where they exert a facilitating influence on 
the flexors of the proximal musculature.
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The syndrome of the anterior horn of the spinal cord dem-
onstrates a clinical picture observed in acute anterior polio-
myelitis expressed on the metameric segment, the combined 
involvement of the α- and γ-motoneurons responsible for 
paralysis with amyotrophy and the abolition of reflexes with-
out affecting sensation.

 Anatomofunctional Organization 
of the White Matter

It represents the place of passage of the fibers from or des-
tined for the cord, organized in ascending or descending 
tracts that occupy well-defined territories to which specific 
functions correspond (Fig. 19).

 Somatosensory Ascending Pathways (Fig. 20)

• The dorsal column carries epicritic and kinesthetic 
information

The epicritic sensitivity corresponds to fine tactile sensa-
tions recorded at the mechanoreceptors of the skin and the 
kinesthetic sensations collected at the level of the neuromus-
cular spindles and tendons. They correspond to qualitative 
information about the size and consistency of objects as well 
as the position and movement of limbs. It is conveyed in the 
dorsal roots of spinal nerves by myelinated fibers of large 
caliber (Aβ) that will join the ipsilateral cord in a somato-

topic manner according to their somatic origin: The most 
medial fibers correspond to those that come from the sacral, 
then lumbar and thoracic segments and constitute the fas-
ciculus gracilis. Those of cervical origin are arranged more 
laterally and constitute the fasciculus cuneatus. They join, 
respectively, the corresponding relay nuclei, gracilis, and 
cuneatus, located at the dorsal colon nuclei of the medulla. 
The fibers they emit are the medial lemniscus. It crosses the 
median line at the level of the medullary sensory decussa-
tion, ascends the entire brainstem behind the pyramidal tract 
and ends on the specific sensory relay nuclei of the thalamus 
(posterolateral ventral nucleus), from which the thalamocor-
tical fibers borrowing the superior thalamic pedicle joins the 
primary somatosensory area (S1) located at the postcentral 
gyrus of the parietal lobe (areas 3, 1, 2) in the brain.

The Von Monakov’s accessory cuneate nucleus receives 
also directly from the fasciculus cuneatus proprioceptive 
afferents of the upper limb but has a particular organization 
that links it to the cerebellar system. It emits the cuneocere-
bellar tract which borrows the lower cerebellar pedicle (resti-
form body) and ends on the interposed cerebellar nuclei and 
on the paleocerebellar cortical areas corresponding to the 
ipsilateral upper limb. So it is for the upper limb the equiva-
lent of the spinocerebellar dorsal tract for the lower limb. It 
acts on spatiotemporal control of movement and its achieve-
ment creates a dyssynergy with hypermetry and dysmetry.

• The anterolateral funiculus contains spinothalamic tracts 
that convey the protopathic sensitivity which corresponds 
to painful and thermal sensation as well as to the immediate 
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Diagram 5 Supportive and inhibiting supraspinal afferents involved in 
the muscle stretch reflex (myotatic reflex) and the tone of the extensor 
muscles. The pyramidal path is not represented. The vertical lines indicate 
the level of the brainstem lesions responsible for different hypertonic syn-
dromes by disruption of functional balance. (1) Hypertonia of decortica-

tion in flexion by a sub-cortical lesion releasing the rubrospinal influence; 
(2) hypertonia of decerebration releasing the vestibulospinal and reticulo-
spinal pontine influence; (3) medullary lesion releasing the reticulospinal 
medullar influences. M extrafusal muscle fibers, F neuromuscular spin-
dles, SC(TQS) superior colliculi. γ-loop with Ia fiber and myotatic reflex
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1 Tractus septo-marginalis 
2 Tractus Interfascicularis 
3 Fasciculus proprius
4 Fasciculus dorso lateralis (of Lissauer)
5 Tractus raphe-spinalis 
6 Tractus pyramidalis lateralis
7 Tractus rubrospinalis 
8 Tractus bulboreticulospinalis 
9 Tractus olivospinalis 
10 Tractus vestibulospinalis 
11 Tractus tectospinalis 
12 Tractus Pontoreticulospinalis 
13 Tractus Interstitio- and solitary spinalis 

14 Tractus pyramidalis anterior
15 Funiculus posterior
16 Fasciculus gracilis 
17 Fasciculus cuneatus
18 Tractus spinocerebellaris posterior
19 Fasciculus anterolateralis
20 Tractus spinocerebellaris anterior 
21 Tractus paleospinothalamic
22 Tractus spino olivaris
23  Tractus spinotectal
24 Ventral spino-halamic track
25 Fasciculus longitudinalis medialis

Fig. 19 General organization 
of the white matter. The 
descending tracts are on the 
left and marked in red. The 
ascending tracts on the right 
are blue for information 
systems and green for 
programming systems

touch and to the Aδ and C, nerve fibers of dorsal roots and 
whose origin may be exteroceptive, proprioceptive, or 
interoceptive. They end on the dorsal horns where they syn-
apse. The spinothalamic tracts correspond to the axons of 
the relay neurons located at the level of the laminae I, III, 
and IV–V, which cross the median line in the ventral white 
commissure. On the contralateral side they constitute the 
anterolateral tract (of Dejerine).

Its contains two contingents

• The neospinothalamic contingent is organized somatotopi-
cally. The fibers corresponding to the sacral segments are in 
the dorsolateral position, those of cervical origin in a ven-
tromedial position. Its fibers constitute the extralemniscal 
tract which rises in the brainstem and will join the medial 
lemniscal tract which it then shares the path to the lateral 
thalamic relay nuclei, from which the thalamocortical 

fibers will be projected on the parietal cortex at the somes-
thetic areas, SI and SII. Nociceptive and thermal informa-
tion is included as a conscious sensation of pain, heat, and 
cold that can be assessed for location, intensity, and nature.

• The paleospinoreticulothalamic contingent is located in 
its deep aspect. It remains in the lateral position in the 
brainstem and ends in the nonspecific nuclei of the thala-
mus (intralaminar nuclei) involved in cortical awakening. 
It gives collaterals for the medial reticular nuclei (nucleus 
gigantocellularis) and lateral reticular nuclei (superficialis 
and pontine tegmentum) involved in the somatovegetative 
expression of pain as well as in the nuclei of the medul-
lary raphe (nucleus raphe magnus) and mesencephalic 
raphe (nucleus raphe dorsalis) and periaqueductal gray 
matter and in the locus coeruleus that correspond to the 
supraspinal analgesic apparatus delivered by serotonergic 
and noradrenergic pathways. A spinopontoamygdalian 
pathway also projects on the amygdaloid nucleus after 
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relaying at the level of the parabrachial area of the pons 
and intervenes in the manifestations of anxiety, apprehen-
sion, and fear related to the memorization of painful 
experiences.

 – The spinocerebellar tracts (Fig. 21) occupy the lateral 
column along the circumferential edge of the cord. 
They provide the paleocerebellum (or spinocerebel-
lum) with information necessary for the control and 
coordination of movement by spinocerebellospinal 
feedback loops.

• The dorsal (direct) spinocerebellar tract is composed of 
fibers originating at Clarke’s dorsal nucleus which is pres-
ent only from T8 to L3 and thus receives proprioceptive 
information from the myelinated Ia and Ib fibers from 

muscles and neuromuscular spindles of the lower limbs 
and lower body. It occupies the dorsal portion of the lat-
eral cord and joins the cerebellum by borrowing the resti-
form body (inferior cerebellar peduncle). It ends by 
projecting on the interposed cerebellar nuclei (N. globu-
lus and emboliform) and on the cerebellar cortex, in the 
areas representing the lower limbs. This spinocerebellar 
device thus allows the necessary motor adjustments from 
proprioceptive information collected directly at the level 
of the muscles performing the movement. It is the rubro-
spinal tract that represents the descending path of the spi-
nocerebellar regulation loop.

• The ventral spinocerebellar tract (Gower’s tract) is more 
complex. Its origin is in the VII layer, in the pericornual 
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zone located near motoneurons of IX lamina, which is 
directly informed before the muscle moves. Its fibers 
cross the median line at each metameric level and join the 
ventral side of the lateral column, in front of the spinocer-
ebellar dorsal tract. It is present throughout the spinal 
cord and ascends the entire brainstem constituting the 
tractus uncinatus (Russell’s hook), most of whose fibers 
cross the median line again to use the brachium conjunc-
tivum (superior cerebellar peduncle) and project on the 
respective areas of the cerebellar cortex corresponding to 
their original metameres. This tract thus brings to the cer-
ebellum the copy of the selected motor programme even 
before its actual realization.

Other ascending bundles are located in the ventral cord. 
They correspond to indirect spinocerebellar pathways 
through the bulbar olive (spinoolivary tract) and the vestibu-
lar nuclei (spinovestibular tract).

In total, the ascending tracts of the white matter can there-
fore be grouped into three systems:

• An information system that includes the dorsal cord tract 
and the neospinothalamic tract that are characterized by 
their somatotopic organization. They carry information 
intended for the cerebral cortex where it becomes con-
scious and can be analyzed, identified, and localized. It 
corresponds to tactile, kinesthetic, and dolorothermal sen-
sation. During progressive compressions of the spinal cord 
(Fig.  27), the sublesional syndrome is due to the white 
matter involvement whose level corresponds to the upper 
limit of insensitivity. The Brown-Sequard syndrome, 
which corresponds to the compression of a hemispinal 
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Fig. 22 Pyramidal tracts: (1) pyramidal decussation; (2) crossed pyra-
midal tract; (3) direct pyramidal tract; (4) red nucleus and rubrospinal 
tract; (5) lateral and retrolateral nuclei; (6) medial nuclei
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Fig. 21 Spinocerebellar pathways: (1) proprioceptive afferents Ia and 
Ib; (2) Clarke’s dorsal nucleus (thoracolumbar spinal cord); (3) spino-
cerebellar direct dorsal tract; (4) cuneocerebellar tract (cervical cord); 
(5) accessory cuneatus nucleus; (6) crossed ventral spinocerebellar 
tract; (7) pericornual zone in the vicinity of the motor neurons of the 
ventral horns; (8) tractus uncinatus (Russell’s hook); (9) red nucleus; 
(10) rubrospinal tract; (11) reticular nuclei; (12) reticulospinal tracts
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cord, dissociates the sensitivities at the level of the segments 
underlying the lesion, associating tactile and kinesthetic 
anesthesia on the same side as the lesion (dorsal funiculus) 
and a thermoalgesic sensitivity loss in the contralateral seg-
ments to this one (crossed spinothalamic tracts).

• A cerebellar programming system that includes the spi-
nocerebellar dorsal tract for the lower limbs and cuneo-
cerebellar tract for the upper limbs, the ventral 
spinocerebellar tracts, and the spinoolivary and spi-
novestibular systems. They provide proprioceptive 
information essential to motor programming through the 
play of spinocerebellar feedback systems and outside of 

any conscious perception. In hereditary degenerative 
spino cerebellar diseases (Friedreich disease and 
Charcot-Marie-Tooth heredoataxia), the clinical expres-
sion is essentially motor and is manifested by ataxia 
when walking without any sensory deficit.

• A non-specific system corresponds to the paleospino-
thalamic, spinoreticular, and spinotectal tracts. They 
do not provide specific information but lead to more 
global reactions. They activate systems represented by 
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Fig. 23 Dorsolateral spinal contingent: (1) red nucleus; (2) reticular 
formation; (3) rubrospinal tract; (4) medullary reticulospinal tract; (5) 
lateral nuclei (flexors)
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Fig. 24 Anteromedial spinal contingent, facilitator on the ton of exten-
sors: (1) tectum; (2) pontine reticular formation; (3) lateral vestibular 
nucleus; (4) tectospinal tract; (5) vestibulospinal tract; (6) pontine retic-
ulospinal tract; (7) anterior contingent; (8) medial nuclei
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the reticular brainstem formation and nonspecific 
nuclei of the thalamus. These regulate levels of alert-
ness, and the emotional and vegetative states that 
accompany pain and trigger the use of supraspinal 
analgesic systems that modulate the associated thought 
process. It is this system which is, therefore, the phar-
macological target of surgical anesthesia and resuscita-
tion techniques.

 Descending Pathways

The descending pathways have in common their supraspinal 
origin and direct or, most often, indirect medullary termina-
tion on the common final path constituted by the motor neu-
rons located in the ventral horns of the cord.

They convey the motor order that responds to two func-
tional modalities: one is conscious, finalized and oriented 
towards a fine, precise, and often voluntary gesture, it is the 
idiokinetic motricity that solicits the distal musculature of 
the limbs. The other, automatic and more global, requires 
preprogrammed and synergistic muscle chains: it is the holo-
kinetic motricity.

Two modalities correspond systems that differ in their 
organization:

 1. The corticospinal pyramidal systems establish a direct 
connection between cerebral cortex and medullary gray 
matter;

 2. Non-pyramidal systems perform an indirect connection 
between the cerebral cortex and the spinal cord by articu-
lating with suprasegmental formations of the brainstem.

 The Pyramidal Tract or Corticospinal  
Tract (Fig. 22)

The pyramidal tract, or corticospinal tract, comes from the 
motor (area 4) and premotor (area 6) cortices and descends 
into the ventromedial part of the brainstem to the medullary 
level stage, where it divides at the pyramidal decussation in 
two parts:

• The direct pyramidal tract represents the 20% of fibers 
that have not undergone decussation. It occupies the 
ventral cord in contact with the anterior medial fissure 
and does not extend beyond the cervical segments. It ter-
minates bilaterally on VII and VIII laminae and articu-
lates by interneurons with the medial nuclei of the IX 
laminae intended for the axial musculature of the neck.

Fig. 25 Terminations of 
monoaminergic, 
serotoninergic, and 
noradrenergic fibers at the 
superficial layers of the dorsal 
horns

Fig. 26 Projections of noradrenergic fibers (NA) on intermediolatera-
lis nucleus cells (vegetative cells). Fluorescence histochemistry
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• The crossed pyramidal tract is the most important and 
represents 80% of the fibers. It descends into the lateral 
column, of which it occupies the posterior part. Its fibers 
are organized somatotopically so that the most medial are 
intended for the innervation of the cervical metameres, 
the most lateral for the sacral segments. They end most 
often on the interneuronal networks of the VII laminae 
but, at the level of the cervical enlargement, articulate 
directly with the retrolateral nuclei of the IX laminae. 
Their action is to facilitate flexor motor neurons muscle 
chains mostly on proximal but both flexor and extensor 
motor neurons supplying the distal muscles are facilitated 
by this tract. It is exerted on the α-motoneurons. It thus 
allows fine and precise gestures which solicit especially 
the distal musculature of the hands and fingers. But this is 
only possible on the double condition that posture is sta-
bilized in the axial plane and that in the transverse plane 
the attitude tone stabilizes the proximal segments as nec-
essary support for the release of fine and precise gestures 
by distal segments of the hands and fingers.

• These conditions are fulfilled by the extrapyramidal sys-
tems (see below).

Other fibers use the pyramidal tract but originate in the 
parietal cortex. They terminate on the dorsal horns where 
they exert an inhibitory action on the passage of segmental 
nociceptive information. This would be the explanation of 
the current observation of the transient insensitivity to pain 
observed during intense physical engagement during a fight 

or match as if, in a situation of danger, priority is given to 
action for the survival of the individual.

 Extra Non-pyramidal Tracts

The non-pyramidal tracts come from supra segmental forma-
tions of the brainstem where cortical or cerebellar influences 
are relayed.

The rubrospinal tract (Fig.  23) originates in the red 
nucleus in the mesencephalic tegmentum. It is crossed from 
its origin and descends laterally into the brainstem and cord, 
in front of the crossed pyramidal tract and like it, gives col-
laterals which terminate on the lateral part of the central zone 
and the lateral nuclei of the ventral horn corresponding to the 
proximal musculature of the intermediate segments (elbow 
and knees). Its action is exerted on the γ-motoneurons. The 
red nucleus receives collaterals from the pyramidal tract, but 
especially cross-cerebellar afferents that come from the 
intermediate lobe of the cerebellum and the corresponding 
cerebellar central nuclei (interposed nuclei). It is thus situ-
ated on the feedback loop of the spinocerebellar system 
whose afferent pathways are the spinocerebellar and cuneo-
cerebellar pathways. It intervenes on the tone of attitude, 
which solicits the flexors of the intermediate segments of the 
limbs (elbows). A decorticate rigidity is characterized by 
hypertonia in flexion of the arms, thus expresses an impair-
ment of the brainstem above the red nucleus, thus relinquish-
ing its influence on the flexor muscles of the upper limbs 
(Diagram 4).

The vestibulospinal tracts originate in the lateral and 
medial vestibular nuclei. They descend into the ventral col-
umn and at each metameric level give collaterals that project 
bilaterally onto the interneuronal networks of lamellae VII 
and VIII. Their action is exerted on the α- and γ-motoneurons 
and on the medial nuclei intended for the axial, musculature 
in such a way to facilitate extensor muscles. They intervene 
in the control of postural tone and balance from the informa-
tion which comes from the vestibular nerve (VIII), the spinal 
cord (by the spinovestibular tract), and the vestibulocerebel-
lum (flocculonodular lobe) which converge towards the ves-
tibular nuclei.

The reticulospinal tracts come from the medial reticular 
zone, the lateral reticular formation, the bulbar raphe nuclei, 
and the parvocellular reticular area formation [15].

• The medial reticulospinal tract is of pontine origin. It 
comes from the medial nuclei (pontis oralis and pontis 
caudalis) which are already involved in vigilance by their 
ascending efferents which constitute the ascending acti-
vator reticular system. On the other hand, they receive 
descending afferents of the cerebral cortex, mainly of the 
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Fig. 27 Anatomical bases of medullary compression syndromes: (1) 
ventral horn motoneuron; (2) crossed lateral pyramidal tract; (3) dorso-
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premotor area by collaterals of the pyramidal tract and by 
the medial telencephalon tract influences coming from 
the hypothalamus, limbic system, and pallidum which 
cross the cholinergic pedunculopontine reticular nucleus 
where the mesencephalic locomotor area is located. This 
reticulospinal tract is medial and descends into the ventral 
funiculus of the spinal cord. It ends on VII and VIII layers 
where it exerts a facilitating action on the tone of the axial 
and proximal extensor muscles of the limbs. The activity 
of this pontine facilitator system is related to the systems 
involved in vigilance. In the waking state, it is this facili-
tator system that is the most active and maintains the 
muscle tone to prepare the muscle for action. Conversely, 
during sleep or deep anesthesia, the muscle tone gradu-
ally decreases to reach flaccidity (Fig. 24).

• The lateral reticulospinal tract is of medullary origin and 
comes from the nucleus gigantocellularis. It receives excit-
atory afferents of cortical origin from the supplementary 
motor area, the caudate nucleus as well as the anterior lobe 
of the cerebellum (the destruction of which causes 
increased muscle tone); it descends into the lateral column 
of the spinal cord and terminates in the interneurons of the 
lateral part of the VII lamellae, where it exerts its action on 
the α- and γ-motoneurons of the lateral nuclei and on the 
proximal musculature. It is inhibitory for the musculature 
of the extensors and, on the contrary, facilitates the tone of 
the flexors. The activity of this bulbar inhibitor system is 
permanent and balances the strong influence of the myo-
tatic reflex which tends to exaggerate tone.

• The fibers of bulbar raphe nuclei (raphe magnus, obscu-
rus, and pallidus nuclei) are essentially serotoninergic and 
only identifiable by fluorescence histochemistry tech-
niques. They descend into the lateral cord and constitute 
three parts:
 – the dorsal contingent terminates on the superficial dor-

sal horn layers (Fig. 25) and is one of the endogenous 
devices of supraspinal analgesia (descending pain 
control),

 – the intermediate contingent projects onto the interme-
diolateral columns at the level of the thoracic segments 
and has an inhibitory effect in the control of cardiovas-
cular functions (Fig. 26),

 – the ventral contingent exerts an excitatory effect on 
both the motoneurons of the flexors and extensors. All 
these systems solicit these serotoninergic pathways 
seem to work together in a context of vital emergency 
combat or defense associating a suppression of the sen-
sation of pain to an increase in the reaction capabilities 
of motor neurons directly involved in the action.

• Fibers from the parvocellular lateral reticular area nuclei 
are noradrenergic and involved in the control of vegetative 
functions. They are organized into a network and give 

scattered fibers that descend into the lateral and ventral 
cords identified by fluorescence histochemistry. At the 
medullary level (area superficialis ventrolateralis) the 
respiratory, inspiratory, and expiratory centers connected 
to the Kolliker-Fuse pneumotaxic nucleus articulate with 
the central motor neurons of the phrenic and intercostal 
nerves. They also emit fibers for the intermediolateral col-
umn of the thoracic spinal cord for blood pressure and 
heart rate control. At the pontine level, the reticular nucleus 
of the pontine tegmentum receives afferents from insular 
cortex, amygdala, and hypothalamus. It contains the mic-
tionnal nuclei of Holstege that emits efferents towards the 
motoneurons and the cells of the intermedioventral col-
umns of the sacral component of the cord, ensuring a vesi-
cosphincteric synergy where the contraction of the detrusor 
is accompanied by the inhibition of the striated sphincter. 
At the mesencephalic level, the locus coeruleus gives 
descending fibers that terminate on the superficial lamellae 
of the dorsal horn (Fig. 25) and is one of the supraspinal 
analgesic functions, blocking the passage of nociceptive 
impulses. These noradrenergic fibers are also distributed 
(Fig. 26) on the intermediate columns of the spinal cord 
for the control of vasomotricity. These catecholaminergic 
pathways have thus been implicated in the pathophysiol-
ogy of traumatic myelopathies. Experimentally, in cats 
[16] during spinal cord contusions respecting the white 
matter, they are intensely visualized at their endings in the 
gray matter creating the initial intramedullary ischemia 
lesions which then extend secondarily to the white matter 
by action on local vasomotricity.

Other tracts of supraspinal origin pass through the ventral 
column. They are mainly intended for the cervical segments 
of the cord. The tectospinal tracts come from the nuclei of 
the mesencephalic tectum, which receive visual afferents 
(upper contingent) and auditory afferents (lower contingent). 
They are crossed from their origin and occupy the ventral 
column to terminate bilaterally on the VII layers. They inter-
vene in the control of the tone of cervical muscles with rela-
tion to visual and auditory information. The olivospinal tract 
originates from the olive located on the ventral surface of the 
medulla and presents the same systematization as the previ-
ous ones. It is part of the olivo-dentato-rubric triangle, a 
functional loop whose disruption causes myoclonic jerks in 
the limbs.

 In Total

The extrapyramidal descending tracts can be grouped into 
two contingents organized into individual bundles (Kuypers):

 1. The anteromedial contingent corresponds to the medial 
longitudinal tract. It comprises pontine reticulospinal 
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tracts, tectospinal, vestibulospinal, and olivospinal tracts. 
These bundles have in common their position in the ven-
tral column of the cord, their mode of termination on the 
VII and VIII layers in an ipsi- and contralateral way, and 
finally their facilitating influence on the tone of the axial, 
extensor, and antigravific muscles. It thus intervenes in 
the control of the postural tone and during the stance 
phase of locomotion.

 2. The posterolateral contingent includes rubrospinal and 
medullary reticulospinal tracts. It is located in the lateral 
column and ends on the interneurons of the lateral zone 
of the VII lamellae from which it intervenes on the lateral 
nuclei of the ventral horn; its influence is inhibitory for 
the tone of the extensors and facilitatory for that of the 
flexors of the proximal intermediate segments of the 
limbs. It thus intervenes in the control of the tone of atti-
tude which facilitates the flexion the segments of limbs, 
bringing them closer to the visual control and then helps 
to increase the precision of gestures realized by the distal 
segments of the limbs.

This functional balance thus achieved in controlling the 
tone of the flexors and extensors by these extrapyramidal 
pathways can, in a pathological situation, be unbalanced 
and then create different states of rigidity depending on the 
level of impairment. The decortication rigidity is thus char-
acterized by flexion hypertonia of the proximo-distal seg-
ments of the limbs and corresponds to an attack located 
above the upper colliculi, thus releasing the influence of the 
red nucleus and the rubrospinal tract from the tone of the 
flexors. The decerebration rigidity is characterized by a 
hypertonia in extension with rigidity of the axial muscula-
ture and winding movements in extension of the proximo-
axial muscles of the limbs. It reflects a pontomesencephalic 
level brainstem involvement, located below the colliculi, 
which liberates the facilitating influence of the pontine 
reticular zone on the tone of extensor muscles of the axial 
and proximal musculature. If the lesion is at the medullary 
level, the only dominant influence is that of the bulbar retic-
ulospinal inhibitory tract on the extensors so that a coma 
would be flaccid (Fig. 4).

The involvement of these different fascicles in the white 
matter corresponds to (Fig. 27) the clinically observed cen-
tral sublesional syndrome. It is associated with the territories 
situated below the lesion and on the same side:

• a paralysis of all the muscles by involvement of pyramidal 
tracts,

• spastic hypertonia after the initial insult, when the influ-
ence of the myotatic reflex predominates over that of 
inhibitory interneurons deprived of the modulatory influ-

ence of the extrapyramidal descending tracts. The 
Babinski sign (inverted plantar reflex) reflects the resur-
gence of archaic reflexes and of medullary automatisms.

• a release of vegetative reflexes that reflects the recovery of 
autonomy of sympathetic and parasympathetic spinal 
cord centers.

On contrary, the lesional syndrome is metameric and 
pseudoradicular reflecting the involvement of the gray mat-
ter and thus affecting motor and sensitive functions at the 
same level.

 (A) Metameric lesional syndrome (pseudoradicular) result-
ing in involvement of the gray matter: flaccid paralysis 
in the myotome, areflexia, anesthesia in the dermatome. 
If the lesion is centromedullary (syringomyelic syn-
drome), only the dolorothermal sensation is affected 
(and theoretically bilaterally) as well as the vegetative 
reflexes, but the tactile and kinesthetic sensation is pre-
served in the dermatome.

 (B) Sublesional syndrome resulting to involvement of the 
white matter tracts
 – paralysis of all underlying segments and ipsilateral 

pyramidal lesion and Babinski sign (by release of the 
elementary motor programmes of pyramidal 
influence),

 – hyperreflexia with spasticity—tactile and kinesthetic 
anesthesia of all the underlying segments and doloro-
thermic analgesia of the subjacent and contralateral 
side to the lesion.
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Spinal Nerves (Innervation of the Spine)

B. Lavignolle

 General and Nomenclature

The nerves that emerge from the spine are mixed nerves 
(Fig. 1). They innervate the whole body, except the face. They 
provide somatic and autonomic (vegetative) innervation 
through common branches. There are 8 cervical nerves (C), 
12 thoracic nerves (T), 5 lumbar nerves (L), 5 sacral nerves 
(S), and 1 coccygeal nerve (CO). The spinal nerves are located 
in the intervertebral or sacral foramina and are numbered as 
described: Until the seventh cervical vertebra (C7), the spinal 
nerves have the number of the underlying vertebra and from 
the T1 vertebra, the nerves carry the name and number of the 
overlying vertebra; the eighth cervical nerve represents the 
root that emerges between C7 and T1 (Figs. 2 and 3).

 Descriptive Anatomy of Spinal Nerves

Each spinal nerve is connected to the spinal cord via two 
roots, ventral and dorsal, a few millimeters long, which unite 
to form the trunk of the spinal nerve:

 – the ventral or motor root emerges opposite the ventral 
horn of the spinal cord;

 – the dorsal or sensitive root penetrates opposite the dorsal 
horn of the spinal cord.

The dorsal root gives rise to the spinal ganglion.
The spinal nerve roots form the trunk of the spinal nerve 

in the intervertebral foramen where it is surrounded by the 
dura mater. Each spinal nerve gives a spinal meningeal 
branch or sinuvertebral nerve of Luschka (Figs. 4 and 5).

The spinal nerves have a variable course, horizontal in the 
cervical region, and increasingly oblique in an inferolateral 
fashion as the spinal cord descends because of the growth 
discordance between the spinal cord and the spine.

Each spinal nerve is a mixed nerve that contains afferent 
and efferent, somatic and autonomic fibers:

 – somatic fibers with centrifugal motor fibers of axons in 
the ventral horn of the spinal cord and sensory centripetal 
fiber sensory neurons of the spinal ganglion.

 – autonomic fibers belong to the sympathetic and parasym-
pathetic systems.

The autonomic efferent (away from) fibers travel in the 
anterior root and then in the spinal nerve, which they leave 
by the communicating white branches to make synapses in 
the paravertebral sympathetic ganglia.

Autonomic afferent (towards) fibers have their cell bodies 
at the level of the spinal ganglia that they join either directly 
by the peripheral nerves, or by the communicating gray 
branches and the paravertebral sympathetic ganglionic chain 
of visceral origin.

The spinal nerve divides into two terminal branches just 
outside the foramen and therefore the spinal nerves are 
sometimes very short (less than 7 mm) (Fig. 6).

 – a small dorsal branch for the muscles and skin of the dor-
sal wall of the neck and trunk;

 – a larger ventral branch for the ventral wall of the trunk 
and limbs. It forms the different cervical (C1C4), brachial 
(C5T1), and lumbosacral (T12S5) plexuses by multiple 
and complex anastomoses.

 Relations of the Nerve Roots

 At the Lumbar Level [1–6]
The spinal ganglion in L1 measures 7 mm by 5 mm and the 
size increases to S1 where it reaches a maximum of 13 × 6 mm.

The distance from the axilla of the root to the proximal 
part of the ganglion varies from 6 mm for L1 to 15 mm for 
S1. The ganglion is under the pedicle in 90% of cases, in 2% 
it is medial and in 8% inferolateral.
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The meninges are in close relationship with the nerve 
roots.

Beyond the dural sac, the roots are enveloped by the pia 
mater, the arachnoid, and the dura mater. The arteries and 
root veins are transmitted within these sheaths. The dural sac 
rests on the posterior longitudinal ligament covering verte-
bral bodies and discs. Posteriorly, the dural sac is in relation 
with the laminae and yellow ligaments. The epidural space is 
relatively narrow because the dural sac is in very close con-
tact with the osteoligamentary structures.

This connective space is filled by the epidural membrane 
that surrounds the dural sac and lines the laminae and pedi-
cles. Anteriorly, the membrane lines the back of the vertebral 
bodies and attaches to the anterior surface of the deep por-
tion of the posterior longitudinal ligament. The membrane 
does not cover the posterior portion of the annulus fibrosus 
because of the posterior longitudinal ligament that extends 
laterally over the posterior portion of the annulus fibrosus.

In front of the intervertebral foramen, the epidural mem-
brane extends laterally to form a perineural envelope around 
the dural sheath of the roots and spinal nerve. The anterior 

and posterior vertebral venous plexuses are transmitted in 
the areolar tissue of the epidural membrane [7].

In the vertebral canal, the dural sac and the sheaths of the 
nerve roots are attached to the spine by thickening of the 
epidural fascia or meningovertebral ligament of Hoffmann. 
These ligaments pass from the anterior dural surface to the 
posterior longitudinal ligament, from the lateral surface of 
the dural sac to the periosteum of the pedicles, and to the 
ceiling of the vertebral canal by fine and fragile dorsal 
bundles.

At the cervical level, there are 8 pairs of cervical spinal 
nerves. The cervical spinal nerve is very short (7 mm) and 
the volume is greater for the last 4 cervical nerves of the 
upper limb than the first 4 cervical nerves for the neck.

The cervical spinal nerves are formed by the union of the 
anterior and posterior roots.

The ganglion of C1, when it exists, is located in the verte-
bral canal and that of C2, behind the C1C2 articulation.

The anterior root is three times smaller than the posterior 
root. The path in the intradural portion is horizontal from C1 
to C4 and the obliquity increases as one descends to the tho-

C1 spinal nerve

Cervical plexus

Brachial plexus

Intercostal nerves

L1 lumbar vertebra 

Lumbar plexus

Femoral nerve

Filum terminale

Sacral plexus
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Obdurator nerve
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Spinal cord 
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Fig. 1 Posterior general view
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racic region. The roots leave the dural sheath by two orifices 
separated by a vertical septum.

The two roots pass behind the uncinate apophysis and the 
anterior motor root is anteroinferior to the posterior root and 
thus protected from disc compression.

The two roots form the spinal nerve at the outer pole of 
the spinal ganglion which is always in the foramen, behind 
the vertebral artery.

The cervical spinal nerve occupies only 20–50% of the 
foramen surface.

The remaining surface is occupied by the fat, the venous 
plexuses in continuity with those of the epidural space, and 
by the means of fixity of the spinal nerve, the epidural tis-
sue condenses and constitutes a sheath which does not 
adhere to the wall of the foramen nor to the dura mater of 
the roots but only to the posterior longitudinal ligament in 
front and to the capsule of the interapophyseal joints 
behind. This sheath becomes adherent more laterally to the 
spinal nerve.

The fibrous bundles described by Sunderland [8–12] fix 
the epidural sheath to the sheath of the transverse process 
and to the transverse and supranuclear process for the nerves 
C5, C6, and C7. The dissection under a microscope [13] does 
not allow retention of a true tethering ligament, but connec-
tive attachments on the periphery of the nerve.

An experimental study of 50 cervical roots [13] to deter-
mine the tensile strength of the roots shows that tearing 
occurs by forces of 3–15 kg and is always preceded by rup-
ture of the dura mater.

The spinal nerve crosses, with the root artery, the fibrous 
operculum of the central external orifice of the foramen and 
loses its dural sheath on the internal face of the operculum.

The sinuvertebral nerve penetrates with the venous plex-
uses into the foramina from outside inwards through a 
peripheral orifice distinct from that of the spine nerve which 
is situated in front of the latter [14, 15].

Arnold’s nerve is the posterior branch of the second 
 cervical nerve with its occipital ascending course. The 

Fig. 2 Posterior view of cervical spinal nerves Fig. 3 Posterior view of lumbosacral spinal nerves
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 posterior ganglion of C2 is extradural and located at the 
posterior aspect of the inferior articular facet of the lateral 
mass of the atlas. It is adherent to the capsule of the lateral 
atlantoaxial joint, 6–12 mm inside the vertebral artery. The 
large occipital nerve has a sinusoidal course and has been 
studied in detail [14].

It bypasses the inferior oblique muscle, traversing the 
semi-spinalis and trapezius to become subcutaneous and 
gives off its sensory terminal branches. The motor collat-
erals innervate the posterior intertransversarii cervicis 
muscles, the semi-spinalis capitis, the splenius, and the 
inferior oblique. The nerve is vulnerable in its passage 
under the inferior oblique during cervical flexion. Arnold’s 
nerve anastomoses with the posterior branches of the mas-
toid branch of the cervical plexus, the articular branch of 
the facial nerve, and with the posterior cervical branches 
of C1 and C3.

1.1.1  Anomalies of the Lumbar Roots [16–18] 
(Fig. 7)

Type 1 abnormalities have an abnormal path (type 1A where 
two pairs of roots can emerge from a single dural sheath or 
the lower part of the dural sac). In type 2, the number of roots 
may vary in a foramen (type 2 B) or the foramen may be 
empty (2A). For type 3, these are extradural anomalies.

Abnormalities are infrequent (8%) and symptomatic, with 
atypical neurologic distribution and identification by the 
myelogram.

 Innervation of the Spine

Luschka (1850) demonstrated the existence of a dorsal inner-
vation different from the ventral innervation of the spinal 
nerve.

Fig. 4 Sinuvertebral nerve  
of Luschka and anterior and 
posterior plexus (according to 
Groen); sinuvertebral nerve 
on posterior view (a), anterior 
plexus on anterior view (b), 
posterior plexus on posterior 
view (c) SVN (Sinu Vertebral Nerve)

PLL (Posterior longitudinal ligament)

IVD (Inter Vertebral Disc) 

Sympathetic anterior trunk

L3

Sympathetic anterior trunk 

a

b
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This distinction between hypomere (or ventral territory of 
the myotome) and epimer (or dorsal territory) was confirmed 
by Lazorthes [19, 20] which defines the innervation of the pos-
terior vertebral arch and the anastomoses between the somatic 
and autonomic systems at the level of sinuvertebral nerve.

Bogduk [21] resumed the vertebral anatomical study 
under optical magnification and proposes a new diagram of 
the innervation of the spine.

There are two functional territories, ventral and dorsal, 
separated by a frontal or coronal theoretical plane passing 
through the transverse processes with the two ventral and 
dorsal territories (Fig. 8).

 Innervation of the Ventral Territory [22–24]

It includes the ventral part of the dura mater and the dural 
sac, the intervertebral disc, the anterior and posterior longitu-
dinal ligaments, and the prevertebral muscles.

The ventral branch of the spinal nerves innervates:

 – at lumbar level, the two portions of the psoas muscle, qua-
dratus lumborum, and intertransversarii muscles. The 
lumbosacral plexus consists of the ventral branches of the 
spinal nerves from T12 to S5;

 – at the thoracic level, the intercostal muscles by the inter-
costal nerves which extend from the spinal nerves;

 – at the cervical level, the cervical plexus formed from the 
ventral branches of the C1 to C4 cervical spinal nerves 
innervates the anterolateral muscles of the neck, the dia-
phragm (C4), and the skin of the cervical and superolat-
eral regions of the thorax.

L3

c

Fig. 4 (continued)

SVN (Sinu Vertebral Nerve)

PLL (Posterior longitudinal ligament)

IVD (Inter Vertebral Disc) 

AR (anterior ramus of the root)

Fig. 5 Anterior ramus of the 
root on posterior view 
(according to Groen)

Spinal Nerves (Innervation of the Spine)



396

The brachial plexus, formed by the ventral branches of 
cervical spinal nerves (C5T1), innervates the muscles of the 
scapular, ventral thoracic and thoracic limb muscles.

The sinuvertebral nerve (NSV) or meningeal branch is 
formed by the union of a somatic branch coming from the 
ventral root and an autonomic branch coming from the sym-

Vertebral artery

2nd posterior cervical nerve (Arnold)
C2

C7

3rd posterior cervical nerve

L2

L3

L4

L5

S1

Primary dorsal ramus

Lateral branch

Spinal nerve

Medial branch

Articular superior branch

Articular inferior branch

a

b

Fig. 6 Spinal nerve division 
in cervical area (a) and 
lumbar area (b)
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Fig. 7 Anomalies of the lumbar roots
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Fig. 8 Dorsal and ventral territories. (a) upper view; (b) lateral view
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pathetic side chain, via the exclusively communicating gray 
branch.

These gray communicating branches are evident in all the 
spinal nerves and consist of postganglionic amyelinic (lack-
ing a myelin sheath) neurofibers. The axons of the sympa-
thetic cells of the branches take the ventral root of the spinal 
nerves from T1 to L2, leaving the nerves by the communicat-
ing white myelinated branches and connect the spinal nerve 
to the paravertebral ganglionic chain.

The territory of the NSV (Figs.  4 and 5) includes dura 
mater, epidural and intrasomatic vessels, and the dorsal lon-
gitudinal ligament.

Systematization makes it possible to describe:

 – a descending branch for the dura mater to the same level 
and the underlying segment;

 – a segmental transverse branch for the annulus fibrosus 
and the dorsal longitudinal ligament in the segmental pos-
terolateral zone;

 – an ascending limb for the LCV and the overlying retro-
corporeal area.

 Innervation of the Dorsal Territory [1, 21, 25, 26]

The dorsal territory includes the posterior vertebral arch and 
the deep intrinsic spinal muscles. Innervation is by the poste-
rior branches of the spinal nerves by three distinct branches: 
lateral, intermediate, and median (Fig. 9).

Rickenbacher reports 61% of cervical posterior branch 
anastomoses, 7% at the thoracic level, and 22% at the lumbar 
level.

At the thoracolumbar level, muscular innervation: the 
common lumbar mass includes the longissimus dorsi inner-
vated by the lateral branch and the iliocostal innervated by 
the intermediate branch.

The lateral branches of L1–L3 traverse the iliocostal mus-
cle, cross over the iliac crest, and are distributed on the cuta-
neous aspect of the greater trochanter.

The intermediate branches of L1–L3 form a plexus 
inside the longissimus dorsi. There is no lateral branch 
for L5.

The medial branches of L1–L5 innervate the multifidus, 
interspinous, intertransverse muscles behind the intertrans-
verse ligament.

The spinal innervation is entirely supported by the medial 
branch, which bypasses the base of the superior articular 
process from beneath and behind the mamilloaccessory liga-
ment, which especially if calcified can create a compression 
for the medial branch. Lower down, the medial branch gives 
4 branches: to the ligament and interspinous muscle, the pos-

terior vertebral arch and the yellow ligament, the segmental 
interapophyseal posterior articulation and the underlying 
interapophyseal articulation.

This medial branch is the precise target of percutaneous 
radiofrequency rhizotomy in the arthrotransverse zone 
(Bogduk) [27] (Fig. 10).

Receptors: Zygapophyseal joint capsules [28, 29] are 
richly innervated by encapsulated and free nerve endings 
that transmit proprioceptive and nociceptive information. 
The nerves contain substance P and CGRP (calcitonin gene- 
related peptide) and Y neuropeptide frequently. The majority 
of zygapophyseal joint nerves are efferent sympathetic fibers 
and not sensory fibers.

Nerve endings are also found in the subchondral bone, 
interspinous and supraspinal ligaments, and thoracolumbar 
fascia in the form of mechanoreceptors.

L

I

M

Fig. 9 L lateral branch of the posterior ramus, I intermediate branch, M 
medial branch. (Red arrows: vertical and transversal anastomosis, 
according to Bogduk)

B. Lavignolle



399

Mamillary accessory
ligament  

S

P T

P

P

P

Fig. 10 Oblique view of the 
lumbar spine for needle 
position: S superior articular, 
P pedicle, T transverse 
process (red arrows: targets of 
the rhizotomy RF)
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Fig. 11 Posterior cervical dermatomes

The advent of local anesthetic blocks of the lumbar and 
cervicothoracic spine nerves which are guided by fluoros-
copy allow the evaluation of cutaneous distribution of der-
matomes in individuals without any neurological 
pathology [30].

 Applications

Pain syndromes of articular origin at the cervical and thora-
columbar level have a spinal topography that corresponds to 
the epimeric dermatome of the dorsal ramus (Fig. 11).
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The triggering of pain by mechanical stimulation makes it 
possible to recognize these syndromes (Lazorthe G.) with 
physical treatment of muscle spasm to break the algogenic 
(pain causing) reflex loop and involve inhibitory mechanore-
ceptors (Fig. 12).

However, the recovery of the medial branches at the articular 
level makes it possible to explain certain failures of hyperselec-
tive infiltration and thermolysis performed at a single level.

Pseudoradiculalgia (cervico-brachial neuralgia, calf pain, 
sciatica) has a non-radicular referred topography with 
cellulo- tenomyalgic (e.g., Maigne) syndrome of the dorsal 
spinal ramus, compressed by ossification of the mamillary 
ligament or intertransverse ligament that may justify a surgi-
cal neurolysis of the dorsal ramus.

Vertebral artery

Primary dorsal
ramus

Lateral branch

Medial branch

Fig. 12 Lateral and superior views of the cervical spine for needle position (green zones and red arrows)
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Anatomy of the Spinal Meninges

Laurent Sakka

 Introduction

The spinal meninges constitute a set of concentric envelopes 
wrapping the neuraxis and the nerve roots of all vertebrates. 
Classically described as providing a mechanical and hydro-
dynamical protection of underlying structures, recent experi-
ments suggest their involvement in the development, 
homeostasis, and immune defenses of the central nervous 
system.

 Phyllogenesis

In all vertebrates, the central nervous system is surrounded 
by meningeal structures. The three meningeal layers of 
higher mammals, the dura mater, the arachnoid, and the pia 
mater, gradually take place along the phyllogenesis. 
Restricted to a thin meninx primitiva surrounded by a thick 
spongy perimeninx in lampreys, they appear in large tele-
ostei as a pia mater surrounded by a reticular tissue, a fibrous 
layer, and an adipose tissue that respectively prefigure arach-
noid mater, dura mater, and epidural fat. The three layers are 
more differentiated in amphibians where subarachnoid cavi-
ties begin to develop. In reptiles subarachnoid cavities fill 
with cerebrospinal fluid and in birds arachnoid villi differen-
tiate along veins and participate in cerebrospinal fluid 
absorption [1]. In mammals, epidural fat regresses as sub-
arachnoid spaces develop in parallel, especially at the lumbar 
level [2, 3].

 Ontogenesis

The embryologic origin of the spinal meninges has remained 
controversial for quite a century. Experiments using bird chi-
meras [4, 5] and more recent data provided by molecular 
biology techniques finally demonstrated that the three men-
ingeal layers shared a common mesodermal origin in birds 
and mammals [6–10].

The chronology of the spinal meninges ontogenesis is not 
fully understood in humans because the date of conception 
and thus the age of human fetuses are difficult to determine 
precisely. Nevertheless several landmarks can be described. 
At day 27 post-conception, the neural tube surface is still 
surrounded by a non-differentiated mesenchyme (Fig. 1). At 
around day 33 the spinal pia mater begins to differentiate 
[11]. At day 37, a distinct cell layer similar to the pia mater 
is closely applied to the spinal cord especially at its ventral 
aspect. At the same time, a loose reticular tissue that might 
be related to a developing arachnoid layer expands all around 
and more particularly at the ventral aspect of the spinal cord 
(Fig.  2). The subarachnoid space that first differentiates at 
the ventral aspect of the brainstem at day 32 [12] might not 
extend to the spinal level before the 3rd trimester of gestation 
[13]. At day 48, in a specimen of our collection the subarach-
noid space seems to develop all around the spinal cord 
(Fig. 3). Around day 44 the dura differentiates and between 
day 56 and day 60 the whole vertebral canal is lined by the 
dura mater [13]. In embryos of 48-day, 50-day, and 54-day 
post conception, the dura mater, the subarachnoid space, and 
the pia mater are well individualized (Figs. 3, 4, and 5). In 
embryos of 6  months of gestation, the arrangement of the 
three layers resembles that observed in adults (Fig. 6).

Before the 11th week of gestation the spinal cord fills the 
full width of the vertebral canal and extends caudally to the 
coccygeal region (Figs.  3 and 4). Thereafter tail structures 
regress progressively and the spinal cord within its meningeal 
sheath contracts into the filum terminale and the coccygeal 
ligament. The spine growing more rapidly than the spinal 
cord, the caudal end of the conus terminalis lies at the base of 
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the sacrum (S1) by the end of the 5th month of gestation and 
at the level of the 3rd lumbar vertebra (L3) by full term [14]. 
About 2 months after birth the conus terminalis takes its place 
at the adult level between L1 and L2 [15]. Then the dural sac 
below the conus terminalis contains lumbosacral nerves 
forming the cauda equina, the filum terminale, and their vas-
cular supply in their leptomeningeal coating. Outside, the epi-
dural adipose tissue separates the dural sac from the walls of 

the vertebral canal. Laterally the meninges encase spinal 
nerve roots by two separate sheaths (Fig. 7).

 Descriptive and Topographical Anatomy 
of the Spinal Meninges in Adults

The spinal meninges consist of three concentric layers that 
envelop the spinal cord, the filum terminale, and nerve roots.

Somite

Mesenchyme

Neural tube

Fig. 1 Embryo at 27 days post-conception, stage 12, transverse sec-
tion, hematoxylin and eosin staining. The neural tube is surrounded by 
a mesenchyme without meningeal differentiation. Courtesy of Pr 
P. Dechelotte

Spinal cord

Pia mater

Spinal ganglion

Ventral nerve root

Loose reticular connective tissue

Fig. 2 Embryo at 37 days post-conception, stage 16, transverse section 
at thoracic level, toluidine blue. The pia mater has differentiated in the 
form of a thin cell layer particularly at the ventral aspect of the spinal 
cord. All around this, the mesenchyme has transformed into a loose 
reticular tissue evoking the arachnoid mater. The dura mater is still 
absent. Courtesy of Pr P. Dechelotte

Subarachniod space

Choroid plexus

Dura mater

Spinal cord

Central canal of the spinal Cord

Fig. 3 Embryo at 48 days post-conception, stage 19, sagittal section, 
hematoxylin and eosin. The choroid plexuses have differentiated, the 
subarachnoid spaces surround the neuraxis particularly at its cranial 
part. The spinal cord, coated by the dura mater, occupies the whole 
length of the vertebral canal. Courtesy of Pr P. Dechelotte

Spinal cord

Dura mater

Subarachnoid
space

Fig. 4 Embryo at 50 days post-conception, stage 20, sagittal section, 
hematoxylin and eosin. The spinal cord still occupies the whole length 
of the vertebral canal. The subarachnoid spaces develop ventrally while 
the dura mater thickens. Courtesy of Pr P. Dechelotte
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 The Dura Mater

 Morphology
The dura mater is the thick superficial meningeal layer or 
pachymeninx. It forms a white, inelastic but deformable 
sheath that grossly follows the contour of the spinal cord, 
the filum terminale, and nerve roots. Its thickness varies 
with individuals and decreases over a lifetime ranging 
from a thin transparent membrane to a thick pearly wall. 
The spinal dura corresponds to the inner, meningeal layer 
of the cranial dura with which it is continuous at the fora-
men magnum. Ventrally, the meningeal layer separates 
from the periosteal layer at the 3rd cervical vertebral 
body.

The dural sac begins cranially at the foramen magnum 
(Fig. 8) and contracts caudally at the junction between first 
and second sacral vertebral bodies by a cul-de-sac which 
extends caudally into the filum of the dura mater or coccy-
geal ligament. The filum of the dura mater is a thin tubular 
formation 5  cm long that encases the filum terminale and 
terminates through fibrous processes at the periosteum of 
the dorsal aspect of the coccyx (Figs. 9 and 10). At both its 
cranial and caudal ends the spinal dura fuses with the peri-
osteum of the vertebral canal. Laterally, the dura encases 
dorsal and ventral nerve roots in separate tubular sheaths 
(Figs. 11 and 12).

Dural ultrastructure is made of three distinct layers: an 
outermost fibroelastic layer, a middle fibrous layer, and an 
innermost cellular layer. The abundance of elastic fibers and 
the helicoidal arrangement of collagen bundles provide the 
flexibility and the resistance of the dural sheath that protect 
the spinal cord during movements [16].

 The Fixation-Points of the Spinal Dura Mater
Cranially, the spinal dura tightly adheres to the periosteum 
of the foramen magnum where it continues the outer layer of 
the cranial dura. Laterally, the spinal dura covers the nerve 
roots by two separate sheaths that blend into one at the lateral 
side of the spinal ganglion, where it gives rise to the epineu-
rium (Fig. 11). The dura is attached to the periosteum of the 
intervertebral foramina by the fibrous opercula of Forestier 
that constitute its lateral fixation-points. Dorsally, the spinal 
dura adheres to the posterior arch of the atlas and the axis 
and to the posterior atlanto-occipital membrane. Ventrally, 
the dura adheres to the 2nd and 3rd cervical bodies and to the 
dorsal longitudinal ligament, more particularly at cervical 
and lumbar segments. At these levels, both dorsally concave 
and mobile, ventral attachments hold the spinal cord at the 
inside of the spine curve during movements. Dural attach-
ments to the dorsal longitudinal ligament are provided by 

Posterior arch

Spinal cord

Pia mater

Subarachnoid space

Dura mater

Fig. 5 Embryo at 54 days post-conception, sagittal section, hematoxy-
lin and eosin. The pia mater and the subarachnoid spaces are now 
clearly individualized. The dura mater lines the arachnoid mater of the 
spinal cord and the nerve roots, but still cannot be distinguished later-
ally from the perichondrium of the vertebra. Courtesy of Pr P. Dechelotte

Subarachnoid
space

Dura mater

Pia mater

Ventral nerve
root

Dorsal nerve
root

Linea splendens

Fig. 6 Embryo at 27 weeks post-conception. Transverse section of the 
spinal cord with its meningeal coverings, hematoxylin and eosin. 
Meningeal structures are present in a form similar to their adult presen-
tation, but subarachnoid spaces are still not fully developed. The linea 
splendens has differentiated. Courtesy of Pr P. Dechelotte

Dura mater

Dura mater

Dorsal nerve root

Ventral nerve root

Subarachnoid space

Fig. 7 Embryo at 27 weeks post-conception. Cross section of spinal 
nerve roots. Hematoxylin and eosin. Ventral and dorsal nerve roots are 
clothed by separate dural coverings. Note the large subarachnoid sleeve 
around ventral nerve root. Courtesy of Pr P. Dechelotte
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Perimedullary veins
covered by the pia mater

Superficial layer of
arachnoid mater

Conus terminalis

Cauda equina

Dura mater

Fig. 10 Leptomeningeal 
coverings of the conus 
terminalis and the cauda 
equina, dorsal view after 
laminectomy of L1–L2 and 
opening of the dura mater. 
Cranially (left) the arachnoid 
mater has been opened to 
display perimedullary vessels. 
Perimedullary vessels are 
covered by the pia mater. The 
superficial arachnoid layer 
can be easily dissected from 
the dura mater

Dura mater

Root in its meningeal sheath

Venous plexus of the
intervertebral foramen

Radicular artery

Subarachnoid space

Sinu-vertebral nerve

Fibrous operculum of Forestier

Pia mater

Epidural space

Fig. 11 Nerve roots in their 
meningeal sheath in the 
intervertebral foramen, 
schematic drawing. JP 
Monnet

Glossopharyngeal nerve
Vagus nerve
Hypoglossal nerve
Accessory nerve

Vertebral artery
1rst cervical nerve

Dura mater

Ligamentum
denticulatum
Spinal cord

Fig. 8 Upper part of spinal meninges after opening of the foramen mag-
num and the posterior cranial fossa, and laminectomy of C1 C2, sche-
matic drawing. Apices of ligamenta denticulata are inserted on the dura 
mater in the intervals between nerve root exits. The first ligamentum den-
ticulatum is interposed between the first cervical nerve and the accessory 
nerve dorsally, and the vertebral artery ventrally. M. Chalus and L Sakka

Dural sac

Cauda equina

Filum terminale

Dural cul-de-sac

Filum of the dura mater

Epidural space

Coccyx

Fig. 9 Cauda equina and filum terminale after opening of the dura 
mater, dorsal view, schematic drawing. The dural cul-de-sac is located 
at the level of S1–S2, the filum of the dura mater is inserted on the first 
coccygeal piece, epidural space. JP Monnet

L. Sakka
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fibrous strands which constitute the ventral ligament of the 
spinal dura mater. They strengthen caudally from the inter-
vertebral disc L4–L5 to the vertebral body of S5 to form the 
sacrodural ligament of Trolard. At this level, dural attach-
ments are made of arcuate fibrous formations spanning adja-
cent vertebral bodies by their endings and adhering to the 
dural sac by their convexity. Caudally, the filum of the dura 
mater is attached to the periosteum of the dorsal aspect of the 
first coccygeal segment (Fig. 13).

 Vascularization

Arteries
The spinal dura is poorly vascularized. Arterial supply is per-
formed by thin branches of radicular arteries whose diameter 
does not exceed 0.5 mm. Dorsally a dense anastomotic net-
work supplied by two cranio-caudal arterial axes contrasts 
with a loose ventral anastomotic network supplied by a 
ventro- median arterial axis. This disposition resembles the 
spinal cord arterial supply. This arterial network displays a 
metameric disposition with numerous anastomoses. At the 
dorsal aspect of the thoracic segment, spiral arteries and tufts 
of capillaries bulge into the epidural space. The significance 
of these formations is not understood [17].

Veins
The physiology of the connections between dural and spinal 
cord venous drainages remains unclear, anatomic observa-
tions and interventional neuroradiology providing conflict-
ing data. There are generally two veins for one dural artery. 
At the cervical level they form a meshwork of large venous 
sinuses that communicate cranially with the basilar plexus 
and take part in the encephalic venous drainage. Anatomic 
studies describe radicular veins that collect from both the 
veins of the dura and the veins of the spinal cord, leave the 
vertebral canal by intervertebral foramina and drain into the 
internal vertebral plexus of the epidural space. Valves in 
radicular veins located just before they pass through the dura 
may prevent the blood from flowing back to the spinal cord. 
These can be regarded as a protective mechanism of the spi-
nal cord in situations of hypertension in the vertebral venous 
system [17]. Reversely, angiographic procedures do not 
show communications between perimedullary and epidural 
veins. Perimedullary veins are described as draining upwards 
through the foramen magnum into the inferior cerebellar 
veins and the dural sinuses of the posterior cranial fossa. 
These reports are provided by procedures requiring the 
patient to be in a supine position. One can assume that the 
distribution of the venous return may be different in upright 
positions or during exercise.

Lymphatics
The lymphatic drainage of the spinal dura remains poorly 
understood. Lymphatic vessels were first described follow-
ing experiments of ink injections into the ventricular or sub-
arachnoid spaces of mammals. They were described as 
arising near the lateral points of attachment of the ligamenta 
denticulata, near lumbar vertebral bodies or around sub-
arachnoid recesses [18]. They drain into paravertebral lymph 
nodes, the thoracic lymphatics into the nodes of the posterior 
mediastinum, and the lumbo-sacral lymphatics into the 
nodes of the posterior abdominal wall between psoas major 
muscles [19].

In animal models the lymphatic system has been demon-
strated to take part in the absorption of cerebrospinal fluid 
[20]. In humans the participation of the spinal lymphatic 
pathway remains unknown under physiological conditions 
but might be significant in the upright position and during 
exercise. This function could be especially active in neonates 
whose arachnoid villi become fully functional only after the 
age of 18 months, and in the elderly where absorptive capac-
ity of cranial arachnoid granulations gradually decreases.

 Innervation
The ventral aspect of the spinal dura is innervated by a dense 
plexus supplied by sinu-vertebral nerves, the nerve plexus of 
the posterior longitudinal ligament and the perivascular 
plexus of radicular arteries. The sinu-vertebral nerve is a 

Dorsal nerve root

Ventral nerve root

Arachnoid
Arachnoid septum

Fig. 12 Lumbar nerve root exit through opening of the dura mater

Dural sac

Filum of the dura mater
reclined dorsally

Ligament of Trolard

Epidural adipose tissue

Dorsal longitudinal ligament

Fig. 13 Attachment of the dural sac and the filum of the dura mater to 
the ventral wall of the vertebral canal by the ligament of Trolard after 
sagittal section of the lumbosacral junction, schematic drawing. M 
Chalus and L Sakka
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ventral branch of the spinal nerve (Fig. 11). It runs cranially 
and medially between the dorsal longitudinal ligament and 
the annulus fibrosus ventrally and the ventral aspect of the 
dura dorsally. These three structures are innervated by the 
sinu-vertebral nerve [21–24].

The dorsal aspect of the spinal dura is poorly innervated 
by nerves coming from the ventral dural nerve plexus in the 
intervals between nerve roots. They do not reach the median 
part of the dorsal dura. The lack of innervation of the median 
dorsal dura explains why lumbar punctures are not painful 
while traversing the dura mater [22].

Dural nerves are non-myelinated fibers involved in vaso-
motricity and nociception [22, 25]. The efficacy of epidural 
blocks performed in anesthesiology could be at least par-
tially related to an action on dural nerves. The innervation of 
the dorsal longitudinal ligament and the dorsal part of the 
annulus fibrosus by sinu-vertebral nerves through free end-
ings has suggested their involvement in low back pain syn-
dromes [26, 27] and might explain the efficiency of 
periradicular infiltrations with anti-inflammatory drugs in 
this indication.

 The Relationships of the Dura Mater 
with the Leptomeninges and the Spinal Nerves
The inner aspect of the spinal dura is covered by the outer 
arachnoid layer. Laterally, as the nerve roots pass through the 
dura mater, the arachnoid mater constitutes subarachnoid 
recesses around spinal nerves (Figs. 7 and 11). Ventral and 
dorsal nerve roots traverse the dura by two distinct openings 
and run toward the intervertebral foramen within two distinct 
dural sheaths. The roots of the first cervical nerve and the 
vertebral artery traverse the dura through the same opening 
(Fig. 8). In the intervertebral foramen nerve roots merge into 

a spinal nerve covered by a unique dural sheath. The sinu- 
vertebral nerve runs at the ventral aspect of the spinal nerve, 
outside the dural sheath, among the venous plexus of the 
intervertebral foramen (Fig.  11). The spinal nerve and the 
radicular artery running at its ventral aspect are disposed 
centrally in the cellulo-adipose tissue of the foramen sur-
rounded by the epidural intervertebral venous plexus. The 
intervertebral foramen is closed laterally by the fibrous oper-
culum of Forestier (Fig. 11). The area between the fibrous 
operculum and the nerve dural sheath is the epidural space of 
the foramen.

 The Arachnoid Mater

The arachnoid mater is a thin transparent membrane envel-
oping the spinal cord, nerve roots, perimedullary vessels, and 
the intradural segment of radicular vessels (Figs. 6, 10, 14, 
15, and 16). The arachnoid is usually described as a unique 
thick layer lining the inner aspect of the dura mater and con-
nected to the pia mater by a network of delicate connective 
trabeculae. Ultrastructural studies using electron microscope 
rather describe a two-layer structure with a superficial bar-
rier cell layer lining the dura mater and a deep reticular cell 
layer made of interweaved trabecular cells connected to the 
pia mater [16]. The superficial layer is composed of tightly 
packed cells connected with one another by numerous tight 
junctions suggesting a role as a meningeal barrier between 
the cerebrospinal fluid of the subarachnoid space and the 
blood circulation of the dura [16, 29]. The superficial barrier 
cell layer is attached to the dura mater by collagenous fibers 
so that there is no subdural space, but it can be easily dis-
sected from it without opening the subarachnoid space.

Caudal border of the pedicle

Spinal nerve and subarachnoid recess

Pedicle

Cauda equina

CSF of the terminal lumbo-sacral cisterna

Fig. 14 Cauda equina, 
CT-scan after intrathecal 
injection of iodine contrast, 
oblique section. Arachnoid 
recesses are usually located 
medially from the caudal 
border of the pedicles. 
Courtesy of Dr J 
Gabrillargues

L. Sakka
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According to this description, the subarachnoid space, 
filled with the extra-axial cerebrospinal fluid, takes the room 
between the superficial barrier cell layer and the pia mater, 
traversed by the arachnoid trabeculae of the reticular cell 
layer. On traversing the arachnoid mater blood vessels and 
nerve roots are sheathed by extensions of the reticular cell 
layer. Cranially, the subarachnoid space is continuous with 
the cranial subarachnoid space at the foramen magnum. 
Around the spinal cord it constitutes the perimedullary space, 
divided into ventral and dorsal chambers by the ligamenta 
denticulata (Figs. 8 and 20). In the dorsal chamber, arach-
noid trabeculae form a dense network that firmly applies 
blood vessels against the spinal cord and constitutes medi-
ally a sagittal septum, the septum posticum of Schwalbe. An 
intermediate cell layer interposed between the superficial 
arachnoid layer and the pia mater to which it is tightly con-
nected, might contribute to this septum [28]. Most developed 
at the lower cervical and thoracic levels, the septum posticum 
of Schwalbe connects dorsally to a thickening of the superfi-
cial arachnoid layer: the median raphe of Magendie (Fig. 16).

Caudally the subarachnoid space widens into the large 
lumbosacral terminal cistern that encloses the cauda equina 
and terminates between the 1st and the 2nd sacral verte-
brae. Laterally it follows the nerve roots from the spinal 
cord to the intervertebral foramina. The two arachnoid lay-
ers merge to limit subarachnoid recesses around spinal 

nerves at the lateral limit of spinal ganglia just before they 
traverse the fibrous opercula. The abundance of cell debris 
and activated macrophages in arachnoid recesses [30] 
where fine lymph vessels have been described to drain into 
paravertebral lymph nodes [19] suggest the subarachnoid 
recess as an interface between the central nervous system, 
the cerebrospinal fluid, and CSF immune defense. There is 
no specific arachnoid vascularization; the vessels are those 
of the spinal cord.

Subarachnoid spaces can be precisely explored using 
CT-scan after intrathecal injection of iodinated contrast 
medium. MRI visualizes the subarachnoid space by the 
hypersignal of the cerebrospinal fluid in T2-weighted 
sequences.

Subarachnoid recesses have relationships with bone 
structures that constitute the safety landmarks of periradicu-
lar infiltrations, procedures commonly performed in anesthe-
siology and rheumatology (Fig.  14). Inadequate site of 
puncture can lead to CSF leak, nerve-root damage, or intra- 
arterial administration. Lateral limits of subarachnoid 
recesses vary according to vertebral segments and subjects. 
At cervical levels subarachnoid recesses usually stop at the 
anterior border of the pedicles. At thoracic and lumbar levels 
they usually do not extend laterally beyond the caudal border 
of the upper pedicle. To be safe, the tip of the trocar should 
remain extraforaminal, that is, outside the lateral recess to 

Dura mater

Superficial arachnoid layer

Arachnoid trabecule

Filum terminale

Fig. 15 Subarachnoid space 
of the cauda equina after 
opening of the superficial 
layer of the arachnoid. Filum 
terminale and nerve roots are 
connected to one another by 
fine arachnoid trabeculae

Dura mater

Pia mater

Ligamentum denticulatum

Intraparenchymal artery in perivascular space

Trabeculae

Superficial layer of arachnoid

Septum posticum of Schwalbe

Perimedullary artery in perivascular space

Intermediary leptomeningeal layer
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Fig. 16 Spinal 
leptomeninges. The arachnoid 
mater and the pia mater are 
continuous with each other as 
well as subarachnoid and 
parenchymal perivascular 
spaces. The collagenous core 
of ligamentum denticulatum 
merges with the subpial space 
medially and the inner aspect 
of the dura mater laterally 
(Modified after Nicholas and 
Weller [28])
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avoid intrathecal injection, puncture of a radiculomedullary 
artery, or a vertebral artery in the cervical segment.

In healthy subjects, the perimedullary space occupies 
about a third of the cervical vertebral canal in sagittal MRI 
sections (Fig. 17a, b). In a study including 140 healthy vol-
unteers, the part of the subarachnoid space in the vertebral 
cervical canal was shown to vary according to sex, body 
height, and vertebral segment. Its relative anteroposterior 
diameter decreased from C1 to C6, confirming the lower cer-
vical segments as more specifically exposed to compressive 
myelopathy. Its relative anteroposterior diameter increased 
with body height suggesting a lower susceptibility of taller 
subjects to the risk of cervical cord compression [31]. In 
clinical practice, the presence of hypersignal on T2-weighted 
sequence at the ventral or dorsal aspect of the cervical cord 
is a valuable sign for cervical stenosis (Fig. 17c).

Below the 2nd lumbar vertebra the subarachnoid space 
constitutes the lumbosacral terminal cistern around the 
cauda equina visualized by MRI as a large hypersignal on 
T2-weighted sequences. At this level the particularly devel-
oped epidural fat gives a hypersignal on both T1 and 
T2-weighted sequences (Fig. 18). Assessment of both sub-
arachnoid space and epidural fat on T2-weighted sequences 
are essential in the diagnosis of lumbar canal stenosis, either 

congenital or acquired (Fig. 19). In the acquired syndrome, 
the stenosis of the vertebral canal and/or lateral recesses 
occurs secondary to degenerative changes involving inter-
vertebral disc bulging, spondylolisthesis, hypertrophy of 
facet joints, and/or hypertrophy of the ligamentum flavum. 
Patients usually complain with low back pain, radicular pain, 
and a typical neurogenic claudication. The symptoms of neu-
rogenic claudication typically described by patients consist 
of fatigue, heaviness or weakness in the legs without radicu-
lar topography, generated by standing upright or walking and 
relieved by sitting or flexion of the spine. The postural nature 
of symptoms is related to the variations in the size of the 
vertebral canal according to spine curvature changes. The 
symptoms are triggered by extension of the spine which 
decreases the anteroposterior diameter of the canal and 
relieved by flexion of the spine which increases the antero-
posterior diameter [32, 33]. The pathophysiology of this 
affection remains unclear since anatomic stenosis of the 
canal is often observed in asymptomatic subjects. The signs 
reported by patients evoke a global effect on the cauda 
equina. While radicular symptoms can be explained by a 
direct compression of nerve roots or their vascular supply by 
degenerative changes, the impact of postural changes on 
neurogenic claudication favors a disturbance in the cerebro-

a b c

Fig. 17 Sagittal section of the cervico-thoracic spinal cord; (a) healthy 
subject, T1 weighted sequence; (b) healthy subject, T2 weighted 
sequence; (c) cervical canal stenosis with myelopathy, T2 weighted 
sequence. Perimedullary space appears as a hypersignal in T2-weighted 

sequence and hyposignal in T1-weighted sequence. Epidural fat appears 
as a hypersignal in T1 and T2-weighted sequences. Note the position of 
the spinal cord at the concavity of spine curves. Courtesy of Dr 
E. Chabert
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spinal fluid dynamics. One can assume that symptoms settle 
when CSF and venous pressures overcome the blood pres-
sure in the cauda equina arterial supply.

Around spinal nerve roots the arachnoid mater has been 
described to differentiate into arachnoid villi. Morphological 
similarities with cranial granulations and their relationships 
with epidural veins have suggested their involvement in CSF 
reabsorption [34, 35]. Usually located at or medially to 
 subarachnoid recesses, they could be more frequent in tho-
racic or lumbar regions. In animal models, spinal arachnoid 
villi have been assessed to be responsible for about 25% of 
CSF drainage [36, 37]. In humans, their contribution in CSF 
absorption has never been assessed but might be effective in 
the first year of life and later on in upright posture or during 
exercise [38].

 The Pia Mater

The spinal pia mater is a thin areolar tissue closely adhering 
to the glia limitans (Figs. 6 and 16). Cranially the spinal pia 
mater continues as the cranial pia mater at the foramen mag-
num. Caudally it encases the filum terminale below the conus 
terminalis. Classically considered a pial formation, the filum 
terminale was demonstrated to originate from apoptotic 
degeneration of the caudal spinal cord [39]. In human fetuses, 
the filum terminale is constituted of a connective tissue rich 
in type III collagen with nerve fascicles, blood vessels, gan-
glion cells, ependymal, glial, and adipose tissues [40]. The 
same components are found in adults, but connectives fibers 
are mostly type I collagen, elastin and elaunin fibers longitu-
dinally arranged in a network of transversal type III collagen 

a b

Fig. 18 Lumbosacral terminal cistern in a healthy subject; (a) T1 
weighted sequence; (b) T2 weighted sequence. The cerebrospinal fluid 
of the lumbosacral terminal cistern appears as a hypersignal in 
T2-weighted sequence and a hyposignal in T1-weighted sequence. 

Epidural fat appears as a hypersignal in T1 and T2-weighted sequences. 
In this healthy subject, the conus terminalis is located at the caudal part 
of L1. Courtesy of Dr E. Chabert
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fibers [41]. The filum terminale appears a bluish, white for-
mation of about 20 cm long and less than 2 mm wide. Its 
upper part, located inside the dural sac (filum terminale 
internum), runs down along the lumbosacral terminal cistern 
among the roots of the cauda equina. Its lower part, located 
beyond the dural sac (filum terminale externum), is encased 
by the filum of the dura mater from the lower border of the 
first sacral vertebra to the dorsal aspect of the first coccygeal 
piece. Laterally the pia mater follows nerve roots and spinal 
nerves, fusing with the arachnoid before commencement of 
the perineurium.

In the ventral fissure of the spinal cord, the pia mater 
forms the linea splendens, a dense network of fibrous strands 
that bridge the two walls of the fissure and wrap the ventral 
spinal artery (Fig. 6).

Laterally the pia mater forms on each side of the spinal 
cord 20–22 ligamenta denticulata that anchor the spinal cord 
to the dural sac. Each ligamentum denticulatum is a triangu-
lar formation extending from the lateral side of the spinal 
cord by its base to the inner aspect of the dural sac by its 
apex, in the intervals between nerve roots (Fig. 20). The first 
ligamentum denticulatum, located above the first cervical 
roots, is inserted onto the dura of the medial aspect of the 
condylar part of the occipital bone (Fig.  8). The vertebral 
artery runs ventrally and the spinal root of the accessory 

nerve runs dorsally. The last ligamentum denticulatum is 
located above the first lumbar nerve. The ligamentum den-
ticulatum is made of a collagenous core which fuses with the 
inner aspect of the dura mater laterally and merges with the 
subpial layer medially (Fig. 16). Ligamenta denticulata form 
incomplete septa that separate the subarachnoid space in 
ventral and dorsal compartments where the cerebrospinal 
fluid flows in opposite directions. It probably stabilizes the 
spinal cord within the subarachnoid space along the move-
ments of the vertebral column [42].

The vessels of the pia mater are those of the spinal cord. 
They are less numerous than the vessels of the cranial pia 
mater, that is why the spinal pia mater is often described as a 
fibrous layer more than a vascular layer.

Innervation of the pia mater is made of a loose plexus, the 
plexus of Purkinje, constituted by vasomotor and sensory 
nerves. The plexus of Purkinje is supplied by sino-vertebral 
nerves, the perivascular plexus of the anterior spinal artery 
and perivascular plexuses of radicular arteries.

The spinal pia mater fuses with the arachnoid coating of 
the arteries that dive into the parenchyma. It follows that the 
perivascular space of the parenchyma is continuous with the 
perivascular space of the subarachnoid space. The perivascu-
lar spaces of the subarachnoid space and the perivascular 
spaces the parenchyma are separated from the subpial com-

a b c

Fig. 19 Acquired lumbar canal stenosis; (a) T1 weighted sequence, 
sagittal section; (b) T2 weighted sequence, sagittal section; (c) T2 
weighted sequence, transverse section. In this case, the canal stenosis is 

related to intervertebral disc bulging and hypertrophy of facet joints. 
The stenosis affects both the lumbosacral terminal cistern and epidural 
fat. Courtesy of Dr E. Chabert
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partment by the pia mater. In other words, the pia mater sepa-
rates the subarachnoid space from the perivascular spaces 
which do not communicate with each other. In the depth of 
the parenchyma, the pial coating of arteries becomes gradu-
ally discontinuous and disappears around capillaries. No 
comparable pial sheath is observed around veins which are 
partially surrounded by a discontinuous pial layer [28, 
42–45].

The pia mater fusing with the arachnoid sheath of perfo-
rating arteries, there is a continuum between the arachnoid 
and the pia mater at the points where arachnoid trabeculae 
anchor to the pia and around vessels. Both the pia and the 
arachnoid mater are made of the same morphological cell 
type and share the same immunohistochemical markers, 
vimentin, and epithelial membrane antigen. These morpho-
logical observations combined with their common mesoder-
mal origin probably make artificial the conception of the pia 
and the arachnoid as separate structures and should strengthen 
the consensus that the pia and the arachnoid are the inner and 
outer parts of the same leptomeningeal layer.

 Meningeal and Perineurial Cysts

Spinal cystic formations refer to distinct histological and 
anatomic entities often confused in clinical practice. They 
were first classified by Tarlov according to their histological 
nature, their location in relation to the dura, and their com-
munication with the subarachnoid space [46] and later on by 
Nabors et al. who distinguished extradural cysts without spi-
nal nerve root involvement (type I), extradural cysts with spi-
nal nerve root involvement (type II), and intradural cysts 
(type III) [47].

Meningeal cysts are extradural or intradural evagina-
tions of the arachnoid mater. Therefore they are located 

medial to the arachnoid/perineurium junction, around the 
spinal cord or nerve roots. Extradural meningeal cysts 
(Type I) are arachnoid expansions through a congenital 
defect of the radicular dura that communicate with the sub-
arachnoid space [48]. Their wall is made of arachnoid mater 
lined by a superficial fibrous layer. They could result from 
a defect in the closure of embryonic mesenchymal struc-
tures surrounding the neural tube. In the sacral region they 
are more commonly called “sacral meningoceles” or 
“diverticula.” Periodic self-emptying generates fluctuating 
symptoms [46] and their puncture may result in CSF leak 
and intracranial hypotension. Intradural meningeal cysts 
(Type III) are less common anomalies that occur at any 
level of the vertebral canal. Their wall is made of an arach-
noid epithelium. They communicate with the subarachnoid 
space and could develop in a one-way valve mechanism. 
Some authors consider these formations as resulting from 
the action of CSF pressure on a weak point of the menin-
geal sheath [46, 47].

Perineurial cysts (cysts of Tarlov) (Type II) develop 
between the endoneurium and the perineurium of spinal 
nerves (Fig.  21). Multiple or multiloculated, they usually 
occur along sacral nerves, generally S2 or S3, in the epidural 
space of the sacral canal. They are theoretically located 
beyond the spinal ganglion or at its lateral side where the 
arachnoid is replaced by the perineurium. Perineurial cyst 
wall contains nerve fibers and ganglion cells in a connective 
tissue. Evidence suggests a degenerative or inflammatory 
process taking place on a congenital defect [49]. Tarlov 
didn’t find a communication with the subarachnoid space. In 
some cases the pressure in the subarachnoid space could 
make the cerebrospinal fluid enter the cyst through micro-
connections between the cavity and the subarachnoid space. 
By a valve-like mechanism favored by the upright position, 
the cyst could progressively fill with CSF, gradually develop 
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cord and by its apex to the 
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and compress neighboring nerve roots, and resulting in neu-
rological symptoms [50].

 The Epidural Space

The epidural space is interposed between the dura mater and 
the wall of the vertebral canal. It is limited cranially by the 
adherence of the spinal dura mater to the foramen magnum 
margin and the posterior aspect of the third vertebral body. It 
extends caudally to the sacro-coccygeal hiatus closed by the 
posterior sacro-coccygeal ligaments and the coccygeal inser-
tion of the filum of the dura mater. Laterally it is limited by 
the pedicles and the intervertebral foramina closed by their 
fibrous opercula.

The epidural space is filled with adipose tissue traversed 
by connective fibers that secure the dural sac to the vertebral 
canal. Its size varies according to the vertebral segment. 
Maximal at the lumbar segment where its ventro-dorsal 
diameter ranges between 5 and 6 mm, it is almost absent at 
the cervical segment and ventrally (Figs.  17 and 18). The 
epidural space is partitioned by the ventral ligament of the 
spinal dura mater especially at the lumbosacral segment 
where it constitutes the ligament of Trolard. It is interrupted 
dorsally by local adhesions of the dura mater to the vertebral 
canal that may interfere with epidural catheter placement. 
The amount of epidural fat is an important factor because it 
influences the diffusion of molecules after epidural injection. 
Its variations according to body weight remain controversial. 
Several studies report that the body mass index or the body 

a b

c d

Fig. 21 Perineurial cysts of Tarlov. MRI, T2-weighted sequence. (a–c) coronal sections; (d) parasagittal section, right side. Courtesy of Dr 
E. Chabert
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habitus might not condition the global amount of epidural, 
adipose tissue but influence its repartition, posterior epidural 
fat increasing with the body weight [51, 52]. Reversely, epi-
dural lipomatosis, a condition characterized by hypertrophy 
of epidural adipose tissue has been reported to occur in rela-
tion to obesity. In these cases, compressive symptoms and 
epidural fat have been both reported to regress with weight 
loss therapy suggesting a correlation between epidural adi-
pose tissue and body weight [53–55].

Ventral and dorsal epidural venous plexuses extend from 
the foramen magnum to the coccyx and connect to each other 
by transverse anastomoses. They receive tributaries from the 
vertebrae, the dura, and the spinal cord and drain into the 
external vertebral plexus (Fig. 22). Cranially epidural plex-
uses connect with sub-occipital and lateral sinuses by anas-
tomoses that could ensure most of the encephalic venous 
drainage in upright position [56] and the whole encephalic 
drainage in several patients [57].

 The Subdural Space

The subdural space classically described between dura and 
arachnoid maters should actually be considered as an arte-
factual cavity produced by surgical manipulation or histo-
logical preparations. Thin trabeculae connect the outer 
surface of the arachnoid to the dura mater. Transmission 
electron microscopy studies have identified a dura- 
arachnoid interface filled with neurothelial cells and 
amorphous material [58]. The low resistance of this amor-
phous material easily permits the formation of subdural 
hematomas. In surgical practice, the dura mater can be 
safely opened without harm to the underlying arachnoid 
(Figs.  10 and 15). When post- mortem manipulations are 

avoided, the dura mater remains attached to the arachnoid 
layer. Therefore, there is no virtual space such as the pleu-
ral cavity.

 Functional Anatomy

Mechanical Functions
The position of the spinal cord inside the vertebral canal fol-
lows the movements of the spine. The spinal cord is dis-
placed laterally in lateral inclinations of the spine and its 
lower extremity is drawn upward when the spine is flexed. 
The attachments of the dura to the vertebral canal and the 
mooring of the spinal cord to the dural sac through lepto-
meningeal formations maintain without tension the stability 
of the spinal cord along these movements. Notably, the liga-
menta denticulata might restrict cephalo-caudal movements 
of the spinal cord [59] and maintain its lateral diameter along 
spinal movements.

The stability of the spinal cord without tension along 
movements is an essential condition for the spinal cord to 
exert its physiological functions. Congenital abnormalities 
related to its elements of stability generate pathological con-
ditions. Notably, low positioning of the conus medullaris fol-
lowing defects in the involution of tail structures is associated 
with the neurological, musculoskeletal, gastrointestinal or 
urological disorders of the tethered cord syndrome [60, 61]. 
Clinical evidences relate the symptoms to the caudal traction 
of the spinal cord, or anomalies in the elasticity of the filum 
terminale [62], some patients complaining with incontinence 
at the flexion of the vertebral column while others improve 
after section of the filum terminale [63].

Subarachnoid spaces, epidural venous plexuses and adi-
pose tissue might behave as a hydromechanical cushion that 
protects the neuraxis. Unlike their cranial counterpart in the 
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skull, the spinal meninges are separated from the bony walls 
of the vertebral canal by epidural fat that equally protects the 
spinal cord from potential injuries along movements. In 
asymptomatic cervical canal stenosis, these hydromechani-
cal cushions no longer exist and severe decompensation can 
be induced by mild cervical trauma.

The mechanical properties of the pia mater on the spinal 
cord surface has raised considerably less attention than the 
dura mater and the subarachnoid space. In addition, its role in 
the protection of the spinal cord has probably been underesti-
mated because of its apparent fragility and lightness. However, 
animal models of spinal cord compression show that its pres-
ence modifies the mechanical properties of the spinal cord 
and conditions its behavior in traumatic circumstances. In 
experiments performed on rabbits, spinal cord segments were 
excised alone or within their pial covering and submitted to 
compression forces. The spinal cord alone showed extremely 
low viscoelasticity that did not allow the restoration of its 
shape after compression. In the same experiments, the elastic 
modulus of the pia mater was measured to be 460 times 
higher than that of the spinal cord. These results suggest that 
the presence of the pia mater provides a constraint on the spi-
nal cord surface that increases its stiffness and favors shape 
restoration after experimental compression. One could 
assume that the pial sheathing around the spinal cord com-
bined with the anchorage of the dentate ligament might par-
tially prevent deformation of the spinal cord in traumatic 
compressive injury. Conversely, in the case of intramedullary 
tumor, ischemia, or hemorrhage, the presence of the pia mater 
may be harmful by maintaining excessive parenchymal pres-
sure and leading to further aggravation [64].

The Spinal Meninges in the CSF Dynamic System
Meningeal structures are involved in cerebrospinal fluid 
secretion, circulation and absorption. The cerebrospinal fluid 
turn-over is probably crucial in central nervous system 
homeostasis and the neuronal environment to ensure electro-
lyte balance, active molecule circulation and catabolite 
elimination.

Historical anatomic literature classically assessed the cere-
brospinal fluid volume to be around 150 mL, 25 mL in the 
ventricles and 125 mL in the subarachnoid space. More recent 
studies using MRI updated the cranial cerebrospinal fluid vol-
ume to be around 250 mL [65] and the spinal subarachnoid 
space volume around 80 mL [66].

About a half of the spinal cerebrospinal fluid volume is 
located in the lumbosacral terminal cistern. This volume is 
far from being constant. It varies considerably in physiologic 
or pathologic conditions according to the content and the 
container. In the lumbosacral cistern the volume of the cauda 
equina varies expectedly at the expense of the CSF volume. 
In lumbar spinal stenosis the CSF volume decreases, falling 
below 20  mL [67]. Abdominal compression in relation to 

obesity or pregnancy might also decrease the CSF volume in 
the lumbosacral cistern [68]. CSF volume variations in the 
lumbosacral terminal cistern have therapeutic consequences. 
They condition the pharmacokinetics of drugs after intrathe-
cal administration, smaller CSF volume resulting in less 
dilution, higher concentration and larger diffusion of drugs 
[69].

About 500 mL of cerebrospinal fluid are secreted every 
day [70, 71]. Sixty to seventy-five percent are actively pro-
duced by the choroid plexuses of the lateral, third, and 
fourth ventricles and the rest is produced by extrachoroidal 
sources such as the ependymal epithelium and the intersti-
tial space. A leptomeningeal participation to cerebrospinal 
fluid production is suggested by reports of non- 
communicating arachnoid cysts that develop against the 
pressure of the brain and the surrounding subarachnoid 
space.

Based on a CSF volume of 160  mL, historical studies 
assessed the CSF to renew about 4–5 times daily in young 
adults. If one considers the measures provided by more 
recent MRI studies the CSF turn over could not exceed 2 or 
3 times daily.

Several models have been proposed to explain cerebrospi-
nal fluid circulation. The bulk flow model, which might be 
both the simplest and the one that probably best matches cur-
rent clinical situations, describes the cerebrospinal fluid to 
circulate from its sites of secretion to its sites of absorption 
along pressure gradients. The CSF secreted in the ventricles 
drains through the median opening of the fourth ventricle 
into the cisterna magma. Then, it circulates caudally into the 
spinal subarachnoid space where it is partially absorbed by 
spinal arachnoid villi. The remaining volume circulates back 
towards the cranial subarachnoid space where it is passively 
absorbed by arachnoid granulations along cranial venous 
sinuses. Global CSF flow results from active choroidal secre-
tion and passive reabsorption into the venous system through 
arachnoid granulations or villi. Cerebrospinal fluid absorp-
tion by cranial arachnoid granulations or spinal villi follows 
the gradient between the CSF pressure in the subarachnoid 
space and the blood pressure in veins or sinuses [72, 73]. 
Systolic waves generate the pulsatility of the CSF flow as 
demonstrated by Cine-MR. The flow in the ventral subarach-
noid space is caudal during the heart systole and cephalad 
during diastole [74]. The CSF in ventral and dorsal perimed-
ullary spaces circulate in opposite directions. Intrathecal 
injections of radioactive tracers have suggested that 160–
330 mL of CSF could be reabsorbed daily by the venous sys-
tem through the spinal outflow system [66] via arachnoid 
villi [35] or via lymphatic vessels [75]. In clinical conditions, 
substantial contribution of the spinal outflow system to CSF 
reabsorption is suggested by the occurrence of hydrocepha-
lus in tumors located in the lumbosacral cistern of the cauda 
equina.

L. Sakka



417

The CSF System in the Immune Defense of the CNS
Until recently anatomic connections between the cerebro-
spinal fluid and the lymph system were supposed to be 
exclusively involved in the drainage of CSF and the regula-
tion of CSF pressure in animal models. Lymphatic vessels 
have been identified in the cranial dura mater along venous 
sinuses [76] and around spinal subarachnoid recesses in 
humans. Their role in the immune defense of the CNS has 
been recently documented in humans by immunohisto-
chemical studies suggesting a cooperation between the CSF, 
the leptomeninges, and the lymph system [77]. Immune 
cells could be transported by lymph vessels lining the dural 
sinuses from the subarachnoid space to cervical lymph 
nodes [78]. Apart from these lymph vessels, a fluid route 
along perivascular spaces could ensure soluble antigen 
delivery from the brain interstitium [79] to antigen present-
ing cells of the subarachnoid space. Soluble antigens could 
be then transported by the CSF flow to dural lymph vessels, 
cervical lymphatics, and cervical lymph nodes where they 
could accumulate. In other words, the cerebrospinal fluid 
compartment should be described as a functional equiva-
lents of afferent lymphatics of the brain.

The Meninges in the CNS Development and Injury
The meninges have been experimentally proved to  
be involved in central nervous system development. More 
importantly, they participate in the formation and the main-
tenance of the glia limitans. Interposed between the central 
nervous system parenchyma and the pia mater, the glia 
limitans is a dynamic structure produced by both astrocyte 
end- feet and meningeal cells that serves as anchorage sites 
for radial glial cells in the course of development. Its exper-
imental removal leads to the detachment of radial glial cell 
fibers and abnormal neuronal migration [80, 81]. The lepto-
meninges induce neuroblast proliferation, differentiation, 
and axonal growth in the underlying tissue [82] by the 
secretion of neurotrophic factors such as insulin growth 
factor [83], stromal cell- derived factor 1 [84], and retinoic 
acid [45]. Experimental destruction of fetal meninges over 
the cerebellum induced cerebellar hypoplasia, neuronal 
ectopia, and glial tissue formation in the subarachnoid 
space[85, 86].

The role of the leptomeninges as a source of neural stem 
cells in adults has been demonstrated by immunohistochemi-
cal studies [87]. Cells expressing neural stem markers nestin 
and doublecortin have been found in the spinal cord menin-
ges of adult rats. Following injury, they proliferate and 
migrate toward the site of injury to form the glial scar. Their 
differentiation into functional neurons or mature oligoden-
drocytes under specific in vitro conditions places the spinal 
meninges as a potent target of regenerative medicine in spi-
nal cord injury [88].
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Intrinsic Innervation of the Spine

R. Robert and O. Hamel

From a biomechanical point of view, the spine is consti-
tuted of an anterior column, corresponding to a disco-cor-
poreal compound, and two posterior columns, corresponding 
to facet joints. Intrinsic innervation must be divided in the 
same way:

• Intervertebral discs and vertebral bodies for which nerve 
pathways depend on the sympathetic chain ganglia and on 
its preferential connections with certain spinal roots. Its 
innervation is essentially an autonomic and transmeta-
meric one;

• Zygapophyseal joints, possessing a metameric and 
somatic innervation regarding its dependence of the dor-
sal ramus of the spinal roots.

This specific nervous organization may explain some of 
the semiological characteristics of pain bound to the degen-
eration of the intervertebral disc or the facet joints, provided 
that these are isolated.

The lumbar spine will be of use as a model for the 
description of innervation, considering the main clinical 
and medico- economical interest of the treatment of low 
back pain. Specific findings concerning cervical and tho-
racic levels will be mentioned. Description of these sensi-
tive pathways will follow the path of the signal: from the 
periphery to the spinal cord.

 Intervertebral Disc and Vertebral Body 
(Figs. 1, 2, and 3)

 Which Receptors?

The InterVertebral Disc (IVD) is usually described, in the 
wrong way, as a non-innervated and a non-vascular tissue. 
This concept is not exactly correct, but we have to consider 
the scarcity of nervous fibers, as we have to for the vessels, 
within the IVD. This scarcity is linked to the huge intra- discal 
pressure which does not allow the existence of small fibers, 
especially within the normal nucleus pulposus (NP) [2].

However, some free nerve endings within a few periph-
eral millimeters of outer annulus fibrosus (AF), and espe-
cially within lateral parts of IVD [3], have been described. 
Ventral and dorsal portions of the IVD are associated with a 
powerful ligamentous system, crucial structures in this 
intrinsic innervation of the anterior column of the spine. 
Indeed, the anterior longitudinal ligament (ALL or VLL) and 
especially the posterior longitudinal ligament (PLL or DLL) 
contain many free nerve endings.

There are only few encapsulated endings evocating mech-
anosensitive afferent units. These rare mechanoreceptors 
which inform about pressure and tension are located between 
the layers of AF [4, 5]. This main articular system of the 
spine transmits little proprioceptive information but is dedi-
cated to a real nociceptive function [6].

Finally, some receptors have been described within the 
vertebral end plates, mainly free nerve endings. These fibers 
reach the vessels of the vertebral body (basivertebral vein 
and artery) which carry these nerve fibers toward the center 
of the vertebral body and then to the PLL [7].

 Which Pathways to the Spinal Root?

Sensory pathways coming from AF, ALL, and PLL converge 
toward lumbar ganglia of the sympathetic chain. Autonomic 
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sensitive fibers coming from those peridiscal ligaments may 
transfer nociceptive messages. Presence of neurotransmitters 
like CGRP, VIP, and NPY, within these nervous structures, 
demonstrates their role in low back pain [5, 8]. The sympa-
thetic nature of these nerves implies some specific features 
including numerous nervous and inter-nervous structures, 
therefore numerous ways to restore function in case of injury 
[9]. In addition, connections between the sympathetic ner-
vous system and somatic nervous system imply that nocicep-
tive messages may lead to somatic paravertebral muscular 
contractures [10].

Fibers coming from ALL and from the ventral part of the 
IVD form a ventral plexus which connects the two, right and 
left, latero-vertebral sympathetic chains. Each chain is con-
stituted by four or five ganglia.

The largest contingent of sensitive fibers comes from PLL 
and dorsal part of AF. These fibers lead to the formation of 
the sinu-vertebral nerve. In addition to discal and ligamen-
tous origins, fibers coming from the ventral part of the dura 

mater are associated with the constitution of the sinu- 
vertebral nerve. The real anatomical territory of this nerve is 
perfectly described by the clinical work of Kuslich [11], 
based on nearly 200 lumbar microdiscectomy procedures 
under local anesthesia. The sharing of neural pathways 
between IVD and dura mater, also demonstrated in dogs [8], 
can be explained by a common mesenchymal origin with the 
PLL. Otherwise, the sinu-vertebral nerve also engages with 
the few fibers coming from the basivertebral vessels [1].

The sinu-vertebral nerve, millimetric structure, has been 
first described by Luschka in 1850 [12].

The territory of each sinu-vertebral nerve partly overlaps 
that of the others. Indeed, connections between sinu- vertebral 
nerves exist on the midline and on at least one vertebral level 
above and below [1, 4].

Each sinu-vertebral nerve is formed at the ventral and cra-
nial part of the intervertebral foramen, constituted by an 

SVN

PLL

Constitution of sino-vertebral nerve - posterior view(from Groen[8])
SVN : Sino-Vertebral Nerve
PLL : Posterior Longitudinal Ligament

Fig. 2 Constitution of sinu-vertebral nerve—posterior view (from 
Groen et al. [1]). SVN sinu-vertebral nerve, PLL posterior longitudinal 
ligament
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Intervertebral disc innervation (axial plane)
1: Anterior Longitudinal Ligament
2 : InterVertebral Disc
3 : Posterior Longitudinal Ligament
4 : Dura-Mater
NSV : Sino-Vertebral Nerve
VR : Ventral Root
DR : Dorsal Root
RC : Rami Communicantes
LVG : Latero-Vertebral Ganglia 

Fig. 1 Intervertebral disc innervation (axial plane). 1. Anterior longitu-
dinal ligament. 2. Intervertebral disc. 3. Posterior longitudinal ligament. 
4. Dura mater. NSV sinu-vertebral nerve, VR ventral root, DR dorsal 
root, RC rami communicantes, LVG latero-vertebral ganglia

R. Robert and O. Hamel



423

ascending branch and a descending branch. This sinu- vertebral 
nerve is located just ahead of the spinal root. It continues to the 
extraforaminal part of the spinal root while recovering fibers 
from the lateral portion of the AF. Some fibers of the sinu-
vertebral nerve are connected to this part of the root. It is there-
fore considered, from a morphological point of view, as a 
recurrent branch of the spinal root. From a functional point of 
view, most of its fibers extend through the rami communican-
tes, connecting the spinal root to the latero-vertebral chain.

Few of the sinu-vertebral nerve fibers go directly into the 
spinal root and thus into the somatic nervous system [13]. 
These certainly have a role in acute pain which is often better 
localized and lateralized.

The specific element of this pathway of disco-corporeal 
innervation consists of the passage of this nociceptive corpo-
real and discal information in the latero-vertebral ganglia. 
This is done by the multiple connections (rami communican-
tes) between the gangliae of the latero-vertebral chain and 
the spinal roots [14]. These rami communicantes bring all of 
the sympathetic sensory information to the intra-axial cen-
ters, from spinal metameres C8 to L2.

Considering intrinsic innervation of the lumbar spine, 
it is important to be aware that there are two types of rami 
communicantes: direct ones and oblique ones [15]. Direct 
rami communicantes are similar to those found on all ver-
tebral levels, located on a transverse plane next to the 
middle of the vertebral body. Higuchi [15] more specifi-
cally names them as transverse deep rami as they pass, 
with the segmental vessels, under the arches of the psoas 
muscle. But the most interesting rami communicantes are 
probably those called oblique superficial rami also pass-
ing under the psoas but externally to the previous ones. 
They are called oblique as they ascend toward L1 and L2 
spinal roots. Therefore, the L2 root receives 4–5 rami 
communicantes while the underlying roots receive only 
one or two each [15].

L2 roots, which are not so important from a motor point 
of view, thus take the lead role in lumbar innervation, well 
beyond the innervation of the IVD since this root is also pre-
dominant on the cutaneous territory of the lumbar region. 
Indeed, L2 roots cover the sensory territory of the underlying 
roots whose dorsal branches have, in part, “aborted.” The 
skin of the lumbar region is almost exclusively innervated by 
these roots. This phenomenon is called the “innervation 
hole” by Lazorthes and Zadeh [16].

As a brief summary, innervation of IVD and PLL depends 
on the sinu-vertebral nerve, characterized by minimal later-
alization and metamerization. The fibers originating from the 
various sinu-vertebral nerves, via the complexity of the sym-
pathetic nervous system, preferentially join some specific 
roots.

We have seen the case of lumbar innervation where fibers 
originating from IVD essentially go to the most cranial lum-
bar roots.

At the thoracic level, the vegetative organization is much 
more closely modeled on the metamerization.

At the cervical level, rami communicantes preferentially 
move toward the cervico-thoracic or cervical superior gan-
glia and therefore either to metameres C8 to Th1 or to meta-
meres C2–C4. The concept of the “innervation hole” may 
also be used at the cervical level [16]. Concerning the first 
cervical metamere, it is important to remember that the cer-
vical gray matter is closely related to the nociceptive part of 
the trigeminal nucleus. This interpenetration of gray matter 
is usually called “trigemino-occipital complex” [17].

LVG

LVG

DTRC

SORC

L1

L2

L3

L4

L5

Lumbar rami communicantes (left side view)

LVG : Latero-Vertebral Ganglia

DTRC : Deep Transverse Rami Communicantes

SORC : Superficial Oblique Rami Communicantes

Fig. 3 Lumbar rami communicantes (left side view). LVG latero- 
vertebral ganglia, DTRC deep transverse rami communicantes, SORC 
superficial oblique rami communicantes
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 Evolution

It is now essential to consider modifications that may exist 
over time, not with regard to the transmission pathways, but 
the receptors within the ligamentous structures. The descrip-
tion of the receptors within IVD is that of a healthy and 
mature disc, which is only a transient state. After the age of 
20, the IVD evolves, most often toward a physiological 
senescence, sometimes toward a pathological degeneration.

During these processes, a neoinnervation develops [18], 
at the same time as a neovascularization [19]. This nerve 
sprouting, related to inflammatory phenomena, is also 
described in the vertebral end plates [20].

 Clinical Anatomy

Discogenic low back pain has some particular semiological 
characteristics, even troubling for problems limited to a sin-
gle disc. Patients usually describe all the peculiarities of pain 
mediated by the sympathetic nervous system, including deep 
and diffuse pain, sensitivity of the skin (healthy skin but 
reflective of the organ it covers) and reflex muscular reac-
tions. Classical inguinal irradiation of low back pain, includ-
ing L4–L5 and L5–S1 discopathies, may be explained by the 
convergence of nociceptive information transmitted by the 
sympathetic system preferentially to the L1 and L2 roots. We 
can recall that the cutaneous territory of these roots corre-
sponds to this zone immediately under the inguinal fold [21].

This concept of nociceptive convergence toward L1 and 
mostly L2 roots has resulted in some clinical trials such as 
L2 root infiltration which has a well-proven temporary anta-
lgic effect, rather specific of discogenic low back pain [22, 
23]. In the same way, L2 rami communicantes infiltration 
also provides pain relief [10, 24]. However, we remain disap-
pointed by the relative ineffectiveness of the surgical divi-
sion of these rami communicantes [25]. The idea of 
suppressing this pathway was promising; its failure probably 
reflects the existence of the many compensatory mechanisms 
of the autonomic nervous system [9].

This type of referred pain is also described with neck pain 
that radiate either in the interscapular space, the skin territory 
of upper thoracic roots, or to the head, called “cervicogenic 
headaches” [17] linked to the trigemino-occipital system.

 Neural Arch (Fig. 4)

 Which Receptors?

The capsules of the zygapophyseal joints possess numerous 
free and encapsulated nerve endings, proprioceptive and noci-
ceptive. Like the disco-corporeal system, there are free end-
ings in the subchondral bone of the articular processes [26].

At the medial aspect of the zygapophyseal joint capsules, 
the ligamentum flavum does not have receptors and there-
fore no fibers come from it. Kuslich's experiment demon-
strates this by the absence of pain during the incision of this 
structure [11].

Conversely, the interspinous ligament contains numerous 
encapsulated endings evocative of the corpuscles of Pacini 
and Ruffini [27]. Therefore, some mechanoreceptors sensi-
tive to pressure can be linked to a sensitivity to extension. 
There are also free nerve endings in contact with its inser-
tions on the spinous processes [27], linked to a sensitivity to 
flexion.

 Which Pathways to the Spinal Root?

All these fibers will constitute the medial part of the dorsal 
branch of the spinal root. This medial branch also has a motor 
role, dedicated to a segmental innervation for the multifidus 
muscles inserted on the overlying vertebral lamina [26].

Each medial branch receives two articular branches, one 
called “ascending” from the overlying zygapophyseal joint, 
the other “descending” from the underlying zygapophyseal 
joint [28]. These branches join the medial branch of the dor-
sal root just before it passes beneath the mamillo-accessory 

Posterior arch innervation (left side view) ;
rounded ends correspond to the sensory branch origins
RD : Dorsal Root
1 : Medial branch
2 : Intermediate branch
3 : Lateral branch

RD

1

2
3

Fig. 4 Posterior arch innervation (side view); rounds correspond to the 
sensitive branch origins. RD Dorsal root. 1. Medial branch. 2. 
Intermediate branch. 3. Lateral branch
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ligament [26, 28]. The medial root then travels through the 
intertransverse ligament to the upper edge of the transverse 
process base. It joins the lateral root and sometimes an inter-
mediate root [26], both of which have an essentially motor 
role.

In order to better understand the referred pains of spinal 
column injuries, whether disco-corporeal or neural arch, one 
must be interested in the skin territories of these spinal roots. 
Of course, the ventral branch has sensory cutaneous fibers, 
which are evident from the description of the radiculalgia 
presented by patients as described by Déjerine. With regard 
to the dorsal roots, we have already reported the existence of 
these “innervation holes.” The work of Lazorthes and Zadeh 
demonstrated a cervico-thoracic hiatus between the C4 and 
Th2 roots and a lumbosacral hiatus between L3 and S3 [16]. 
On the other hand, all the dorsal roots between Th3 and L2 
reach the skin, which implies that the C4, Th3, and L2 roots 
have a very developed cutaneous territory, on the dorsal part 
of the neck and trunk.

 Clinical Anatomy

The “facet syndrome” has been well demonstrated; it has 
even been overexploited for the use of thermoablation treat-
ments for innervation pathways of the capsules of these zyg-
apophyseal joints.

Although the characteristics of zygapophyseal pain are as 
unspecific as discogenic pain, they have some specificities, 
particularly in their projections, explained by the progression 
of the innervation pathways. The most important is related to 
the somatic nature of this innervation: it is much more pre-
cise, even “punctual” in case of unilateral lesions. The patient 
can sometimes point to painful localization with one finger, 
while both hands are not sufficient to describe discogenic 
pain. In addition, each zygapophyseal joint being dependent 
of nerves that join two spinal roots, above and below, the 
painful projection will occur in the dermal territory of these 
two roots. Zygapophyseal pain is therefore very frequently 
marked by pseudo-radiculalgia, most often truncated in the 
proximal territory of the root [29]. However, this painful irra-
diation is much less precise than a true monoradiculalgia 
since it occurs in two root territories.

 Conclusion

The vertebral column presents a substantial intrinsic 
somatic and autonomic innervation, segmental and trans-
segmental, with obvious nociceptive capacities. It is essen-
tial to understand this innervation in order to perceive the 
numerous semiological traps constituted by spinal pain 
and radicular pain. One may be surprised at the lack of 
description of proprioceptive structures for so many joints. 

This lack is largely filled by the innervation of the many 
powerful paravertebral muscles that play an obvious role 
as proprioceptors.
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Spinal Vascularization

D. Liguoro and X. Barreau

The vascular anatomy of the spine and spinal cord provides 
the basis for understanding the vascular, traumatic and 
tumoural lesions involving this area. Understanding this 
anatomy is crucial to the treatment of lesions from both a 
surgical and an endovascular approach [1, 2].

If the arterial vascularization of the osseous and muscular 
envelopes of the spinal cord is rich since it comes from multiple 
metameric arteries, it is not the case for spinal cord arteries.

 Embryology [3, 4]

Early in gestation, 31 pairs of segmental vessels grow dor-
sally from the aorta to supply the developmental precursors 
of bone, muscle and nerve (Fig. 1).

 Spine

Embryological modifications occur at the different regions 
of the spine. The blood supply to each vertebra is similar at 
all spinal levels. It is divided to supply the vertebral body, 
pedicle, transverse process and spinous process.

In the cervical region, extraspinal anastomoses from 
between segments form the vertebral artery, the ascending 
cervical artery and the deep cervical artery. These vessels are 
located within ventral and dorsal to the transverse processes 
of the cervical vertebrae. Additional contributions from the 
ascending pharyngeal artery or occipital artery may be pres-
ent at the craniocervical junction.

In the thoracolumbar region, the constant origin of radic-
ular arteries from intercostal and lumbar arteries reflects the 
persistence of the segmental embryological arrangement. 
The vertebrae receive blood supply from lumbar arteries.

In the sacral region, the regression of the dorsal aorta 
forms the median sacral artery. This region is also supplied 
by the internal iliac vessels.

 Spinal Cord

The primitive arterial vascularization of the spinal cord relies 
on the dorsal aorta which gives off intersegmental arteries 
supplying the somites. Each intersegmental artery reaches 
the ventrolateral aspect of the developing spinal cord and 
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Fig. 1 Week 7, the branches of the dorsal aorta are evident in the tho-
racic region. (1) Visceral ventral segmental branch, (2) visceral lateral 
segmental branch, (3) intersegmental dorso-lateral branch, (4) dorsal 
branch of the intersegmental artery, (5) ventral branch of the interseg-
mental artery (intersegmental arteries from the aortic arch in the cervi-
cal region and intercostal and lumbar arteries in the thoracolumbar 
region)
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establishes longitudinal anastomoses at the capillary level 
with intersegmental arteries from the levels above and below.

During development, each radicular artery initially con-
tributes to both the ventral and dorsal spinal arteries. They 
also supply the spinal roots, dura mater, bony structures, and 
paraspinal musculature at each level. Then most of the seg-
mental branches regress.

Finally, 6–8 ventral branches of the radicular arteries con-
tinue to supply the entire axis of the ventral spinal artery; 
10–20 dorsal branches of the radicular arteries provide the 
blood supply to the dorsal spinal arteries. Of the 62 radicular 
branches, at the most 7 or 8 truly participate on the vascular-
ization of the spinal cord.

At the end of the third week, one can thus distinguish a 
fine longitudinal capillary network along each ventrolateral 
aspect of the spinal cord. The ventral aspect of the cord situ-
ated between the capillary network and the dorsal part of the 
spinal cord are still avascular at this stage.

Radicular arteries form by the division of the primitive 
intersegmental arteries into a ventral and a dorsal branch. 
The dorsal branches reach the dorsal aspect of the cord and, 
like their ventral homologues, form longitudinal anastomotic 
networks along the surface of spinal cord.

The dorsal radicular arteries give rise to two dorsal longi-
tudinal axes on each side. The larger one courses dorsal to 
the dorsal root. The other one, which is finer, forms laterally, 
between the dorsal and ventral nerve roots, in proximity to 
the dentate ligament. With time, the capillary bed over the 
ventrolateral surface of the spinal cord progressively extends 
to its ventromedial aspect.

Between the sixth and tenth weeks of gestation, a single 
ventral spinal artery forms. Whether this occurs by fusion of 
the two parallel ventral axes or by a process of partial oblit-
eration and remodelling of the primitive plexiform ventral 
axis is not clear. Incomplete fusion could explain why the 
ventral spinal axis is often fenestrated and sometimes dupli-
cated, whereas obliteration and remodelling might account 
for the commonly tortuous course of the ventral spinal artery.

By the tenth week, the vasculature of the spinal cord 
essentially corresponds to its postnatal configuration. After 
this period, only a few significant changes occur. The dorsal 
anastomotic chains are remodelled into two distinct dorsal 
spinal arteries. There is a significant reduction in the number 
of radiculomedullary arteries supplying the spinal cord, with 
a transition from a regular, symmetric and ubiquitous distri-
bution to an irregular and asymmetric distribution, a trans-
formation that is particularly marked at the level of the 
inferior third of the spinal cord.

The course of radiculomedullary arteries is modified: dur-
ing embryological development, the unequal growth of the 
spinal cord and the spinal column results in an apparent 
ascension of the cord relative to the column, a phenomenon 
that continues into postnatal life until about the age of 

12  months. Consequently, the radiculomedullary arteries 
assume an ascending course, which becomes more and more 
marked as one progresses in a caudal direction.

The number of ventral and dorsal spinal contributors 
detectable by macroscopic anatomy and angiography 
decreases with age, until the spinal vascularization seems to 
be derived from a few branches only, including the artery of 
the lumbar enlargement or artery of Adamkiewicz. It has 
been clearly shown, however, that at the macroscopic and 
microscopic levels, the ventral and dorsal spinal contributors 
are present at every single level throughout life. The apparent 
vascular distribution observed in the adult human results 
from the combination of functional adaptation (largest 
branches at the level of the largest neuronal masses) and 
senescence. These observations are clinically important, as 
they imply that each radicular artery has the potential to 
become a feeding branch for a vascular malformation.

The definitive adult vascular pattern forms in a cranial-to- 
caudal direction: fusion and medial displacement of the 
paired ventrolateral channels form the midline ventral spinal 
artery; dorsally, two channels coalescence from a pial net-
work on the lateral and dorsal surfaces to form the dorsal 
spinal arteries.

So, from early embryonic stages, these two intrinsic arte-
rial supplies to the spinal cord remain separated anatomi-
cally and functionally.

 Blood Supply of the Spinal Structures

 Prespinal Vessels

 Thoracic Aorta (Figs. 2 and 3)
The thoracic aorta extends from the termination of the aortic 
arch at the lower border of T4 to the lower border of T12. At 
T12, the thoracic aorta passes between the crura of the dia-
phragm and continues as the abdominal aorta. The first part 
of the thoracic aorta is situated to the left of the vertebral 
column. As the aorta descends, it approaches the front of the 
bony structures. At the diaphragm, it is almost in the midline. 
Initially the oesophagus is to the right of the aorta, then in 
front and finally near the termination of the oesophagus, 
slightly to the left.

The branches of the thoracic aorta are divided into vis-
ceral (pericardial, bronchial and oesophageal arteries) and 
parietal vessels (intercostal, superior phrenic and mediasti-
nal arteries) [5].

The intercostal vessels are located in the centre of the ver-
tebral bodies. Both right and left branches of the aorta supply 
each thoracic vertebra. There are 11 intercostal arteries and 
one subcostal artery arising from the aorta. But usually there 
are 10 pairs of intercostal arteries. The upper two interspaces 
are supplied by branches of the subclavian artery. The lowest 
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Fig. 2 (1) Right internal thoracic artery, (2) thoracic arch, (3) intercos-
tal artery, (4) aortic hiatus, (5) right middle adrenal artery, (6) celiac 
trunk, (7) superior mesenteric artery, (8) abdominal aorta, (9) inferior 
mesenteric artery, (10) common right iliac artery, (11) right internal 
iliac artery, (12) medial sacral artery, (13) left gonadal artery, (14) lum-
bar artery, (15) left renal artery, (16) left gastric artery, (17) lower left 
phrenic artery, (18) thoracic aorta and (19) right bronchial artery
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Fig. 3 (1) Ventral spinal artery; (2) occipital artery, (3) external carotid 
artery, (4) internal carotid artery, (5) ascending cervical artery, (6) common 
carotid artery, (7) vertebral artery and (8) deep cervical artery

intercostal artery is known as the subcostal artery and accom-
panies the twelfth rib.

The intercostal arteries differ on the two sides of the aorta. 
The arteries on the right side, especially the upper vessels, 
are longer than those on the left because the aorta lies to the 
left side of the vertebral column.

On the right side, the intercostal arteries course over the 
right side of the vertebral bodies, crossed by the thoracic 
duct, esophagus and major vena azygos, and covered by the 
pleura and lung.

On the left side, the upper two intercostal vessels are 
crossed by the left superior intercostal vein, and the next two 
are crossed by the accessory hemiazygos vein. The lower left 
intercostal arteries are crossed by the hemiazygos vein (minor). 
The left pleura and lung cover the left-sided arteries.

The intercostal arteries have two branches, ventral and 
dorsal:

• The ventral branches initially cross the vertebrae some-
what obliquely because of the downward direction of the 
ribs. They continue towards the angle of the rib. At the 

costovertebral articulation, they are crossed by the sym-
pathetic chain. The ventral branches are accompanied by 
a nerve and a vein to their termination between two inter-
costal muscles.

• The dorsal branches arise from the intercostal arteries 
opposite the space bounded by the transverse process of 
the vertebra above, the costal process below and the body 
of the vertebra medially. The dorsal branches travel 
towards the intervertebral foramen where they divide into 
a muscular and a spinal branch. The spinal branch enters 
the intervertebral foramen where it supplies ligaments, 
laminae, nerve roots, dura and the spinal cord [6].

 Abdominal Aorta (Fig. 4)
The abdominal portion is at the lower border of T12 and usu-
ally ends at approximately the level of the fourth lumbar ver-
tebra. At L4 the abdominal aorta divides into the right and 
left common iliac arteries. Initially the abdominal aorta is 
located centrally, but as it courses distally it slightly deviates 
to the left side [5].

The abdominal aortic branches are divided into three types: 
parietal (right and left phrenic arteries, and the four pairs of 
right and left lumbar arteries), visceral (celiac, mesenteric, 
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renal …arteries) and the terminal branches: the right and left 
common iliac arteries and the median sacral artery. However, 
this vascular bifurcation is variable and can occur anywhere 
from the upper half of L3 to the lower border of L5.

The eight lumbar segmental arteries (four on each side) 
arise from the dorsal aspect of the abdominal aorta. Because 
the aorta is situated somewhat to the left of the midline, the 
right lumbar arteries are longer than are those on the left 
side. These vessels pass through the middle and around the 
four upper lumbar vertebrae.

As the arteries curve around the bodies of the vertebrae, 
they pass beneath the sympathetic trunk. The upper two lum-
bar arteries course under the crura of the diaphragm. The 
right lumbar arteries pass beneath the vena cava, and the 

upper two on the right side are situated under the cisterna 
chyli. Both the right and left lumbar arteries are under the 
tendinous arch of the psoas muscles situated along the sides 
of the vertebral bodies.

The arteries continue under the psoas until they arrive at 
the interval between the transverse process of the vertebrae 
and the medial edge of the quadratus lumborum muscle. 
While the lumbar arteries are coursing under the psoas, they 
are accompanied by rami of the sympathetic chain and the 
lumbar veins. Ventral to the transverse process, the lumbar 
arteries are crossed by branches of the lumbar plexus. A fifth 
pair of lumbar arteries is often given off from the middle 
sacral artery opposite the fifth lumbar vertebrae.

Like the intercostal arteries, the lumbar arteries course to 
the foramen and divide into a dorsal vertebral branch and a 
ventral muscular branch. The ventral branch travels forward 
between the abdominal muscles and terminates by anasto-
mosing with other abdominal wall arteries.

The origin of the common iliac arteries usually occurs 
opposite the left side of the middle of the fourth lumbar ver-
tebra. They terminate opposite the lumbosacral articulation 
by dividing into the external and internal iliac arteries. The 
external iliac artery continues to the brim of the pelvis to the 
lower limb; the internal iliac artery descends medially. The 
right and left arteries differ in their relations to nearby 
structures.

Because of the bifurcation of the aorta a little to the left of 
the midline, the right common iliac artery is approximately 
5 cm long and the left one is 4 cm. The right common iliac 
artery is crossed in front by the ureter and the ovarian artery 
in the female, sympathetic nerve branches descending to the 
hypogastric plexus, the inferior mesenteric artery termina-
tion, the sigmoid colon and the sigmoid mesocolon. From 
behind, the right iliac artery lies on the right common iliac 
vein, the end of the left common iliac vein and the beginning 
of the vena cava. These venous structures separate it from the 
fourth and the fifth vertebra and the L4L5 interspace. To the 
right of the right iliac artery are located the inferior vena 
cava, the termination of the right iliac vein and the psoas. 
Along the left border of the right common iliac artery are 
seated the right common iliac vein, the end of the left com-
mon iliac vein, and the superior hypogastric plexus [7].

The shorter left common iliac artery is crossed in front by 
the ureter, the ovarian artery in the female, branches of the 
sympathetic nerve and termination of the inferior mesenteric 
artery, the sigmoid colon and the sigmoid mesocolon. 
Located behind the left common iliac artery are the lower 
border of the fifth lumbar vertebra, the L4L5 disc space, the 
body of L5 and the L5S1 disc interspace. To the left of the 
left common iliac artery is the psoas muscle. On the right 
side of the artery are the left common iliac vein, the hypogas-
tric plexus and the middle sacral artery.
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Fig. 4 (1) Ventral spinal artery, (2) intercostal artery, (3) lumbar artery, 
(4) abdominal aorta, (5) artery of lumbar intumescence (Adamkiewicz), 
(6) internal iliac artery, (7) Desproges- Gotteron artery, (8) lateral sacral 
artery, (9) median sacral artery and (10) artery of the filum
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The artery of Adamkiewicz, the great radicular artery, usu-
ally enters the vertebral canal between T7 and L4. Its greatest 
sites of location are between T9 and T11 on the left side [8, 9].

 Blood Supply of the Vertebral Structures 
(Figs. 5 and 6)

 The Vertebral Body [10, 11]
At the cervical level, the vascularization is provided by the 
ascending branches of the right and left subclavian arteries: 
lower thyroid artery, ascending cervical artery, deep cervi-
cal artery. They are organized in three axes: prevertebral 
(thyroid and ascending cervical arteries), latero-vertebral 
(vertebral artery) and dorsal (deep cervical artery). These 

three axes are largely anastomosed between each other and 
ensure vascularization to the vertebrae.

At the thoracic and lumbar level, the blood supply is 
derived from the intercostal and lumbar arteries.

The vertebral body is fed by two arterial groups:

• a prevertebral group formed by the artery of the vertebral 
body and the periosteal branches.

• an intracanalicular group formed by the ventral spinal 
canal branch.

The Ventral Group
It is formed of multiple small periosteal branches coming 
from the trunk of the intercostal artery which vascularize the 
peripheral portion of the ventral and lateral sides of the ver-
tebral body.

The aorta lies laterally on the left side and its particular 
position accounts for the differences observed according to 
side and level. These are periosteal branches numbering 
between two and four per intercostal artery on the right side, 
and often less numerous on the left side where they arise 
lateral to the insertion of the ventral longitudinal ligament.

According to the course they take, three types of different 
vessels may be distinguished:

• ascending vessels arising from the superior surface of the 
intercostal artery and passing superiorly. They divide into 
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Fig. 5 (Dorsal view) (1) Basilar artery, (2) vertebral artery, (3) ventral 
spinal artery and (4) dorsal spinal artery
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Fig. 6 (1) Thoracic aorta, (2) posterior intercostal arteries, (3) dorsal 
branch, (4) ventral branch, (5) root artery, (6) retrovertebral artery,  
(7) medial muscular branch and (8) lateral muscular branch
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several periosteal branches which supply the superior half 
of the vertebral body, may give an anastomotic branch to 
the descending artery of the vertebral body which arises 
from the suprajacent intercostal artery.

• descending vessels which originate from the inferior sur-
face of the intercostal artery pass downwards and give off 
periosteal branches to supply the inferior half of the ver-
tebral body.

• recurrent arteries usually arising from the superior surface 
of the intercostal artery, and which pass superiorly then 
transversely and medially, and may anastomose with the 
corresponding artery on the opposite side.

While all three arrangements may be met at the thoracic 
and lumbar level, such is not the case in the superior thoracic 
spine where the branches to the vertebral bodies arise from 
the ascending segment of the trunk of the intercostal artery, 
and ascend vertically before penetrating the corresponding 
vertebrae at the level of the ventral intercostal artery without 
giving off any collaterals.

The Dorsal Group
The dorsal group provides the majority of the vascularization 
of the vertebral body and comes from the ventral branch of 
the retrocorporeal artery via two perforating branches which 
penetrate the vertebral body through its vascular hilum 
whose branches vascularize the dorsal side of the vertebral 
body and most of the central corporeal region.

This group is formed by the anastomotic network 
behind the vertebral body. The ventral spinal canal branch 
arises from the dorsospinal artery close to its origin, either 
in isolation or more frequently via a common trunk with 
the radicular artery. In certain cases, they may originate 
directly from the trunk of the intercostal artery in front of 
the origin of the dorsal branch. This anatomical arrange-
ment is a relatively frequent finding at the lumbar and 
superior dorsal levels.

The ventral spinal canal branch runs a descending and 
oblique course downwards and medially following the curve 
of the ventral surface of the spinal nerve as it passes out of the 
intervertebral foramen at a variable distance on the spinal pro-
cess. Once it has penetrated the spinal canal, it divides into a 
large ascending branch and more slender descending branch.

 – The ascending branch passes obliquely upwards and medi-
ally, on the dorsal surface of the vertebral body, passes 
beneath the dorsal longitudinal ligament and then divides 
at the level of the central part of the vertebral column into 
several branches: an anastomotic branch to the descending 
branch of the subjacent intercostal artery, another one to 
the retrovertebral artery on the other side and several intra-

osseous branches which penetrate the body of the verte-
brae via the basivertebral foramen (of Hann).

 – Among the several variations which can exist, it is worth 
pointing out the isolated origin of the descending branch 
directly from the trunk of the dorsospinal artery or even 
one of its terminal branches. In this case, this branch 
passes behind the spinal nerve, crossing its inferior sur-
face to reach the ventral or inferior part of the interverte-
bral foramen.

 The Costovertebral Joint
The costovertebral vascularization is fed by branches com-
ing from the ventral branch of the intercostal artery and the 
two branches coming from the dorsospinal artery during its 
passage through the paravertebral space.

There are two distinct vascular sources:

• a transverse branch from the ventral intercostal artery of 
very slender calibre, it arises from the superior surface of 
the ventral intercostal artery near to its origin, sometimes 
from the first perforating branch in its proximal segment. 
It ascends vertically and then it is just near the inferior 
border of the rib as far as the medial extremity of the 
transverse process.

• branches arising from the supra and subjacent dorsal 
arteries during their course in the paravertebral gutter, 
providing a blood supply to the posterior surface of the 
transverse process.

 The Dorsal Arch
The dorsal arch receives a double blood supply:

 – the intracanalicular portion supplied by an arterial net-
work situated in the epidural space and formed by 
branches of the dorsal spinal canal branch;

 – the dorsal portion supplied by branches of the medial 
muscular branch of the dorsospinal artery.

Intracanalicular System
It is formed by the dorsal spinal canal artery and its branches. 
It arises from the trunk of the dorsospinal artery after the 
radiculomedullary artery, or sometimes via a common trunk 
with it, but rarely from a branch of division of the dorsospinal 
artery. It penetrates the spinal canal by passing through the 
intervertebral foramen, behind the spinal nerve and then runs 
a variable course in the epidural space and terminates on the 
median line with respect to the origin of the spinal process in 
anastomosing with its counterpart from the opposite side.

It gives several branches to the dorsal arch:
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• a vertical anastomotic branch with its adjacent neighbour 
situated above and just medial to the articular process. Its 
situation is more lateral than that of the retrovertebral 
anastomoses.

• an osseous branch which is constant and which supplies 
the lamina.

• a branch penetrating the root of the spinal process in the 
median line.

Dorsal System
Its blood supply is assured by branches coming from the 
medial muscular branch of the dorsospinal artery. The latter 
is easily identified by virtue of its course which is practically 
identical at all levels: it passes firstly medially, just near the 
lamina, then on reaching the root of the spinous process, it 
becomes oblique downwards and dorsally, running the length 
of the spinous process. At the point of the spinous process, it 
anastomoses with a branch of its subjacent neighbour.

During its course it gives off several osseous branches:

• periosteal branches assuring the blood supply to the dor-
sal surface of the lamina and spinal process.

• a branch to the intervertebral joint. It arises from the ini-
tial part of the medial muscular branch and its short verti-
cal course behind the articular process is characteristic. 
This latter branch is bigger at the lumbar level than at the 
thoracic one.

 The Intervertebral Foramen [6]
The intervertebral foramina, regardless of the segment con-
sidered, are traversed by nerve roots and also by veins and 
arteries, some going to the spinal cord. The radicular arteries 
vary in position, number, calibre and division, some of them 
feed the spinal cord.

In the cervical intervertebral foramen, the nerve roots are 
usually located at or below the disc plane, protected from it 
by the uncus.

The lumbar intervertebral foramen has two parts, one 
superior and rigid, where nerve components pass and usually 
the radicular or radiculomedullary arteries; the other inferior 
part is more mobile and exposed to disc changes. It is diffi-
cult to categorize the veins, which can be found in both parts.

 Blood Supply of the Spinal Cord (Figs. 5, 7 and 8)

 The Radiculomedullary Arteries
The radiculomedullary arteries supply the spinal cord, the 
spinal roots, dura and bony wall of the spinal canal. These 
vessels give off a branch that enters the intervertebral fora-
men and then divides into a vertebral branch supplying the 

vertebral body and a radicular branch that pierces the dura 
and accompanies the spinal nerve root. The radicular branch 
further divides into ventral and dorsal radicular branches, 
coursing along the ventral and dorsal nerve roots, 
respectively.

The longitudinal spinal axes are supplied by segmental 
vessels at various spinal levels. They are referred to as radic-
ulomedullary arteries in order to distinguish them from 
radicular arteries that merely supply the nerve roots and do 
not contribute to the longitudinal spinal axes, and from radic-
ulomeningeal arteries that supply the nerve root as well as 
the nerve root sleeve and adjacent dura. These arteries are 
classified depending on their contribution to the spinal cord:
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Fig. 7 (Ventral view) (1) spinal nerve, (2) intervertebral foramen and 
dura mater, (3) ventral spinal artery, (4) dorsal spinal artery, (5) ventral 
radicular artery, (6) dorsal radicular artery; (7) radicular artery and (8) 
segmental artery
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Fig. 8 (1) Dorsal spinal artery and (2) ventral spinal artery
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 – Radicular arteries only supplying the nerve root and dura.
 – Radicular arteries supplying the nerve roots, the dura and 

the dorsal spinal arteries.
 – Radicular arteries following the ventral surface of the spi-

nal cord, bifurcating at the midline into ascending and 
descending branches, which ultimately form the ventral 
spinal artery.

There are also intersegmental anastomoses along the ven-
trolateral aspect of the vertebral body and adjacent to the 
transverse process. Each segmental artery is connected to the 
neighbouring segmental artery via these anastomoses. Thus, 
the anastomotic network around the spine necessitates inves-
tigation of the two adjacent vertebral levels above and the 
two below a tumour to exclude a potential shunt between the 
segmental arteries.

Of the 62 left and right radicular branches, only a few of 
these segmental vessels provide a significant contribution 
to the ventral and dorsal spinal axes. The course of radicu-
lar branches at the cervical level is relatively horizontal 
while their trajectory becomes progressively steeper as 
one progresses in a caudal direction. The radiculomedul-
lary arteries divide into the ventral and dorsal radiculom-
edullary arteries which accompany the ventral and dorsal 
nerve roots. At the spinal cord level, they divide into a 
prominent descending branch and a smaller ascending 
branch that both join the longitudinal axis. This results in 
a prominent cranial loop with the typical “hairpin” appear-
ance on angiography. The cranial loop has a wider angle in 
anterior radiculomedullary arteries than in the posterior 
ones (Fig. 9).

 – 6–8 ventral radiculomedullary arteries make functional 
connections to the ventral spinal artery.

 – The number of ventral radiculomedullary arteries is 
extremely variable between individuals and at various 
spinal cord levels.

 – 11–20 dorsal radiculomedullary arteries (also called the 
radiculopial arteries) supply the dorsal spinal arteries. 
The junctions between the dorsal radiculomedullary arter-
ies and the dorsal spinal arteries also exhibit a character-
istic hairpin configuration, but the dorsal arterial junctions 
are located off the midline. Dorsal radiculomedullary 
arteries are more numerous and have a smaller diameter 
than their ventral counterparts, but their number is 
variable.

Radiculomedullary arteries are usually asymmetric and 
reach the cord from either the left or the right side, but gener-
ally not from both sides at the same segmental level. In those 
rare instances in which arteries from both sides join the ven-
tral spinal artery at the same segment, a diamond-shaped pat-
tern may occur. This pattern is most often observed 
angiographically in children. Similarly, it is either the ventral 
or the dorsal vessel that reaches the cord but generally not 
both vessels at the same level.

When ventral and dorsal spinal contributors are provided 
by the same radicular artery, the variant takes the name of an 
artery of Lazorthes.

At the Cervical Level
The radiculomedullary arteries arise from the vertebral artery 
and the ascending and deep cervical arteries. A prominent 

a b
Fig. 9 Radiculomedullary 
artery and angiography
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radiculomedullary artery, called the artery of the cervical 
enlargement, is present at the level of cervical vertebrae C5 or 
C6. This artery originates from the vertebral artery. However, 
as a variant, it can also originate from the branches of the cos-
tocervical and thyrocervical trunk. Additional contributions 
may be present from anastomoses with the external carotid 
artery via the occipital and ascending pharyngeal arteries.

In the upper cervical region (C1–C3), ventral radiculom-
edullary arteries are generally rare or absent because blood 
supply is provided by the two ventral spinal rami from the 
distal vertebral arteries.

At the Thoracolumbar Level
The radiculomedullary arteries arise from the supreme inter-
costal, dorsal intercostal and lumbar arteries. The blood sup-
ply to the sacrum and the cauda equina is via the lateral 
sacral and the iliolumbar arteries from the internal iliac 
artery. The ventral and dorsal spinal arteries are connected 
through a basket-shaped anastomotic network at the level of 
the conus medullaris.

From the dorsal intercostal and lumbar arteries, the dorso-
spinal branch divides at the level of the neural foramen into 
the radicular artery and the muscular branch. The muscular 
branch continues dorsally to the neural foramen and supplies 
the paraspinal musculature. The radicular artery enters the 
spinal canal and divides into the ventral and dorsal branches, 
each of which further divides over the surface of the spinal 
cord into the ascending and descending rami. The radicular 
artery also provides somatic branches which supply the ven-
tral and dorsal bony walls of the neural canal.

The Great Ventral Radiculomedullary Artery  
(The Artery of Adamkiewicz)
It is the largest radiculomedullary artery in the thoracolum-
bar region, and it is the major supplier of blood to the ventral 
spinal artery at the lower thoracic and upper lumbar levels. 
This artery characteristically makes a sharp hairpin, turn 
caudally as it joins the ventral spinal artery. In 75% of indi-
viduals, this artery arises at T9–T12 vertebral level most 
often on the left side. When it arises above the T8 or below 
L2 level, there is usually a second major radiculomedullary 
arterial supplying the ventral spinal artery. Half of the 
patients have a blood supply from two ventral radiculospinal 
arteries supplying the thoracolumbar region, a little less than 
half of the patients from a single one, and rarely from three 
arteries.

Other Variations
Bilateral lower lumbar vessels may arise from a common 
midline trunk. Another variation, usually seen in the thoracic 
region, is a common intersegmental trunk in which the ipsi-
lateral segmental arteries serving two adjacent vertebral lev-
els arise from the same trunk.

In a complete intersegmental trunk, each segmental artery 
provides a dorsospinal branch; however, in an incomplete 
intersegmental trunk, one of the segmental arteries lacks the 
dorsospinal branch, which emerges directly from the aorta. 
Recognition of a dorsospinal branch that emerges directly 
from the aorta is important because the dorsospinal branch 
usually provides a radiculomedullary branch to the ventral 
spinal artery. An intercostal artery providing a radiculomed-
ullary artery may arise from an intercostobronchial trunk 
together with the bronchial artery. The intercostobronchial 
trunk is more often on the right side.

 The Longitudinal Arterial Axis
The blood supply of the spinal cord can schematically be 
divided into three longitudinal vascular axes, supplied by 
segmental vessels at various levels of the spinal cord, which 
comprise the ventral spinal artery and the two dorsal spinal 
arteries. At the upper cervical level, an additional paired lon-
gitudinal artery called lateral spinal arteries exists.

Ventral Spinal Artery
There are only 6–8 ventral branches of the radicular arteries 
along the length of the spine. The distribution of these 
branches enables the distinction of three large arterial areas. 
The anterior spinal artery is not continuous, for in the mid-
thoracic region there exists a critical narrow zone.

• The cervicothoracic region extends from the cervicome-
dullary junction to the first two or three thoracic 
segments.

• The vascularization of the superior cervical segments is 
provided by the ventral artery descending from the intra-
cranial vertebral arteries and rarely going below the 4th 
cervical segment. This ventral artery results from the 
junction of two small ventral spinal rami originating 
from the intracranial portion of each vertebral artery. 
These rami course ventromedially to form a single 
descending channel that runs along the ventral sulcus of 
the spinal cord. There is often an asymmetry in calibre 
of these two rami and it is not unusual to see the ventral 
artery as the continuation of a single vertebral artery 
branch. The newly formed vessel runs in the subpial 
space of the ventral sulcus, dorsal to the ventral spinal 
veins, and has a fairly straight course, although deflec-
tions towards the junction of the segmental feeding ves-
sels may occur.

• The artery of cervical enlargement that accompanies the 
C6 nerve root arises from the deep cervical artery.

• The lower segments are supplied by an artery descending 
from the costocervical trunk. This region has multiple 
vascular collaterals which originate from the vertebral 
arteries and from branches of the costocervical or thyro-
cervical trunks.
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The diameter of the ventral spinal artery generally gradu-
ally gets narrower down at the upper thoracic level but 
increases in size immediately below its junction with ventral 
radiculomedullary arteries.

• The midthoracic region comprises the vertebral segments 
from T4 to T8.

This region has a smaller blood supply and most often, 
only one radiculomedullary artery supplies the ventral spinal 
artery in this region, usually arising at the T4 or T5 level. 
This region is the border zone between the midthoracic and 
thoracolumbar regions and is particularly vulnerable to isch-
emia when one of the functional radiculomedullary arteries 
is occluded.

• The thoracolumbar region extends from the T8 segment to 
the conus medullaris.

A single large vessel usually supplies this region, com-
monly referred to as the artery of Adamkiewicz. It usually 

enters from T9 to T12 and is on the left in almost 75% of 
individuals. In about 10%, the vessel originates at a lower 
level and accompanies the L1 or L2 nerve roots. In 15% the 
major artery enters from T5 to T8. In these cases, an addi-
tional branch feeds the anterior spinal artery in the region of 
the conus medullaris.

At the level of the conus, there is a constant anastomo-
sis uniting the ventral spinal and the two dorsal spinal 
arteries. This “anastomotic loop for the conus medullaris” 
is constant. Several sacral radicular branches converge on 
its convexity. Desproges-Gotteron describe a radiculomed-
ullary artery following the L5 root in the L5S1 foramen; in 
case of compression by herniation, tumour or after forami-
nal infiltration, we can observe conus medullaris ischemia 
(Fig. 10) [12].

Dorsal Spinal Arteries
These paired arteries represent the major blood flow located 
on the dorsal surface of the spinal cord. They run parallel to 
each other adjacent to the origins of the dorsal nerve roots.

Compression of the radiculo-medullary artery
of Desproges-Gotteron by an herniation

Conus medullaris ischemia

Fig. 10 The radiculo-
medullary artery of 
Desproges-Gotteron (Crock)
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These two arteries, which are about a third of the size of 
the ventral spinal artery, generally originate from the inferior 
or dorsal aspect of the vertebral artery, near but proximal to 
its point of dural penetration, or alternatively from the poste-
rior inferior cerebellar artery (PICA)

When the dorsal spinal artery originates from the verte-
bral artery, it takes, with the vertebral artery, a parallel 
ascending course until they reach the lateral surface of the 
medulla oblongata. The vertebral artery then passes over the 
ventral aspect of the pontomedullary junction, while the dor-
sal spinal artery turns dorsolaterally and, after a sharp curve, 
courses caudally along the dorsal aspect of the spinal cord. 
At the apex of the curve, the dorsal spinal artery generally 
gives off an ascending branch that anastomoses with the 
PICA at the level of the restiform body.

Ten to twenty feeders contribute to the dorsal spinal artery 
at various levels throughout the spine. The most cephalad 
feeding artery originates from the intradural vertebral 
arteries.

Transverse connections across the dorsal surface of the 
spinal cord connect the paired dorsal spinal arteries.

In contrast, no significant arterial anastomoses are present 
over the lateral surface of the spinal cord. Only at the conus 
medullaris do the dorsal spinal arteries encircle the spinal 
cord to join the ventral spinal artery.

Lateral Spinal Artery [13]
For a long time, authors have described an artery ventral to 
the dorsal cervical root and have named it “the lateral spinal 
artery”. But this artery was presented as an anatomical 
variation.

Lasjaunias et al. have described the so-called lateral spi-
nal artery. It originates lateral to the medulla, from either the 
PICA or the intradural vertebral artery. It then courses cau-
dally, running parallel to the spinal component of the 11th 
cranial nerve, dorsal to the dentate ligament, and ventral to 
the dorsal spinal nerve roots to C4. The collaterals of this 
artery supply the 11th cranial nerve and the lateral and dorsal 
surface of the spinal cord via the C1–C4 spinal nerves. The 
artery terminates at C4 or C5  in the classical dorsolateral 
arterial axis, dorsal to the dorsal roots of the spinal nerves.

The lateral spinal artery anastomoses rostrally with the 
PICA branches at the level of the restiform body, with the 
extradural arteries arising from the vertebral or occipital 
arteries at each metameric level (particularly C2), and with 
the contralateral system dorsally.

The normal variations of the lateral spinal artery that have 
been recorded correspond to a transfer of certain branches of 
the embryonic lateral spinal artery by a combination of spon-
taneous regression and persistence of specific arterial chan-
nels within the vascular network of the neural tube. The 
metameric arteries of the region (first, second and third seg-

mental arteries) play an important role in the persistence of 
either the extradural intersegmental anastomosis for the 
future vertebral artery (the vertebral artery represents the 
persistence of six to seven consecutive intersegmental arter-
ies) or the intradural intersegmental anastomosis (future lat-
eral spinal artery).

 Intrinsic Spinal Cord Vascularization
The fixed nature of the intramedullary arterial distribution 
contrasts with the variability of the afferent arterial supplies.

Two groups of arteries arise from the ventral spinal artery 
and dorsal spinal arteries and directly supply the neural tis-
sue: the central sulcal arteries or sulcocommissural arteries, 
and peripheral arteries.

Central Arteries
At each segmental level, the ventral spinal artery gives off a 
central branch which reaches, via the ventral median fissure, 
the ventral white commissure of the spinal cord, and then 
turns laterally to one side to enter the grey matter of the ven-
tral horn. These arteries constitute the so-called centrifugal 
system (of Adamkiewicz). Arteries going to the right gener-
ally alternate irregularly with arteries going to the left. 
Sometimes, a common stem giving rise to a left and a right 
central artery can be observed, and this most frequently 
occurs at the lumbar and sacral levels.

On reaching the grey matter, central arteries divide into an 
ascending and a descending branch that extend upwards and 
downwards so that there is a considerable overlap at the cap-
illary level.

Central arteries are generally particularly large, numerous 
and densely packed in the regions of the cervical and lumbar 
enlargement of the cord.

Peripheral Arteries
The ventral spinal artery and the dorsal spinal arteries each 
give off small lateral pial branches that run along the circum-
ference of the cord and constitute the “centripetal system” 
(of Adamkiewicz).

They give off perpendicular branches that penetrate the 
spinal cord at right angles and supply the outer rim of the 
spinal cord.

• In the cervicothoracic area, the superficial anastomotic 
network is rich and the central arteries are large and 
numerous.

• In the midthoracic area, the superficial anastomotic net-
work is poor. The central arteries are small in diameter, 
few in number and spaced out.

• In the thoracolumbar area, the superficial anastomotic 
network is rich. The central arteries are large in diameter 
and numerous.
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The lack of collaterals between the ventral spinal artery 
and dorsal spinal arteries functionally separates these 
 vascular territories. The perimedullary anastomotic system 
appears insufficient while intramedullary anastomoses are 
without functional value. The grey–white junction represents 
a potential vulnerable zone.

The territories of the central arteries and peripheral arter-
ies overlap in an area consisting of the inner portion of the 
white matter and the outer edge of the grey matter (except for 
the dorsal halves of the post horns, which are supplied by 
peripheral arteries). The widest overlap exists in the dorsal 
and lateral columns.

Anastomotic Arterial Pathways [14]
The “substitution pathways” of the arterial vascularization of 
the central axis of the nervous system are laid out on several 
anastomotic levels.

Anastomoses of the Afferent Arterial Supply
Superior or Cervicothoracic Area
There are not only the two or three arteries issuing from the 
vertebral arteries and that coming from the costocervical 
trunk but also the occipital, deep cervical and ascending cer-
vical arteries.

The vertebral artery anastomoses with collaterals of the 
ascending and deep cervical arteries and collaterals of the 
occipital artery. These anastomoses constitute a “suboccipi-
tal arterial crossroads”, and they have a potential value in 
case of deficiency of one vertebral artery.

Midthoracic Area
The arterial supply comes from one of the midthoracic spinal 
branches.

• The dorsal spinal branches are united by their different 
collaterals.

• The artery destined for the vertebral body anastomoses, 
within the vertebra itself, with its supra and subjacent 
homologues and also the contralaterals.

• The branch that penetrates the spinal canal through the 
intervertebral foramen anastomoses within the dorsal lon-
gitudinal ligament and vertebral body with the homolo-
gous supra and subjacent branches, but particularly with 
the contralateral homologous branch.

• The terminal branches of the dorsal arteries which spread 
out within the adjacent muscular mass also anastomose 
widely with the supra and subjacent homologues.

Throughout the length of the vertebral column, there is a 
longitudinal substitution pathway situated within these mus-
cular masses from the nuchal to the lumbar region.

Thus, substitution pathways exist between the arterial 
blood supplies, not only in the midthoracic area of the spinal 

cord but throughout the length of the vertebral column. It is 
impossible to estimate their functional value.

Thoracolumbar Area
The artery of the lumbar enlargement may be compensated 
for by other arteries, probably non-functional in the physio-
logical state.

Outside the vertebral column, there are arterial anastomo-
ses analogous to those found in the cervical and thoracic spi-
nal cord. From occiput to sacrum, horizontal anastomoses 
unite the vertebral branches of cervical, thoracic and lumbar 
arteries and vertical anastomoses unite the dorsal muscular 
branches of these arteries.

Inside the spine, some sacral spinal branches that lead to 
the communicating branch of the conus medullaris certainly 
have even greater functional value. There are one or two 
arteries for each root of the cauda equina. The branches 
accompanying these roots enter the ventral and dorsal spinal 
arteries, respectively.

Peri-Axial Anastomoses
The periaxial anastomoses unite the ventral and dorsal spinal 
arteries. There is no continuous perimedullary longitudinal 
substitution pathway. The three areas are functionally iso-
lated because there is a poor vascularization in the midtho-
racic area where anastomoses are more or less present.

Intra-Axial Anastomoses
The central arteries sometimes anastomose with their neigh-
bours by vertical branches situated within the grey matter. 
Only a few very fine and non-functional anastomoses unite 
the terminal branches of the central arteries and those of the 
radial arteries (Fig. 11).

 Venous Drainage of the Spinal Structures 
(Figs. 12 and 13)

 Intra-Vertebral Venous Network

 Medullary Venous Network
It is made of central veins which present a radiating position 
and run off, via horizontal perimedullary veins, into two 
principal veins, the ventral spinal vein and the dorsal spinal 
vein, whose gauge is very variable.

 – the ventral spinal veins lead into the ventral median spinal 
sulcus, accompanying the ventral spinal artery, and drain 
the anterior quarter of the spinal cord. This ventral drain-
age consists of three parallel, longitudinal veins, and 
appears to be continuous from the cephalic to the caudal 
extremity of the spinal cord.
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 – the dorsal spinal veins, with a larger gauge, are often 
bulkier at the level of the cervical or lumbar spinal 
enlargement. These veins can be duplicated in the cervi-
cal area. They drain the posterior three-quarters of the spi-
nal cord. The dorsal drainage consists of three veins: two 
travel with the dorsolateral spinal arteries and one courses 
in the midline in the dorsal median sulcus.

These veins anastomose forming a superficial venous net-
work on the surface of the spinal cord. These superficial veins 
give rise to the dorsal and ventral radicular veins which accom-
pany the nerve roots as they exit the intervertebral foramen.

 Intradural Drainage
There are a varying number of ventral and dorsal radiculom-
edullary veins. Usually, there are 2 or 3 radiculomedullary 
veins in the cervical area, one at the upper dorsal level, one 
at the middle dorsal level, 2 at the level of the conus medul-
laris and one in the lumbar area (filum vein). These veins run 
into the intraspinal plexuses.

The ventral and dorsal contributions of the internal venous 
system form a confluence at the intervertebral foramen. Two 
veins course along the upper and lower pedicle, completely 
surrounding the nerve root.

a b

c

d

Fig. 11 (a–c) Dural fistula at 
T11 on the right, at the level 
of the intervertebral foramen, 
with a very fast filling of the 
perimedullary veins. It is 
observed that Adamkiewicz’s 
artery is on the opposite side, 
at t11 on the left. At the 
injection at l1, an anastomosis 
between the foraminal artery 
in t12 and the fistula is 
observed, the anastomosis is 
indirect and there is only one 
afferent to the fistula. (d) 
Final radiograph after 
embolization of the fistula 
(with onyx)

Spinal Vascularization



440

 Extradural Plexuses [15, 16]
This internal venous system forms a “ladder-like” network 
along the dorsal aspect of the vertebral bodies, which tends 
to be particularly prominent on the upper cervical and lum-
bar regions. At sites where the vessels cross-connect, they 
receive a large feed from the basivertebral sinus. Very little 
venous drainage occurs around the disk space. The ventral 
half of the epidural venous plexuses is larger and more regu-
lar than the dorsal half.

An extensive network of anastomosing, interconnecting 
and extradural venous channels extend from the base of the 
skull to the sacrum. However, the organization or the ventral 
and dorsal vertebral venous plexuses is different according to 
the level of the spine.

• The ventral internal vertebral venous plexus is found 
throughout the length of the spine. It consists of two lon-
gitudinal veins each located in the lateral part of the spinal 
canal and joined at the midline by retrocorporeal anasto-
motic veins. These veins are horizontal and located half- 
way up behind the vertebral bodies, which they drain 
through a basivertebral vein, but only from the third cervi-
cal vertebra.

 – At the cervical level, the ventral plexus cannot be seen 
in the medial part of the canal, being located more 
laterally behind the dorsal longitudinal ligament. 
Behind C2, the retrocorporeal vein is particularly 
enlarged and is butterfly-shaped.

 – At the thoracic level, the longitudinal veins are more 
voluminous and extend laterally and medially. Usually, 
they are juxtaposed. They remain behind the dorsal 
longitudinal ligament, but the retrocorporeal veins 
which join them become more ventral and are located 
in front of the dorsal longitudinal ligament, just behind 
the vertebral body.

 – At the lumbar and sacral levels, the ventral plexus is 
large. The ventral longitudinal veins consist of several 
sinusoidal venous channels forming wide lakes of 
venous plexus. So, the dorsal plexus does not display 
two veins and becomes plexiform.

• The dorsal internal vertebral venous plexus is related to 
the ventral one by anastomotic veins. It cannot be seen at 
the cervical level. It appears at the thoracic level as nar-
row channels located in the angle between the laminae 
and pedicles. At T1 level, an oblique anastomosis joins 
the dorsal aspect of the ventral plexus, goes backwards 
and downwards to the dorsal plexus.

A horizontal anastomosis is found between the ventral 
and dorsal plexuses at each segmental level. Another nar-
rower anastomosis located in front of the superior third of the 
lamina joined both dorsal plexuses.
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Fig. 12 (1) Inferior vena cava, (2) lumbar vein, (3) ascending lumbar 
vein, (4) intervertebral vein, (5) transverse retrocorporeal venous plexus 
(ventral internal venous plexus or ventral epidural venous plexus), (6) 
epidural dorsal venous plexus, (7) basivertebral vein and (8) external 
dorsal venous plexus
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Fig. 13 (1) Right internal jugular vein, (2) right internal thoracic vein, 
(3) superior vena cava, (4) azygous vein, (5) inferior vena cava, (6) 
hepatic veins, (7) right renal vein, (8) right ascending lumbar vein, (9) 
right common iliac vein, (10) lumbar vein, (11) hemi-azygous vein, 
(12) accessory hemi-azygous vein, (13) superior left intercostal vein 
and (14) vertebral vein

D. Liguoro and X. Barreau



441

These ventral and dorsal internal venous plexuses are 
joined to the external vertebral venous plexuses by two veins 
through the intervertebral foramina.

• At the cervical level, there is a wide venous flow made of 
a voluminous superior vein and a smaller inferior one. 
The spinal roots are masked by the veins which have a 
horizontal course to the vertebral vein.

• At the thoracic level, there are two veins, both cross the 
spinal roots with an upward course.

• At the lumbar level, the intervertebral foramen is wide 
and the two veins are separate. The superior vein is located 
in the superior part of the foramen, while the inferior vein 
is located in its inferior part. Only the inferior vein crosses 
the spinal nerve root, with an oblique downward course.

 Extra-Vertebral Venous Network

Vertebral veins and perivertebral venous plexuses communi-
cate with the internal system through the ligamentum flavum 
at each spinal level. The dorsal vertebral arches are drained 
by a central vein of the spinous process and veins of the lam-
ina. These vessels drain towards the pedicles and also anas-
tomose with the internal and external plexuses.

 Vertebral Veins
The cervical vertebral vein accompanies the vertebral artery 
in the transverse process foramen in the upper cervical verte-
brae, emerges from the transverse process foramen of the 
sixth cervical vertebrae, joins the deep cervical vein, 
descends laterally, then drains into the upper portion of the 
brachiocephalic vein. Just below the sixth vertebra, the ver-
tebral vein is adjacent to the vertebral artery located ventro- 
laterally to the musculus longissimus coli.

The bilateral vertebral veins are united with the epidural 
venous plexus via the intervertebral veins, in which the blood 
flow may be reversed.

 Perivertebral Venous Plexuses
Perivertebral venous plexuses in and around the lower cervi-
cal and upper thoracic vertebrae communicate with each 
other. In addition, anastomoses exist between the vertebral 
venous system and the azygos and oesophageal veins.

 Ventral External Plexuses (Longitudinal 
Prevertebral Vein)
Two longitudinal prevertebral veins are located medially to 
the musculus longissimus coli on the anterior surface of the 
cervical vertebrae and anastomose with the vertebral veins 
on each side.

There are stepladder-like anastomoses between the bilat-
eral vertebral veins at the ventral aspect of the cervical 
vertebrae.

 Dorsal External Plexuses (Deep Cervical 
and Dorsal Intercostal Veins)
The deep cervical vein receives tributaries from the deep 
muscles at the back of the neck, runs forward above the neck 
of the first rib, and terminates in the lower part of the verte-
bral vein.

The bilateral deep cervical veins are united with each other 
via the plexuses around the spinous process of the cervical 
vertebrae and also anastomose with the dorsal intercostal vein.

Those veins form a venous plexus on the dorsal surface of 
the laminae and the spinous and transverse processes of 
vertebrae.

In Fig. 14 we can note the difference between anterior and 
posterior (more developed) cervical external plexuses.

a b
Fig. 14 Difference between 
anterior (a) and posterior (b) 
(more developed) cervical 
external plexuses. (Courtesy 
of the Museum of Anatomy, 
University of Montpellier–Pr. 
F. Bonnel)
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 Basivertebral Veins
Basivertebral veins are tortuous vascular channels in the ver-
tebral bodies and unite with the longitudinal prevertebral 
veins and the ventral epidural venous plexus.

 Communications Between the Vertebral Venous 
System and Systemic Veins

Longitudinal Prevertebral Vein and Azygos System
 – In the upper thorax, the epidural venous plexuses are 

anastomosed with the superior intercostal veins via the 
intervertebral veins. The blood of the neck and upper 
extremities can run downward in the epidural venous 
plexuses, reach the superior intercostal vein and then 
drain into the azygos vein.

 – The lumbar intercostal veins consist of four or five seg-
mental pairs that accompany, in part, the corresponding 
arteries. Their dorsal branches drain the structures of the 
back and have free connections with the vertebral plex-
uses. The lumbar veins may empty separately into the 
inferior vena cava or common iliac, but generally they are 
united on each side by a vertical connecting vein, the 
ascending lumbar vein. Each ascending lumbar vein 
enters the thorax behind the psoas major and medial arcu-
ate ligament on the corresponding side. The right vein 
joins the right subcostal veins and forms the azygos vein. 
The left joins the left subcostal vein and forms the hemia-
zygos vein. The left upper lumbar veins and ascending 
lumbar vein are usually connected with the left renal vein.

The vertebral venous system is a valveless plexiform net-
work with a longitudinal pattern. This venous system enables 
communication of systemic veins and serves an important 
role as collateral vessels, especially in patients with venous 
stenosis or obstruction. This intra-canalar longitudinal pattern 
is involved in the metastatic dissemination all along the spine; 
it is why the isolated vertebral metastasis is rare (Fig. 15).

Valves exist in the radicular branches, and that is rare in 
the central nervous system.

Inferior Vena Cava
The junction of the external and internal iliac veins forms the 
right and left common iliac veins, respectively. Because of 
the relative positions of the inferior vena cava and the aorta, 
the left common iliac vein lies directly below the bifurcation 
of the aorta.

The inferior vena cava is a large, valveless, venous trunk, 
and it is formed by the junction of the two common iliac 
veins, slightly below and to the right of the bifurcation of the 
aorta, and receives the blood from the lower limbs and much 
of the blood from the back and from the walls and contents 

of the abdomen and pelvis. The right renal artery crosses 
behind the vena cava.

 Focus on the Filum Terminale [12]
The distribution of the vascularization of the filum terminale 
appears constant.

A single artery, the artery of the filum, arises from the 
termination of the ventral spinal axis, either by trifurcation or 
from the proximal part of one of the two branches of the 
anastomotic ansa of the conus medullaris. The artery travels 
in front of the filum, with rapidly diminishing calibre; rarely, 
it can be followed into the sacral canal. The artery of the 
filum is of a calibre proportional to that of the filum and 
appears to be a nutrient vessel.

The vein of the filum travels in front of that structure, 
behind the artery; its calibre is uniform, unrelated to that of 
the filum, it traverses the dura below and is continuous with 
the ventral spinal vein above. No vessels were found on the 
dorsal aspect of the filum. The dorsal spinal vein also shares 
in the drainage.

Fig. 15 The intra-canalar longitudinal pattern is involved in the meta-
static dissemination all along the spine; it is why the isolated vertebral 
metastasis is rare. (Courtesy of the Museum of Anatomy, University of 
Montpellier–Pr. F. Bonnel)
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The vein of the filum is more than a simple vein draining an 
agenesic neural structure. It represents a true venous axis capa-
ble of functioning in two directions: descending towards the 
sacral venous plexuses and the hypogastric vein, and ascending 
towards the medullary veins as in the case of sacral dural fistulae 
or arteriovenous shunts of the filum terminale. In the latter case, 
the ascending drainage is towards the caval-azygos system and 
also towards a possible intraspinal venous drainage.
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Systemic Approach to the Functioning 
of the Spine

J. Sénégas

A system is a set of elements in dynamic interaction, organized 
according to a purpose.
Joel de Rosnay [1].

 Introduction

Within the constraints of bipedalism, the result of the spinal 
functional program may appear, at first glance, to be simple 
in view of the complexity of the structure that evolution has 
selected to accomplish it.

It consists, on the one hand, of maintaining postures, with 
or without loads (states of static equilibrium) and, on the 
other hand, in performing flexural/straightening and/or rota-
tional movements, with or without loads, according to an 
optimal trajectory (states of dynamic equilibrium).

The control of these states of equilibrium in time and 
space is an acceptable definition of the concept of vertebral 
stability, and there are many formulations.

The vertebral structure includes vertebrae, discs, fibrous 
elements all composed of highly differentiated connective 
tissues, and muscles. It is also worth mentioning a host of 
sensory receptors (measurement of acceleration, force, dis-
placements, etc.).

Functionally, the vertebral system presents a complex 
multi-scale organization that allows to spread over time sev-
eral responses adapted to the problems of balance of the ver-
tebral column. We can thus distinguish three different control 
modules:

• a tissue module that immediately responds to the con-
straints in compression, tension or torsion thanks to the 
mechanical properties of its connective and muscular 
constituents (elasticity, rigidity, and contractility) without 
any latency time.

• a cellular module which, by mechanobiological effect, 
adapts in a delayed manner to the same constraints by 
synthesizing new protein constituents (various proteogly-
cans and collagens) which guarantee the homeostasis of 
the extracellular matrix. We are talking about adaptive 
remodeling.

• the third functional control module of the column is a 
neural module that is both medullary and cerebral.

The motricity (motor function) of the vertebral structure 
is totally dependent on the spinal and cerebral nervous con-
trol centers where intangible instructions are developed for 
turning, until the action stops, in feedback loops where they 
undergo incessant adjustments (positive or negative gains) to 
match the results obtained (outputs) to the task required to 
control spinal stability. Any state of static or dynamic equi-
librium is ultimately dependent on these feedbacks.

The first constituents (the structural elements) are material, 
and the second (the instructions and the feedbacks) are virtual.

The constitutive elements of any dynamic system are, 
therefore, interdependent and interact in a circular process of 
causality [2–7].

The understanding of the nature and functioning of any 
complex entity, especially in the living, necessarily implies a 
double cognitive approach:

 – one is analytic that can identify its components and their 
connections, then evaluate their properties.

 – the other is synthetic, focused on the dynamic effects of 
their interactions. This is the systematic approach to the 
problem. Both methods are completely complementary.

This holistic method of approaching the complexity of the 
living resonates with any doctor. Medical diagnosis requires, 
firstly, a detailed and comprehensive assessment of structural 
and functional unit failures (symptomatology), then a second 
approach, this time synthetic, which consists of grouping the 
pathological data in a proper nosological setting and then 
establish a prognosis as relevant as possible.
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The purpose of this work is to enlighten the reader to:

 1. complete, for the structural analysis of “mechanical” ver-
tebral pathology, the imaging data, as efficient as it is, by 
those coming from functional exploration techniques, 
which are already available, which should be done among 
the routine preoperative investigations (quantitative func-
tional assessments, kinematic analyzes, numerical 
simulations);

 2. adopt methods of analysis of automation engineers, 
which have already become essential to progress in the 
understanding and management of complex pathologies 
in general. While the collaboration of the mechanics and 
the spinologist works perfectly, it is critical to develop it 
with the automation engineers. The analysis of the verte-
bral system according to the laws of systems engineering 
should cause an important strategic inflection in the field 
of spinal pathology.

 Organization of a System

(Functional diagram, state variables, complexity, hypercom-
plexity, …)

The functional diagram of a system is a simplified graphic 
representation called a functional diagram, describing the 
hardware components and virtual links that convey informa-
tion. It can be used in two ways: (1) for a qualitative analysis 
and (2) for a quantitative analysis if we reliably know the 
laws of each component and if the tools to do so exist [2, 3].

This is usually the case for common industrial servo sys-
tems whose components have well-defined properties and 
perfectly defined functional parameters: actuators (motors, 
cylinders), transformation and adaptation devices (drives, 
reducers), sensors and correctors (control elements for 
modulating the behavior of the server system). In these 
cases, the operating state of the system can, in principle, be 
known at any time thanks to the mathematical formulation 
of the functional parameters of each component and links 
(state variables). This is the basic functional scheme of 
automobiles, planes as well as an industrial chocolate pro-
duction line [2–7].

In these cases, the functional diagram provides an overall 
qualitative and quantitative representation of the system 
concerned.

We speak of linear systems when the effects are propor-
tional to the causes. Basic knowledge of matrix theory and 
linear algebra is sufficient to understand and quantify them.

Nonlinear systems are more difficult to study. In these 
systems, the effects are not proportional to the causes. They 
cannot be described by linear differential equations with 
constant coefficients. Most physical systems are nonlinear.

Over the last decade, there have been important concep-
tual changes in the formulation of complex systems. New 
mathematical techniques have introduced some uncertainty 
in the modeling of controls with, as a consequence, a multi-
variable feedback. The integration of this type of uncertainty 
is seen as a progress, decisive in the treatment of complex 
systems because the group processing of certain multivari-
able parameters makes it possible to increase the robustness 
of these systems (robust control theory) [8, 9].

Living systems are immeasurably more complex than 
industrial systems. We can speak of hypercomplexity. These 
are open systems in constant interaction with the environ-
ment. They are maintained through variable flows of energy 
and information. Nonlinearity and variability of controls are 
the rule. The order does not exist a priori, it is created and 
maintained by the action (dynamic systems).

Living systems also have five characteristics of their own:

 1. The storage of energy material is limited so that their per-
formance periodically collapses (fatigue) until the recov-
ery of reserves after a shorter or longer period (recovery). 
In living beings, endurance thus becomes an essential 
parameter for maintaining performance [10, 11].

 2. The controls are not only electric but also biochemical.
 3. A living organism manufactures, maintains, transforms, 

and repairs (up to a certain point) its own components 
through a permanent process of genetically programmed 
production.

 4. Their performances vary spontaneously throughout their 
life (growth/learning, fullness, aging).

 5. Living systems can replicate.

Finally, the only invariant of living systems lies in their 
organization which ensures the durability of the action 
parameters (homeostasis) [8, 9].

 Qualitative Analysis of the Vertebral  
System (Fig. 1)

Like all systems, the vertebral system is defined by a bound-
ary that separates all its constituents from the environment. 
In the case of the vertebral system, it is the body skin that is 
the frame of the system.

 The Entries
Solicitations from the outside environment are not informa-
tion but physical interactions. They can, without transforma-
tion, directly reach the vertebral structure and trigger a 
passive instant mechanical response.

Another mode of entry follows the path of sensory 
 transducers. It is these signals that trigger the activation of the 
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system (the task at hand). To be integrated under the form of 
information that can be used by a living organism, these exog-
enous signals must be encoded [12] by transducers (sensors).

The task to be accomplished can also be generated within 
the system itself (endogenous signals). The order then comes 
directly from a nerve center. In these cases, no conversion is 
necessary.

 Transducers (Receivers or Sensors)
These devices convert a physical or chemical interaction sig-
nal into a nerve message (creating a membrane potential 
variation) [12, 13]. It is an active process that consumes 
energy.

 – Sensorial receptors (visual, vestibular, auditory, olfactory, 
or cutaneous) encode information from the environment 
for the brain.

 – Sensitive receptors encode endogenous information. They 
feed the interactions and continuously monitor a host of 
data including position, velocity, and even some parame-
ters of tissue metabolism. They abound in the vertebral 
structure (mechanoreceptors, proprioceptors, chemore-
ceptors). There are intramuscular sensors (neuromuscular 
spindles) and sensors located in periarticular fibrous 
structures (free ending fibers, Ruffini and Pacinian 
 corpuscles, Golgi tendinous bodies, etc.) [14]. At least 
seven types of myelinated afferent nerve fibers (I, II, 
alpha, gamma, Ib, III, etc.) emerge.

At this stage, the information is already desynchronized 
because each type of nerve fiber has a different conduction 
velocity depending on the thickness of the myelin sheath.

Mechanoreceptors combine to construct the kinesthetic 
sense.

It is of course necessary to add to this flow of circulating 
information which come from the sensory sensors of the 
pain.

All transducers and afferent fibers deteriorate progres-
sively with age, but sometimes also because of neurological 
pathologies (degenerative or specific peripheral neuropa-
thies). These abnormalities often escape the medical exami-
nation. They result in a loss of information or a delay in the 
transmission of signals which, by themselves, can compro-
mise the equilibrium states of the spinal system by altering 
its performance [12, 13].

 Controls
There are three types of controls: tissue-based, cellular, and 
neurologic.

• Intrinsic or tissue-based, organizes the expression of the 
mechanical and biological properties of the vertebral con-
nective tissues.

• Neurological, they receive the relative encoded informa-
tion, integrate them, and develop an action program 
(motor program or instruction). For the vertebral column, 
there are two different but interconnected neurological 
controls: spinal cord control and cerebral control.

• Cellular.

 Tissue-Based Control
The mechanical properties of the connective tissue: bone, 
fibrous, or muscle of the vertebral column allow an instanta-
neous to mechanical stresses.

The components of the vertebral structure (discs, verte-
brae, ligaments, and muscles) resist compressive or stretch-
ing forces by deforming. It is the collagen fibers, the elastic 
fibers, and the extracellular proteins that are responsible for 
this. Passive stretching of the tendons is used to store poten-
tial energy and then return it as kinetic energy, provided 
that the reaction is almost immediate to avoid dissipation in 
the form of heat. This phenomenon, called energy restitu-
tion storage, leads to a significant metabolic energy saving, 
for example in humans (up to 50% according to Linsted, 

1

2

I

O

SS
MC

BC

Ins

VS

IC
f

Fig. 1 Simplified diagram of 
the vertebral system:  
1. Environment, 2. Inside the 
body. I inputs, O outputs, SS 
sensory sensors, IC intrinsic 
control, MC medullary 
control, BC brain control, Ins 
instruction, VS vertebral 
structure, f feedback
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2002). It also intervenes at the spinal column level where it 
increases endurance in dynamic stabilization efforts. 
Thanks to their mechanical properties, the connective 
structures of the column thus participate totally in the con-
trol of vertebral stability, as well as the neurological activa-
tion of the musculature.

Cyclic mechanical stress plays a very important role in 
the movement of water and metabolites in the disc and artic-
ular cartilages. The hydration of the disc, for example, is by 
percolation through the epiphyseal plates largely under the 
effect of mechanical stresses.

 Cellular Control
The mechanical constraints, moreover, regulate a good part 
of the cellular and extracellular metabolism of the compo-
nents of the vertebral system through a network of macro-
molecules, a group of surface proteins, the integrins 
connected to the collagen fibers. They function as real mech-
anoreceptors. Prolonged mechanical stresses trigger an 
adaptive remodeling process of bone, fibrous, or muscular 
components. Genetically programmed, it involves an impres-
sive number of intra and extracellular proteins (hormones), 
growth factors, enzymatic cascade, cell activity regulating 
factors such as MAP kinase (mitogen-activated protein), and 
also mobilizes stromal cells (i.e., strain). This mechanobio-
logical control makes it possible to temporarily adapt the 
resistance of vertebral materials to the mechanical require-
ments of vertebral stability.

 Neurological Checks
Spinal cord control is an automatic neurological control 
(reflex). The afferent signals from the sensors converge to the 
motor neurons located in the anterior horns of the cord at 
variable speeds depending on the number of synaptic relays 
(mono or polysynaptic reflexes). The operating time varies 
on average from 0.5 ms to 20 ms. It gets longer with age.

Pain signals are normally scrambled to a certain thresh-
old by proprioceptive signals at the level of the posterior 
horns (gate control), but any peripheral demyelination may 
disturb this protective mechanism by improving nerve 
conduction gaps.

Cerebral control is more complex and slower (100– 
1000 ms).

The brain response is developed through neural modules 
often spatially and temporally remote.

Very schematically, the so-called voluntary cortical 
response begins with a process of identifying the task. A 
mental image of the body and its relationship to the 
 environment is progressively elaborated by diffusion of the 
signals from the perception areas to the associative areas of 
integration. For vision, for example, information progresses 
from the primary visual cortex to the posterior parietal area, 
and then to the prefrontal cortex.

The next step is the motor programming. It obligatorily 
refers to the memory of sensorial and sensitive information 
relating to the experience of previous movements of the col-
umn (procedural memory). The memory then publishes tan-
gible recipes of governance.

This predictive programming integrates the optimal ten-
sion of each muscle involved in the desired balance, corre-
sponding to a specific posture or displacement. It must also 
determine the type (slow I, fast IIa or IIb) and number of 
muscle fibers to recruit in each muscle, and decide on the 
need for coactivation of other peri-vertebral muscle groups 
or even located at a distance from the column. If it is a ques-
tion of maintaining a posture, the muscular contractions will 
be isometric, but most often it is a question of programming 
displacements which require dynamic contractions [10].

Cerebral control offers a great deal of flexibility in the 
choice of the most efficient and/or the least expensive energy 
control strategy (set shifting or task switching). The running 
of the motor protocol can even be pre-programmed, as for 
example in certain sports exercises or for any repetitive activ-
ity in general [15].

Motor programming is under the permanent control of the 
basal ganglia. It can, however, be interrupted, delayed, or 
modified at any moment under the effect of emotions. In this 
context, the motor response can be both shifted in time 
(1–2  s) and lose in precision with respect to the reality 
according to the degree of attention of the subject. The level 
of psychological “motivation” of the subject is also an 
important parameter for demanding efforts.

Finally, the decision to execute the motor program (the 
instruction) is formed at the level of the supplementary motor 
area, then reaches the actual motor area from which the 
axons of the pyramidal pathway emerge.

But programming and controlling muscles is not enough. 
The cortical signals that descend toward the medullary 
motor neurons are permanently controlled and filtered by 
the cerebellum which, consistent with the pyramidal path-
way, has the peculiarity to represent only 11% of the cere-
bral volume but to possess by contrast 50% of the neurons 
of the brain human.

Finally, the action sequences (cerebral function) reach, 
via the spinal cord, the selected muscles whose finely tuned 
contractions are supposed to provide an optimal response.

 Outputs
A system is essentially a variable transformer. The input 
variables (task to be accomplished) are transformed into out-
put variables that are supposed to represent the task ideally 
accomplished.

In fact, the output data are not, in most cases, immediately 
optimal. In addition, the delay introduced by the process of 
setting up the motor program necessitates adjustments at the 
entry level.
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 Feedback
They ensure the adjustment of output variables to input vari-
ables. This device returns to the controls the output data that 
represents the action of the system on the environment. It is 
fundamental to the dynamics of change within the system.

This device is referred to feedback loops.
There are two types:

 – Positive feedback loops that amplify the behavior of the 
system to optimize the adjustment of the control.

 – Negative feedback loops, on the contrary, tend to stabilize 
the system when the action appears finalized.

The sensory receptors that are integrated into the verte-
bral structure continuously send data to the nerve controls 
which, in turn, regulate the instructions continuously. This 
refers to positive or negative gains. Gains tend to zero 
when the error between inputs and outputs approaches 
zero.

Feedbacks are essential to maintain muscle activation that 
ensures stability. The functional adjustment of the vertebral 
system is thus perpetually updated thanks to the information 
circulating in the feedback loops.

Any diagram of a living system is of course only an extreme 
simplification of reality. There is no feedback loop but a con-
siderable number of links that convey the feedback data. The 
performance of the system depends on the accuracy of the sig-
nals flowing in these loops. Any degree of uncertainty in the 
data is a noise generator leading to some approximation in the 
representation of the system at the controls.

 Quantitative Analysis of the Vertebral System

The quantitative analysis of a system can be partial or global.

 Partial Analysis
It is a unitary approach, based on structure. This approach is 
similar to the analysis of symptomatology in medicine.

In practice, for the vertebral system, it is reduced more 
and more to the analysis of imaging provided by radiology.

The tremendous development of vertebral imaging (CT, 
MRI, EOS, …) has led, as in many specialties, to a reduction-
ist attitude, especially in the analysis of degenerative pathol-
ogy. The situation has become caricatural in clinical case 
discussion meetings. In most cases, therapeutic decisions 
refer mainly to topological data from imaging and some par-
simonious information about the discomfort and pain of the 
patient. The patient actually disappears from these discus-
sions while interns have never had so many ways to represent 
him. The use of only their smartphone can capture in video, 
the patient himself, his history and physical examination. It 
would thus be easy to contribute to the discussions of clinical 

cases. The fascination produced by the images seems to inex-
orably discourage any other attempt to find out more.

It must be restated that modern imagery is a static exam, 
which cannot rely on functional data. It does not necessarily 
explain the pain. Most degenerative lesions and the some-
times significant deformities that can result are painless and 
have an acceptable functional impact [16]. Imagery is natu-
rally indispensable, but it must be contextualized.

The assessment of vertebral system failures cannot be 
reduced to morphological analysis. It is now possible to per-
form numerical simulations from imagery, and even to intro-
duce other physical information such as force platform data 
or surface EMG. A technical and financial effort is of course 
necessary to trivialize these explorations and also a good 
dose of voluntarism that is justified by the often uncertain 
results of complex vertebral surgery.

 Analysis of Overall Functional Capacity
The overall analysis is to measure the overall performance of 
the vertebral system in the process of maintaining the bal-
ance of posture or movement along an optimal trajectory.

It is an integrative approach to the functioning of the ver-
tebral system, the counterpart of a stress test with VO2 Max 
for a cardiorespiratory assessment device.

The tools of this exploration exist but are not all integrated 
in the current practice as for the industrial systems.

Oswestry Disability Index (ODI) scales are widely used 
to assess the impact of physical disability resulting from 
lumbar degenerative pathology. Other scores take into 
account the psychological and social impact of the pathology 
(SF36, SF12, etc.).

These scores are primarily established to quantify surgi-
cal performance. The data collected does not make it possi-
ble to evaluate the specific functional performance of the 
vertebral system.

The same goes for tests of evaluation of the capacities 
with physical effort. These tests, developed in the 1980s 
(Pile test, Iserhagen work system, Ergos, etc.) are primarily 
intended to assess the level of aptitude of a subject for physi-
cal work by subjecting him to work simulation or increasing 
efforts to lift, using exercises that most often involve the 
entire body without isolating the spinal system. Ruan [17] 
has shown that this type of evaluation is unreliable for 
patients with some degree of disability and is therefore 
unsuitable for preoperative predictive evaluation [18, 19].

The overall evaluation of the specific performance of the 
spine for surgical treatment must make it possible to measure 
the specific performance of the vertebral system alone 
(strength, endurance) with the objective of assessing whether 
the patient has a good probability of benefiting from surgery 
most often involving the fusion of several intervertebral 
mobile segments. The stiffening of the thoracolumbar spine on 
several segments inevitably entails an important modification 

Systemic Approach to the Functioning of the Spine



452

of the kinematics of the column, in particular an increase in the 
bending moments at the hips when fusion comprises the spi-
nopelvic junction. Therefore, a reliable preoperative assess-
ment of the performance of the vertebral system is a predictive 
test of the patient’s ability to tolerate the side effects of the 
intervention. We will see later that kinematic simulation 
allows, as of today, to appreciate these effects with good 
reliability.

The most used machines since the 1980s are isokinetic 
devices (Aristokin (Biometrics), Cybex (Medimex), Prothia 
(Broda), etc.). Their operating principle is to maintain a con-
stant speed in keeping with their resistance. We measure not 
a force but the torque created by a force and its lever at the 
level of a dynamometer. It is possible to choose a concentric 
or eccentric contraction mode. We obtain the following 
parameters:

 – Linear (cm/s) or angular velocity (°/s)
 – Moment of maximum force
 – Maximum work (Nm)
 – Maximum power (J)
 – Angle of maximum efficiency.

The reproducibility of the tests is satisfactory for the same 
subject, for the same device and the same examiner. These 
devices are widely used in the USA, and in the EU, espe-
cially in Germany. Their high price (50,000–90,000 €), their 
operating and maintenance costs are the main reasons for 
their limited use. The data obtained make it possible to make 
an accurate assessment of the level of spinal performance of 
a subject, but the results are biased because of the isokinetics 
which impose conditions that do not correspond to the stabi-
lization of the living vertebral column. Moreover, they do not 
lend themselves to the measurement of controls, gains in 
feedback and the robustness of the system, a parameter that 
is nevertheless essential for judging its adaptability [20–23]. 
Finally, they also lend themselves very poorly to numerical 
simulation. This is why the future lies rather in methods 
based on the science of systems.

Methods based on systemic analysis:
Their principle is to treat the system as a black box. The 

inputs are varied and the variations of the outputs measured.
We can thus study the general properties of the system:
Stability, optimality, robustness [7].
For the vertebral column, the principle of the method con-

sists of placing the subject to be evaluated on an unstable seat 
equipped with a platform of force, or standing on a platform 
of force, and to apply precise dynamic stresses at the level of 
the pelvis by recording the angular displacements using 
potentiometers.

The measured data concern the amplitude of the displace-
ments, the velocity, the forces, the delays of establishment of 

balance, the errors of signal which materializes the differ-
ence between the entries and the outputs, the gains of the 
controls. The robustness of the system is also calculated. 
These data are materialized by graphs (for more details on 
the protocols, refer to references [7, 24–27]).

This method makes it especially possible to make a 
numerical simulation of the state of functioning of the ver-
tebral system as one can obtain with a stress test of the 
heart. The simulation is to vary the parameters that seem to 
play an important role. Alternative scenarios with predic-
tive intent can be developed. Other parameters can be cou-
pled to these examinations, including surface EMG for the 
measurement of reflex responses and proprioception anal-
ysis [7, 11, 24, 28–30].

Finally, thanks to this specific method of the system, the 
state of the vertebral system can be evaluated from measur-
able experimental data.

It is thus possible to mathematically formulate the overall 
behavior of the system with respect to a static or dynamic 
equilibrium reference, and to calculate its performances 
(height of the set point, speed of establishment of equilib-
rium, duration of the maintenance of the equilibrium …) it is 
at their optimality, as well as the robustness of the system 
which designates the ability to maintain performance despite 
intrinsic or extrinsic disturbances.

 Performances
The analysis of the data obtained by the experimentation (or 
the simulation) makes it possible to qualify and to quantify 
the performances of the system:

 – Stability,
 – Optimality (accuracy, speed, damping),
 – Robustness.

Stability Whether maintaining a posture or moving, the 
process is stable when the output status matches the initial 
goal of the inputs. For example, maintaining the standing 
position inclined forwards at approximately 30°, or unsup-
ported lifting of a load of 20 kg.

The notion of stability can thus be recreated with an 
objective of action [29].

The height of the performance (force) is set by the level 
of the instruction. The endurance (derived from power 
over time) corresponds to the time of instruction [11, 31] 
(Fig. 2).

There is, of course, a relationship between performance 
and energy cost. The force applied is a function of muscular 
recruitment and secondarily the coactivation of other muscle 
groups. An excess of rigidity of the vertebral segments by 
muscular overactivation is however not a guarantee of better 
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vertebral stability, especially in dynamic balance [32–34]. 
This situation of excess muscular coactivation is characteris-
tic of episodes of acute low back pain.

Stability refers to the ability of the system to reach the 
setpoint accurately and quickly. The error signal represents 
the difference between the input and output parameters with 
respect to time.

Speed is the time that the system takes to react to changes 
in the input signal (response time).

Finally the damping capacity of the oscillations is also an 
important parameter.

Robtuness is the property that allows the system to main-
tain its functions despite internal or external disturbances 
[26, 27, 35], and the uncertainty of representations (Selling 
2004). Indeed, despite the magnitude of the flow of informa-
tion sent back to the controls, the representation of the ver-
tebral system remains an approximation. Robustness allows 
it to operate however with a certain degree of uncertainty in 
the data.

One of the foundations of the robustness of living systems 
is the extreme redundancy of constituents and controls that 
contributes to stability at all scales.

Robustness is a different concept of stability. The robust-
ness can be increased by lowering the stability conditions [34].

Like the other parameters mentioned, robustness is a mea-
surable parameter in global tests inspired by the systemic 
(Fig. 3).

 Fault Factors of the Vertebral System

Functional failures of the vertebral system can include both 
structural abnormalities in the column and its “soft enve-
lope,” and failures of controls and/or interactions.

 Failures Related to the Vertebral Structure

Degenerative lesions of the spine (discs, epiphyseal plates, 
zygapophyseal joints, and peri-vertebral ligaments) result 
from a sudden (traumatic) or chronic mechanical overload. 
The existence of scoliotic or kyphotic deformation is a pre-
disposing factor. Genetic factors and age also play a particu-
larly important role.

Repeated mechanical stresses greater than the resistance 
and damping capacities of the constituents of the vertebral 
structure alter the nutrition process of the intervertebral disc. 
This results in a depressurization which, in turn, lowers the 
mechanical performance of the elements concerned. At the 
same time, at the cellular level, an apoptosis process, an 
inflammatory molecular cascade, and a degradation of the 
adaptive remodeling phenomenon are triggered. All of these 
factors interact in a circular causality.

Inadequate thoracopelvic musculature (in strength and 
endurance) is a major factor in the degeneration of the verte-
bral system [10, 15, 25, 36], especially in elderly patients 
(sarcopenia) and may easily be at the origin of degenerative 
kyphosis. These deformities, reducing the thoracopelvic 
flexion moments, materialize the mechanical adaptation of 
the vertebral structure to the weakness of the posterior 
 musculature (extensors of the column, gluteal muscles, and 
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hamstrings). The correction of such deformities, associated 
with extensive thoracopelvic fusion, inevitably leads to an 
increase in bending moments which may be insurmountable 
by some patients.

In motivated patients, however, muscle performance can 
be substantially improved by preoperative rehabilitation for 
a few months [37].

 Transducer Failures

They result from a degeneration of sensorial and/or sensation 
receptors most often related to age. The resulting signal deg-
radation leads to an increase in noise and deteriorates system 
performance at the control level. This results in particular 
disorders of proprioception that may escape the examination 
during the surgical consultation as the system is sufficiently 
robust.

Proprioception disorders can be improved by appropriate 
preoperative management.

 Failures Related to Controls

There is, of course, a host of central injuries that can alter the 
instructions. Parkinson’s disease and other degenerative 
cerebrospinal pathologies are common and often evaluated 
in elderly subjects.

The lack of integration of control feedbacks is probably a 
common cause of dysfunction that can, even for a simple 
lumbago, induce excessive lumbar stiffness and pain by 
abnormal muscle coactivation [32–34, 38].

Emotional fragility also disrupts the development and 
continuation of the motor program. At the time of the opera-
tive decision, it certainly deserves more than an intuitive 
evaluation.

 Conclusion

The spine surgeon must anticipate the side effects of the 
most unpredictable techniques that he plans to apply and 
take into account of the specificities for each patient. Most 
often it is to predict the functional consequences of par-
ticularly extensive vertebral arthrodesis, such as pedicle 
subtraction osteotomy. These techniques can have detri-
mental mechanical effects, especially in weakened 
patients.

The considerable weight given to conventional radiologi-
cal imaging in the operative decision seems excessive to us. 
A major effort should be made to develop digital simulation 
of the vertebral kinematics and be able to apply it routinely.

It must be admitted, however, that the correction of geo-
metrical anomalies can rightly result in undeniable success 
in the hands of very experienced surgeons.

The evidence suggests, however, that in many cases these 
procedures are not always sufficient to achieve pain relief and 
a substantial improvement in the patient’s functional disability 
despite the rigor of angular corrections and the quality of the 
arthrodeses. Sometimes even the patient’s condition can be 
aggravated. A worrying uncertainty about the lack of data at 
the time of the decision-making process hovers over the results 
of this major surgery. It is still increasing in older patients, 
often with multiple deficiencies. We now know, often at our 
expense, that the determinants of scoliosis surgery in child-
hood, primarily structural and occurring in systems generally 
endowed with excellent robustness, are obviously not appli-
cable to degenerative deformities of the aging adult.

Systems analysis is likely to open new horizons for the 
planning of complex surgical procedures on the spine. As in 
other medical specialties that have integrated it, it can pro-
duce a decisive strategic inflection both in the field of surgery 
and that of the rehabilitation of spinal disorders.
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Kinematics of the Spine
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The vertebral column, in recognition of the superposition of 
the intervertebral mobile segments of Junghanns, can be 
similar to a flexibility that acts along three axes perpendicu-
lar to each other: X, Y, and Z. There are translations along 
these axes which, when they are over-developed, are patho-
logical, and especially rotations defining the three move-
ments of the vertebral column (Fig. 1):

• rotation around the transverse X-axis: flexion–extension
• rotation around the vertical Y-axis: true right and left 

rotation
• rotation around the anteroposterior Z-axis: right and left 

lateral inclination.

The intervertebral joint is therefore an articulation with 
six degrees of freedom (DOF), three DOF in translation, and 
three DOF in rotation [1].

The movements occur in the disc and articular facet 
joints, assimilated into three coaxial joints which therefore 
have no locking position (Fig. 2). The tensioning of the liga-
mentous structures, including the intervertebral disc and the 

J. M. Vital (*) · J. Sénégas · C. Garnier · H. Bouloussa 
Spinal Unit, University Hospital, Bordeaux, France

Y

X

Z

Fig. 1 The three axes of the spinal movements

Fig. 2 Coaxiality of the joints of the intervertebral segment
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osseous constraints are stabilizing structures which can be 
exceeded in extreme situations, especially in micro- or 
macro-trauma.

According to Panjabi [2], when a load is applied to a spi-
nal functional unit (SFU), the result is a range of motion 
(ROM), which, before reaching its maximum, passes 
through a neutral zone and an elastic zone. The neutral zone 
is the portion of the intervertebral mobility area closest to 

the rest position, in which the joint has the largest capacity 
for movement with minimal resistance to intervertebral 
mobility. The elastic area corresponds to the magnitude of 
intervertebral mobility located between the end of the neu-
tral zone and the limit of the ROM. It is interesting to note 
that in the setting of disc degeneration, the neutral zone will 
increase, as well as translations, which signifies instability 
(Figs. 3 and 4).
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 Methods for Measuring Spinal Mobility

This evaluation can be done in vitro and in vivo.

 In Vitro Measurements

In vitro measurements are performed on cadaveric subjects, 
usually of elderly subjects but isolated from any musculo-
ligamentous envelope, which explains why angular values   
are usually increased compared to those measured on living 
subjects. The physical measurement means are displacement 
sensors, ultrasound or X-rays.

 In Vivo Measurements

The in vivo measurements are for active movements which 
seek to assess the overall and intersegmental mobility. Many 
processes can be used: simple goniometers or inclinometers 
(liquid or gravity) and especially more accurate electronic 
(cervical range of motion® or CROM®) [3], electrogoniome-
ters, magnetic devices (e.g., Fastrack® or Isotrack®) [4], 
ultrasound devices (Zebris®), videofluoroscopy, and finally 
optoelectronic devices (Vicon®).

Medical imaging includes dynamic X-rays, cineradiogra-
phy, CT, and MRI.

Dynamic radiographs are performed routinely in the 
clinical setting, mainly for cervical and lumbar evalua-
tion. On these images, the flexion–extension and less 
often the right and left lateral inclination can be measured. 
Rotation is perfectly explored only through computed 
tomography (CT).

The dynamic flexion–extension lateral cervical radio-
graphs are in a sitting position: the subject is asked, for the 
exploration of flexion, to try to touch the sternum with the 
chin and to explore extension by bringing the head as far 
back as possible. The dynamic lumbar images of flexion–
extension can be done according to different techniques. 
The technique of Putto [5], which is with the patient seated 
or standing, hyperflexion of the trunk in hyperextension 
with gluteal support is the most recognized (Fig.  5); the 
same author showed that he obtained less amplitude by 
positioning the patient in less flexion and extension. We 
can also achieve these positions of flexion–extension on a 
Swedish chair, a method used in the evaluation of spinal 
fusion [6] (Fig. 6). Wood [7] studied patients with spondy-
lolisthesis and shows that images performed in flexion–
extension on the supine subject were more sensitive than 
those practiced in standing.

Dynamic images for lateral inclination were investigated 
by Weitz [8] to recognize indirect signs of lumbar disc her-

niation. Dupuis [9] did a study of dynamic radiographs in 
lateral inclination to recognize signs of instability.

More conventionally, the intervertebral instability is 
likely if it exists between extremities of flexion and exten-
sion, an angular intervertebral mobility of greater than 10° 
[9], or even 20° [10], and vertebral translation of more than 
3 mm [11], 4 mm [9], or even 5 mm [10].

With the help of image software, one can refine the evalu-
ation of intersegmental mobility and calculate the position of 
the instantaneous centers of rotation (ICRs) [6]. Gertzbein 
[12] demonstrated on cadaveric parts that there was disper-
sion of these ICRs in degenerate and unstable intervertebral 
segments (Fig. 7).

Finally, the evaluation of dynamic views of lumbosacral 
mobility is crucial to recognize the patient’s ability to cor-
rect their pelvic retroversion in the setting of anterior truncal 
imbalance. We can evaluate the amplitude of anteversion in 
standing with an image in a single leg lunge position as 
described by Hovorka in the chapter “The Reserve of Hip 
Extension and its Relationship with the Spine” and by 
Lazennec [13] (Fig. 8), in a procubitus position with a cush-
ion positioning the femurs in hyperextension (Fig. 9).

CT is less used in this setting but enhances evaluation of 
rotation. It was used by Penning [14] at the cervical level, 
Morita [15] to evaluate flexion–extension in the thoracic 
region, and Fujimori [16] to evaluate lateral inclination in the 
thoracic region. Husson [17] describes signs of lumbar insta-
bility in the face of abnormal decoaptation (uncoupling) on 
rotating scanners.

Dynamic MRI is mainly used to evaluate the neurological 
content of the spinal canal. Vitzhum [18] used it to evaluate 
thoracic movements.

Finally, intraoperative rigidity measurement was described 
for the first time by Ebara [19] with intraoperative distraction 
of the spinous processes surrounding the tested intervertebral 
segment according to the force (F) and displacement (D); the 
rigidity is proportional to the ratio: delta F/delta D (Fig. 10). 
An unstable segment will have low rigidity, characterized by 
significant displacement for a small applied force. Brown 
[19] has developed an automated device that can best adjust 
the intensity of the applied force. Like Hasegawa [21], who 
has a great deal of experience in this field, Brown maintains 
that the indication of a flexible or rigid arthrodesis is gov-
erned by these results for measurement of rigidity.

 Amplitude of Spinal Movements

Figure 11 shows the distribution of movement amplitudes 
between the cervical, thoracic, and lumbar segments in flex-
ion, extension, rotation, and lateral inclination.

Global amplitudes (Figs. 12, 13, and 14).
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a

b

Fig. 5 Dynamic images in 
lumbar flexion–extension 
according to Putto [5]; 
method b is preferable to a

J. M. Vital et al.
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Fig. 6 Dynamic images in lumbar flexion–extension on Swedish seat, according to Templier [6]

FLEXION-EXTENSION RIGHT LATERAL INCLINATIONFig. 7 Dispersion of ICR on a 
degenerate lumbar intervertebral 
segment, according to Gertzbein 
[12]
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Flexion has a total amplitude of 145°–150° with an aver-
age cervical flexion of 70°, a thoracic flexion of 30°, and a 
lumbar flexion of 45°.

Extension has a total amplitude of 165° with an average 
cervical extension of 80°, a thoracic extension of 40°, and a 
lumbar extension of 45°.

Lateral inclination has an overall amplitude of 65°–80° 
with a cervical inclination of 15°–30°, a thoracic inclination 
of 30°, and a lumbar inclination of 20°.

The rotation has an overall amplitude of 90–95° with a 
cervical rotation of 50°, a thoracic rotation of 30°, and a lum-
bar rotation of 10°.

Table 1 shows the total thoracic mobilities according to 
the different authors.

White and Panjabi [2] have shown, in vitro, that these last 
two movements of inclination and rotation are reflexively or 
automatically associated (Fig. 15).

Ishii [22 and 23] has shown more recently, in vivo, that 
lateral inclination and lateral rotation were in the same direc-
tion in the lower cervical spine but that there was an opposite 
rotation in the upper cervical spine (Fig. 16). This coupling 
was confirmed by Fujimori [16].

The diagrams of Castaing [24] show the amplitudes of 
cervical flexion–extension (Fig. 17), cervical lateral inclina-
tion (Fig. 18), cervical rotation (Fig. 19), the different move-
ments of the thoracic spine (Fig. 20), and finally the different 
movements of the lumbar spine (Fig. 21).

At the cervical level, Ordway [26] describes on the 
dynamic views in flexion–extension of the cervical spine the 
presence of protraction (or protrusion) and retraction move-
ments. In protraction, there is a flexion of the C3C7 segment 
and an associated extension of the OC1C2 segment. In 
retraction, there is an extension of the C3C7 segment and an 
associated flexion of the OC1C2 segment (Fig. 22).

At the thoracic level, with CT, Morita [15] found a flex-
ion–extension of 31.7° and Fujimori [16] a lateral inclination 
of 25°.

Fig. 9 Image with reduction of pelvic retroversion

D

FFig. 10 Measurement of 
intraoperative rigidity (R) 
according to Ebara [20]. 
R = delta F/delta D

Fig. 8 Diagram of posterior lunge (Hovorka) which allows assessment 
of the ability of pelvic anteversion and extension of the hip joint

J. M. Vital et al.
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C

C

C

C

T

T

T
T

L
L

L
L

ba

dc

Fig. 11 Respective participation of the different cervical (C), thoracic (T), and lumbar (L) segments in flexion (a), extension (b), axial (c), and 
lateral (d) movements

C

T

L

70°
80°

30°
40°

45° 45°

TOTAL FLEXION = 145∞ TOTAL EXTENSION = 165∞

Fig. 12 Overall amplitudes of flexion–extension

L = 20°
T = 30°

C = 15°- 30°

Total Inclination = 65° - 80°

Fig. 13 Overall inclinations of lateral inclination
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 Segmental Amplitudes and Motion Analysis

We recall that these movements are mainly in rotation and 
also in translation which is much smaller and which become 
pathological if too important.

 The Upper Cervical Spine (OC1C2)

At the level of the upper cervical spine (OC1C2), Table 2 
summarizes the amplitudes proposed by the different authors. 
At OC1, despite the spheroidal shape of the surfaces, there is 
practically only a flexion–extension motion; the occipital 
condyles recede with respect to the upper articular surfaces 
of C1 in flexion and advance in extension. The center of the 
movement is at the occiput (Fig. 23).

At the C1C2 level in flexion, the neural arc of C1 slightly 
loses its parallelism with that of C2, without C1’s nosing for-
ward as in certain high cervical instabilities. In extension, the 
neural arc tilts backwards. The center of the movement is in 
the middle of the articular mass of C1 (Fig. 23).

The rotational movement is essential at C1C2 since it has 
an amplitude of more than 25° for each side, i.e., half of the 
total amplitude of rotation in the cervical region. In this move-
ment, which mainly affects the atlanto-axial joints, there is a 
shift toward the front of the lower articulation of C1 on the 
side opposite to the rotation and a sliding toward the rear of 
this same lower articulation of C1 from the side of the rotation 
(Fig. 24). This is reflected in the open-mouth radiograph by an 
asymmetry of the AO distances between the axis (O) and the 
lateral masses of C1 (A) (Fig. 25) which is not pathological 
and does not mean in any way a C1C2 rotary subluxation.

The ICR of the movement is located in the middle of the dens 
process, at mid-distance from the joints involved in the move-
ments, lateral and anterior atlanto-axial. For Castaing [24], there 
are two types of rotation: one around the odontoid with symmetri-
cal displacements of the two C1C2 joints and the other around a 
fixed C1C2 articulation (Fig. 26). It is interesting to note that there 
are two types of C1C2 rotary subluxation involving these two 
modes of rotation. Finally, Fig. 27 shows that there is a lateral incli-
nation of 8° at C2C3, 3° at OC1, and virtually no inclination at 
C1C2.

C=50°

T=30°

L=10°

a

b

c

Fig. 14 Overall amplitudes of lateral rotation (views from above): (a) cervical, (b) thoracic, and (c) lumbar

Table 1 Total thoracic mobility

Authors
Flexion–
extension

Lateral 
inclination

Unilateral 
rotation

Louis [22] 50° 20° 35°
White and 
Panjabi [2]

62° 36° 32.5°

Vanneuville [45] 64° 35.5° 36°
Castaing [24] 70° 30° 30°
Kapandji [23] 70° − 37°

J. M. Vital et al.
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a b c d

Fig. 15 Automatically associated tilt and rotation movements in cervical (a), inclination (b), rotation (c), and lumbar (d)

Neutral position Right inclinationLeft inclination

Upper cervical spine

Lower cervical spine Coupled rotation to the right

Coupled rotation to the left 

Coupled rotation to the left

Coupled rotation to the right 

Fig. 16 Coupling rotation inclination at the cervical spine (Ishii [25])
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 The Lower (Sub-Axial) Cervical Spine

Tables 3, 4, and 5 show different amplitudes reminiscent 
of intersegmental mobility noted in vitro and in vivo in 
the literature. The C5C6 segment is the most mobile, 
especially in flexion–extension and one will recall that 
the lesions of degenerative instability are most common 
at this level. The amplitudes of movement in rotation and 

lateral inclination are slightly variable from one level to 
another. The C7T1 segment is the least mobile in all 
movements.

The flexion–extension ICR, for a given intervertebral seg-
ment, is located in the middle of the lower part of the lower 
vertebral body (Fig. 27). Similarly, White and Panjabi [2], 
showed that ICRs are, for the 3 movements, at the level of the 
lower vertebral body (Fig. 28).

30°

OC1

15°

120°

Lower cervical spineC1-C2

Fig. 17 Cervical flexion–extension amplitudes (Castaing [24])

0°
0°

15° 15°

Lower cervical spineC1-C2OC1

Fig. 18 Cervical lateral 
inclination amplitudes 
(Castaing [24])
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0°

Lower cervical spineC1-C2OC1

25°25° 25°25°

Fig. 19 Amplitudes of 
cervical rotation (Castaing 
[24])

30°
40°

30° 30°

30° 30°

Fig. 20 Amplitudes of 
thoracic movements (Castaing 
[24])

45° 45° 20° 20°

10° 10°

Fig. 21 Amplitudes of 
lumbar movements (Castaing 
[24])
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a b

c d

Fig. 22 Protraction (a, c) and retraction (b, d) movements

J. M. Vital et al.
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Table 2 Intersegmental motion upper cervical spine

Authors

OC1 C1C2
Flexion–extension Lateral inclination Axial rotation Flexion–extension Lateral inclination Axial rotation L&R

Roy Camille [27] 50° 15°–20° 0° 10° 5° 40°
Brugger [28] 15° 0° 0° 15° 0° 80°
White and Panjabi [2] 25° 8° 0° 25° 0° 47°
Penning [29] 30° 5° 2° 30° 5° 81°
Louis [22] 20° 8° 8° 0° 0° 48°
Wen [30] 28.5° 8.3° – 25.5° 9.8° –
Watier [31] 28.7° 6.7° 11° 22.3° 9.3° 71°

A

B

FLEXION

A

B

EXTENSION

Fig. 23 Flexion–extension 
movements at OC1C2. 
A = ICR of the 
occipitocervical joint and 
B = ICR of the C1C2 joint

Rotation L-R Rotation R-LFig. 24 Rotational 
movements at C1C2
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a b c

Fig. 25 Coronal projections of C1C2: Symmetrical if there is no rotation (b), asymmetrical if there is rotation (a and c)

a

ICR
Rotation of C1

c

b

Up

Ft

R

1 superior facet joint of C2

2 superior facet joint of C1

3 odontoid process

4 anterior bow of C1

5 transverse ligament

2
1

3

4
5

Fig. 26 ICR at the C1C2 rotation movement on a superior view (a), 
rotation around the left C1C2 articular facet joint (red arrow) (b), rota-
tion around the odontoid (red arrow) (c) 1. Superior facet joint of C2; 2. 

Superior facet joint of C1; 3. odontoid process; 4. Anterior arc of C1; 5. 
Transverse ligament
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Fig. 27 ICR in flexion–extension according to Dvorak [32]

Table 3 Intersegmental sub-axial cervical flexion–extension motion

Authors
Flexion–extension sub-axial cervical spine
C2C3 C3C4 C4C5 C5C6 C6C7 C7T1

White and Panjabi [2] 8° 13° 12° 17° 16° 9°
Penning [29] 12° 18° 20° 20° 15° –
Louis [22] 15° 15° 20° 22° 18° 10°
Dvorak [32] 12° 17° 21° 23° 21° –
Wen [30] 11.8° 14.7° 13.3° 13.8° 12.3° –
Watier [31] 7.3° 10.8° 13.8° 13.4° 10.8° –
Lansade [33] 9° 16° 17° 17° 14° –

Table 4 Intersegmental sub-axial cervical lateral inclination motion

Authors
Lateral inclination sub-axial cervical spine
C2C3 C3C4 C4C5 C5C6 C6C7 C7T1

White and Panjabi [2] 10° 11° 11° 8° 7° 4°
Penning [29] 6° 6° 6° 6° 6° –
Louis [22] 10° 12° 12° 8° 9° 10°
Dvorak [32] 12.6° 13.4° 11° 10.6° 9.2° –
Wen [30] 6.7° 6.7° 10.5° 11.2° 8.6° –
Watier [31] 4° 3° 3° 4° 6° –
Lansade [33] 6° 9° 8° 9° 11° –

Table 5 Intersegmental sub-axial cervical rotation

Authors
Rotation sub-axial cervical spine
C2C3 C3C4 C4C5 C5C6 C6C7 C7T1

White and Panjabi [2] 9° 11° 12° 10° 9° 8°
Penning [29] 6° 13° 13.6° 13.8° 10.8° –
Louis [22] 12° 12° 14° 12° 12° 12°
Watier [31] 9.5° 10.8° 12.3° 9° 10° –
Ishii [34] 2° 4° 5° 4° 2° –
Lansade [33] 8° 9° 7° 9° 6° –

E

F

E

a b c

F LR

R L
L+R

R L

Fig. 28 ICR in flexion–extension (a), lateral inclination (b), and rotation (c) at the sub-axial cervical spine, according to White and Panjabi [2]
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The Table 6 of Watier [31] shows the values   of normal 
anteroposterior and lateral translations observed during 
flexion–extension and lateral inclination movements. 
These figures may seem high in clinical practice since it is 
estimated:

• that in C2C3, there can exist in flexion a physiological 
anterolisthesis of 2.5–3.5 mm (particularly in a child with 
a flexion hinge at C2C3),

• then from C3 to C7, this anterolisthesis can reach 
1.5–2 mm. Beyond these limits, there is instability as in 
cervical severe sprain where the offset reaches 3 mm.

 The Thoracic Spine

At the thoracic spine, the magnitudes are much lower, as the 
ribcage significantly attenuates the intersegmental mobility. 
Flexion–extension is three times greater at the lower thoracic 
level than the upper thoracic level where rotation is almost 
nil. Lateral inclination is apportioned equally at all levels 
(Table 7). ICRs are at the lower mid-vertebral body level in 
flexion, inclination, and rotation (Fig. 29).

 The Lumbar Spine

At the lumbar level, the mobility sector is most important for 
the L4L5 and L5S1 levels. Rotation is low at the L5S1 level 
(Table 8). ICRs are at the anterior disc level in flexion, further 
back in extension. In rotation, they are in the middle of the 
disc and toward the side of the disc opposite the side of the 
inclination (Fig. 30). We recall that Gertzbein [12] demon-
strated a dispersion of these ICRs on degenerate discs (Fig. 7).

 Evolution of Amplitudes with Age

Arbogast [36] measured the range of motion in 67 chil-
dren (including 39 girls) for age groups 3–5, 6–8, and 
9–12 years, demonstrating how flexion and extension vary 
little with age, unlike lateral inclination and rotation (Fig. 31).

Wong [37] evaluated the lumbar level in 100 individuals 
classified into four age groups (20–30  years (group A), 
30–40 years (group B), 40–50 years (group C), and more than 
50 years (group D)); Fig. 32 shows a decrease in the amplitudes 
of movement, with a radical change from 50 years. Swinkels 
[38] did the same study in the cervical region of 400 volunteers 
for the four same age brackets; with identical results—net 
reduction of mobility after 50 years, as shown in Table 9.

The study of the influence of aging on mobility has mostly 
been studied at the level of the cervical spine. Figure  33 by 
Castaing [24] shows this decrease in mobility. Youdas [3] con-
ducted a study on cervical spine mobility with CROM® by age 
group and gender on 171 women and 166 men aged between 11 
and 97 years old. For this author, there is a linear decrease in 
mobility over all decades. In a meta-analysis, Chen [39] notes a 
linear decrease of 4° per decade for each cervical movement. 
Finally, for Feipel [40], this decrease in mobility is not linear.

Table 6 Cervical translation, according to Watier [31]

Level

Anteroposterior translation 
(in mm) average (standard 
deviation) Level

Lateral inclination 
translation (in mm) 
average (standard 
deviation)

C0C1 −8.1 (2.7) C0C1 5.7 (3.1)
C1C2 3.4 (1.5) C1C2 −1.8 (3.2)
C2C3 3.1 (2.3) C2C3 −1.5 (0.6)
C3C4 3.3 (2.3) C3C4 −1.7 (0.9)
C4C5 3.6 (1.7) C4C5 −2.1 (1.3)
C5C6 3.4 (1.8) C5C6 −2.1 (1.3)
C6C7 2.1 (1.3) C6C7 −1.9 (0.9)
C7T1 1.3 (1) C7T1 −0.9 (0.7)

The minus sign (−) signifies a posterior translation in flexion–extension 
or contralateral in inclination

Table 7 Intersegmental Thoracic Motion

Authors

Flexion–extension Lateral inclination (one side) Axial rotation (one side)
Vanneuville [45] White and Panjabi [2] Vanneuville [45] White and Panjabi [2] Vanneuville [45] White and Panjabi [2]

T1 T2 4° 4° 3° 3° 4.5° 4°
T2 T3 4° 4° 3° 3° 4° 4°
T3 T4 4° 4° 3° 3° 4° 4°
T4 T5 4° 4° 3° 3° 4° 4°
T5 T6 4° 5° 3° 3° 4° 4°
T6 T7 5° 6° 3° 3° 4° 4°
T7 T8 6° 6° 3° 3° 4° 3.5°
T8 T9 6° 6° 3° 3° 3.5° 2°
T9 T10 6° 9° 3° 2.5° 2° 2°
T10 T11 7° 12° 4° 4.5° 1° 1°
T11 T12 12° 12° 4.5° 4° 1° 1°
Total 63° 72° 35.5° 35° 36° 33.5°

Numerous authors have shown decreased range of 
motion at all spinal levels with age.

J. M. Vital et al.
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a b c

Fig. 29 ICR in flexion–extension (a), lateral inclination (b), and rotation (c) motion at the thoracic level, according to White and Panjabi [2]

Table 8 Inter-segmental Lumbar Motion 

Authors

Flexion–extension Lateral inclination Axial rotation
White and Panjabi [2] Pearcy [35] White and Panjabi [2] White and Panjabi [2]

L1 L2 12° 13° 6° 2°
L2 L3 14° 14° 6° 2°
L3 L4 15° 13° 8° 2°
L4 L5 17° 16° 6° 2°
L5S1 20° 14° 3° 5°

E F
L R

L
+
R

E F R L

R L
a b c

Fig. 30 ICR in flexion–extension (a), lateral inclination (b), and rotation (c) motion at the lumbar level, according to White and Panjabi [2]
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It is obvious that this loss of mobility due to aging is 
related to disc narrowing, posterior articular arthrosis, liga-
ment stiffness, and muscular fat degeneration.

 The Movements of the Vertebral Column 
in Daily Life

Few articles in the literature have focused on the range of 
motion of the various spinal segments during everyday activ-
ities. We will simply quote Bible [41] which describes 15 
activities of everyday life that he has evaluated in 30 men and 
30 women, ranging in age from 20 to 75 years.

flexion
20

15

10

5

0

−5

−10

−15

extension R rotation L rotation R inclination R inclination

*

*

*

*

*

*

*
*

*

*
*

3-5 years

9-12 years

6-8  years

Fig. 31 Evolution of cervical 
mobility according to three 
age groups in children 
(Arbogast [36])

Group A 20-30 years

Group B 30-40 years

Group C 40-50 years

Group D Over 50 years

−35−25 −15 −5 5 15 25 35 45 55 65

ExtensionFlexion

Fig. 32 Diagram showing the mobility reduction in lumbar flexion–
extension especially from 50 years (group D) (Wong [37])

Table 9 Evolution of motion by age [38]

Mobility according to age

Movement

20–
29 years
N = 100

30–
39 years
N = 100

40–
49 years
N = 100

50–
59 years
N = 100

Flexion 60° 58° 59° 53°
Extension 75° 69° 66° 64°
Right 
inclination

46° 43° 41° 38°

Left inclination 45° 42° 40° 38°
Right rotation 78° 79° 79° 71°
Left rotation 79° 79° 78° 71°

Angle of flexion-extension

Age
(years)

110°

150°

80°

15 45 80

Fig. 33 Diagram showing the reduction of motion of flexion–exten-
sion (Castaing [24])

J. M. Vital et al.
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These 16 activities are as follows:

• sitting down
• sitting in a car
• reading with a book on the knees
• cutting meat with knife and fork and bringing it to the 

mouth
• putting on socks
• tying shoes
• arising from a sitting position
• washing the hands while standing
• to wash the hair in the shower
• shaving the face
• putting on makeup

• picking up an object off the floor with bended knees
• picking up an object off the floor by leaning forward
• walking
• ascending the stairs
• descending the stairs.

All of these activities involve variably different spinal 
segments and are fully described in Figs. 34, 35, and 36.
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Fig. 34 Percentage of flexion and lumbar extension in the movements of everyday life (Bible [41])
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Fig. 35 Percentage of lumbar lateral inclination movement in the movements of everyday life (Bible [41])

The author insists that a small proportion of move-
ments are involved in these daily movements (Table 10).
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More recently, Sciubba [42] has evaluated the reper-
cussions of spinal arthrodesis with extension to the pelvis 
on other movements of daily life with the ten criteria of 
Hart [43] constituting the “Lumbar Stiffness Disability 
Index or LSDI ” appreciating more appropriately, in our 
opinion, the impact of stiffening, in this case surgical, on 
everyday life:

 1. Bend forward to put on trousers
 2. Lean forward to put on stockings or socks
 3. Drive a car
 4. Wipe after toileting
 5. Lean forward to pick up a small object on the ground

 6. Go to bed or get up from bed
 7. Sit or stand up from a chair
 8. Wash the lower half of the body
 9. Enter and exit the car
 10. Have sex

In this retrospective series of 134 patients, Sciubba [42] 
compares the impact of spino-pelvic arthrodesis, with prox-
imal extension to the thoracolumbar or upper thoracic (UT) 
spine. Both groups had statistically similar scores at 2 years 
compared to preoperative values with the exception of ques-
tions #2 (Bend through your waist to put socks and shoes 
on) and #8 (bathe lower half of body) in which UT reported 

Table 10 Percentage of flexion–extension, inclination, and rotation in the movements of everyday life [41]

Activities of daily life
Percentage of complete movement
Percentage of flexion–extension Percentage of inclination Percentage of rotation

Sit 37 20 12
Sit in a car 10 16 18
Read a magazine on the knees 4 6 6
Cut meat with fork and knife and bring to 
the mouth

5 8 9

Put on socks 22 19 14
To lace shoes 20 20 16
Getting up from a sitting position 39 14 10
Wash the hands while standing 12 15 12
Wash hair in the shower 9 11 12
To shave 8 11 9
Makeup 7 11 8
Pick an object off the ground by bending 
the knees

52 31 18

Pick an object off the ground by leaning 
forward

59 29 18

Walk 11 19 19
To go upstairs 13 22 20
Go down the stairs 11 21 18
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Fig. 36 Percentage of lateral rotation movement in the movements of everyday life (Bible [41])
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increased difficulty. The greatest change from pre-opera-
tively involved dressing or bathing the lower half of the 
body among patients with upper thoracic fixation. The only 
domain for which UT had greater impairment was in per-

forming personal hygiene functions after toileting. Finally, 
some images by Muybridge [44] show the involvement of 
the various spinal segments in daily life (Figs. 37, 38, 39, 
40, 41, 42, 43, 44, 45, 46, 47, 48, and 49).

Fig. 37 Action of getting up from a seat; note the extension of the lumbar spine at the end of the movement (Muybridge [44])

Fig. 38 Action of lying down in bed; flexion and rotation of the lumbar spine exist at the end of the movement (Muybridge [44])
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Fig. 40 Action of rising from a lying position on the ground; this difficult movement requires a marked lumbar extension with rotation (Muybridge [44])

Fig. 39 Action of getting up from bed; extension and rotation of the lumbar spine are well marked at the end of the movement (Muybridge [44])
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Fig. 41 Action of lying down on the ground; this movement is consistently in lumbar kyphosis but imposes inclination and rotation (Muybridge [44])

Fig. 42 Action of lying on the floor by bending the knees; flexion of the lumbar spine is reduced to the detriment of rotational tilt movements 
(Muybridge [44])
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Fig. 44 Descending the stairs; note the largest extension of the lumbar spine (Muybridge [44])

Fig. 43 Action of climbing stairs; note the relative unchanging shape of the entire spine (Muybridge [44])
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Fig. 45 Action of picking up an object on the ground on the side; this movement involves a rotation to the same side, but the flexion of the knees 
reduces flexion of the lumbar spine (Muybridge [44])

Fig. 46 Action of picking up an object in front by putting one knee on the ground; the flexion of the hips and knees reduces that of the lumbar 
spine (Muybridge [44])
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Fig. 47 Action to pick up an object on the ground at the foot of a staircase; this movement involves significant flexion and rotation (Muybridge [44])
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Fig. 49 Picking action; this movement involves large movements of rotation and flexion–extension (Muybridge [44])

Fig. 48 Sweep action; this involves rotational movements, but the lumbar spine is not stressed in flexion–extension (Muybridge [44])
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Spinal Balance

J. P. Farcy

 The Choice of Words

 Balance

It is a French word used everywhere. It means equilibrium 
and is crucial to ensure that the proper functions of forces are 
working together. Forces to be balanced must always have 
flexibility to allow the smallest adjustment. Forces generated 
by weight and gravity must be evenly applied on each spine 
segment to adjust to body motion. When the word “Balance” 
is applied to the spine, its meaning is limited to postural 
alignment, which is a component, although essential, of the 
total body balance.

 Alignment

Structural modifications of the anatomy over millions of 
years of evolution have brought us to the upright bipedal 
posture affecting the entire musculo-skeletal system. 
Important modifications of the pelvis and the spine have 
been crucial to ensure the body’s stability in the erect posi-
tion. Alternated segments of the spine, the head, the cervi-
cal spine, the thoracic spine, the lumbar spine, and the 
pelvis have a “center of mass” aligned on a vertical line 
perpendicular to the ground. Each one of those parts is 
included in a defined shape, which in the coronal plane, 
defines the body’s axis and in the sagittal plane are orga-
nized in curves to insure enough strength to carry the upper 
body’s weight. Details of the sagittal alignment were well 
defined in Pierre Roussouly’s Chap. 6.

 Equilibrium

All the structural modifications of the mammal’s anatomy to 
evolve into the bipedal species, consists of a displacement of 
the body’s gravity center on a vertical line, which falls on a 
point at the center of a small support surface. Combined 
actions of the musculo-skeletal system controlled by the 
spine and pelvis structure ensure the body’s balance. Balance 
is even more essential when the center of mass displaced by 
mobility must be aligned with the center of gravity, to avoid 
falling while walking, running, or jumping (Fig. 1).

Such a permanent adjustment to motion requires energy 
which must be controlled for dynamic bipedal harmonious 
function.

 Posture

Upright posture, and by extension sway and destabilizing 
movement, are specific to the human species. Ideally in the 
standing position all centers of gravity and centers of body 
and segment mass are located on the line of gravity which 
projects at the center of the support surface. This posture of 
man standing can vary infinitely within the limits of the cone 
of economy described in Chap. 12 by Jean Dubousset. The 
variations of posture will then depend on the application of 
forces, moreover by the perception’s modification induced 
by individual psychological or emotional status.

 Stability

Can be defined as a continuity of anatomical structures 
between the vertebrae which constitute the vertebral column. 
This continuity of the structures must be rigorously main-
tained during the very extreme movements of the elements 
constituting the whole spine. This stability can be interrupted 
by accidental or degenerative causes. The consequences are 
a modification of the global spine alignment and thus affect 
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balance. However, the infinite possibilities offered by the 
flexibility of the spine whilst retaining the role of protecting 
the nervous system represent its essential function; stability 
in motion.

 From Alignment to Equilibrium

Evaluated and measured, alignment gives an accurate rendi-
tion of the ideal structure of the vertebral column obtained in 
both posteroanterior and lateral radiographs in the standing 
position. The criteria for this alignment are clearly presented 
with their morphological and chronological variations in the 
in-depth study made by Pierre Roussouly and Jean Dubousset 
(Chaps. 8 and 12). The hip extension criteria are well illus-
trated by Istvan Hovorka (Chap. 7). These radiological and 
clinical criteria are complemented by neuro-muscular stud-
ies, which are together implied in the concept of spine align-
ment. It is possible to define the ideal alignment of an 

individual’s spine and pelvis in correlation with body’s mass 
and muscle tone and therefor understand the interactions 
between the axis of the body and the stays that hold it. 
Sagittal spine alignment requires full mobility of the hip, 
including hip extension reserve as a guarantee of functional 
lumbar lordosis. Pelvis version (pelvic tilt) in correlation 
with lumbar lordosis induce both thoracic kyphosis and cer-
vical lordosis. As a result, the head’s center of mass is main-
tained on the body’s line of gravity. Head and neck segments, 
with specific powerful stays, control horizontal vision, play-
ing an essential role in balance.

With the brain as control
system. 

Both static and dynamic balance 
require a permanent perception of
control to select and perform the 
most appropriate action.  

CNS integrity to assimilate all input to
transform them in enriched cognition.  

Harmony  

 Importance of Spine Anatomy

 The Pelvis

When discs, facet joints, and ligaments degenerate causing 
lumbar lordosis, the pelvis evolves into retroversion. Pelvis 
retroversion is visible on a lateral spine radiograph, obtained 
while standing, where the shadow of the femoral head is seen 
in front of the body’s line of gravity. Such pelvis retroversion 
combined with maximum hip extension makes the standing 
upright posture impossible without flexing the knees. Body 
balance is maintained at the expense of lumbar spine lordosis 
modification, to the limits imposed by pelvis retroversion. 
The final result is a cascade of discs, facets, and ligament 
degeneration, ending up in vertebrae rotatory dislocations 
and adult spine deformity.

 Thoraco-Lumbar Spine

Made up of 17 segments, each individualized, is made up of 
two zones that operate in a symbiotic mode. The lumbar part, 
made up of five more voluminous segments presents a sagit-
tal curvature in lordosis. It is also the most mobile while sup-
porting the most important load. Its flexibility, not limited by 
the rib cage, is much greater than the 12 chest segments with 
physiological curvature in kyphosis. These two curves com-
pensate each other to such an extent that the increase in the 

Fig. 1 Man in motion. The line going by inner ear and eye shows the 
“semi-circular canals” plane which must stay perpendicular to the grav-
ity line during motion
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degree of curvature of one corresponds to an increase in the 
degree of curvature of the other. Let us increase the lumbar 
lordosis, and we shall see the thoracic kyphosis increase, dis-
placing the head forward increasing stress applied on the cer-
vical spine, affecting the overall spine alignment.

 The Cervical Spine

Composed of two complementary segments, it ensures the 
movement of rotation, lateral flexion, extension, and flexion 
of the head. The cranial segment is made up of two vertebrae 
connected to each other, and to the occipital bone, by a com-
plex system of joints constituting three axes of mobility to 
allow 3 degrees of freedom of the head’s movement. The 
remainder of the five underlying segments is composed of 
similar vertebrae, whose articular facets allow a combination 
of rotation and lateral flexion. Such complexity of movement 
implies difficulty to adapt to conditions of extreme load, 
stretching the possibilities of resistance and muscle tone to 
their limits, in order to control the head’s position.

 Spine and Central Nervous System: (CNS) 
and (PNS)

It may look obvious that standing upright is a given privi-
lege, however, it requires neurological implication of such 
complexity redefined every year by neuroscience discover-
ies. Research conducted by Christine Assaiante [1] demon-
strated balance control development over years in 
synchronicity with CNS development. Body balance for a 
major part is maintained by the cervical action of all neck 
muscles, ensuring the inner ear’s vestibular stability when 
acceleration is transmitted to the head by body motion. Head 
control does not only guarantee good function of the oculo- 
vestibular reflex, it insures enlarged perception of the envi-
ronment, and by extension of its specific input at each given 
moment [2, 3] (Fig. 1). A cervical kyphosis, progressively 
made permanent by the weakening of the extensors, reduces 
the visual field and considerably limits the perceptive inputs 
which are very important to the enrichment of cognition 
(Fig. 2). Reduction in visual acuity affects not only cognition 
but also a slowing down of the plasticity of the brain. As a 
result, other osteo-muscular and tactile perceptions can 
insidiously compromise the proprioception of the healthy 
adult. Becoming less engaged, the brain participates less and 
less in action, and progressive uncertainty creeps in to com-
promise the feeling of safety. The pattern of behavior is 
reduced to limit them, and when apprehension becomes fear, 
the vicious circle is closed.

 A Word from Neurosciences

Since 1984, with the establishment of centers for cognitive 
studies, neurosciences have focused mainly on improving 
learning in the more general framework of education. The 
cognition that allows the brain to have a keypad that gets 
richer, constantly needs the continuous input of all percep-
tion. Among the perceptions indispensable to permanent 
enrichment are those that all the senses have to offer, and 
which are integrated in the form of cognition’s repertoire 
which is continually renewed (Fig. 4). The wide sweep of a 
gaze of the eye with the multiple degrees of freedom of 
movement of the head is one of the best guarantees of a con-
tinuous enrichment of cognition. Unlimited, permanent cap-
ture of the environment is facilitated by an intact 
oculo-vestibular reflex (Figs. 3 and 4).

Fig. 2 Man affected by a severe cervical kyphosis. Standing upright; 
Limited cervical mobility. Limited visual perception. Limited function 
of the oculo-vestibular reflex
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As a corollary, it is necessary to keep posture erect facili-
tating the important position of the semi-circular canals and 
eye’s gaze on a line perpendicular to the axis of gravity.

 Search for Harmony

Anatomists and surgeons need to preserve the alignment of 
the spine, both in the coronal sagittal and transversal plane so 
that the head, the seventh cervical vertebra, the third lumbar 
vertebra, and the center of the pelvis are all on the line of 
gravity projected at a point between the two internal malleoli 
in the standing posture. We know that in adults, even without 
recognized pathology, the muscular tone degenerates, the 
joints become less mobile, and the spine deforms. This 
deformation occurs under the influence of the gravitational 
force as soon as the anatomical structures begin to 
degenerate.

It is these deformations which cause pain and which we 
treat by widening the spinal canal, ensuring the stability of 
the vertebrae and correcting the alignment. But in doing so, 
the correction is made at the cost of stiffness which leaves no 
room for adjustment mainly when it is extended to more ver-
tebrae. In search of harmony, could it be possible to find a 
compromise so that the centers of pressure can be aligned 
with the center of gravity without the constraint imposed by 
a large zone of rigidity? It is necessary to preserve both “spi-
nal alignment and dynamic balance.” When they fail it has a 
negative impact on the function of the CNS.  Unsuspected 
possibilities of brain plasticity can be lost without full atten-
tion given to spine balance. In light of this evidence the Fig. 3 Balance, a very intricate symbiosis of multiple systems (Tran 
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choice of a surgical compromise between the perfect and 
rigid correction and a relative correction, allowing for enough 
adjustment must be the main concern [4]. “Spinal balance” 
needs flexibility to counter a loss of horizontal sight, with the 
increasingly suboptimal direction of sight then focused 
downward toward a space restricted to the ground in front of 
the feet. (Fig. 2).

 A Look at the Future

Is it possible to pursue the alignment of the spine while pre-
serving its power of adjustment? Is a preventative minimally 

invasive intervention feasible to delay the disabling conse-
quences of discs and ligament degeneration?
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Biomechanics and Spinal Modelling

W. Skalli, D. Mitton, P. Rouch, and J. Dubousset

 Introduction

Among the essential biomechanical functions of the spine are 
those of maintaining a stable erect position and of allowing 
movements during walking, activities of daily living or when 
practicing a sport. An important function is also to effectively 
protect the spinal cord. These functions involve different inter-
acting systems, mainly the osteoarticular system (bone struc-
tures and disco-ligament binding elements) and the muscular 
system that both stabilizes and mobilizes the skeleton. Motor 
control for activation of muscular actuators is performed based 
on information from many proprioceptive sensors.

This neuromusculoskeletal assembly is particularly com-
plex. The goal of the biomechanical engineer is to develop 
quantitative methods to describe the geometry, to describe 
the internal architecture on a detailed scale, to propose con-
stitutive equations for the tissues, associated with their 
mechanical properties. It is also to model this system, at dif-
ferent levels, to better understand the mechanisms that gov-
ern its normal or altered operation. To model is to propose a 
schematic mathematical representation focusing on a partic-
ular aspect. This numerical approach is inseparable from the 
experimental analysis which makes it possible to observe the 
phenomena for setting relevant models and validating them. 
The first research in modelling at ENSAM began in the 
1980s, under the impetus of F. Lavaste in collaboration with 
R. Roy Camille. It has continuously evolved since, in close 

collaboration between engineers and clinicians. This chapter 
addresses the modelling aspects through geometric model-
ling, which allows a quantitative description of the morphol-
ogy, and through biomechanical modelling, which aims to 
understand how these very specific structures react under the 
effect of the mechanical loads to which they are subjected, 
thus shedding further light on the functional anatomy.

The models can be made at different scales, macroscopi-
cally (for an extended vertebral segment, for the spine or the 
body as a whole) or microscopically, for example to study in 
detail the arrangement between the collagen fibres of an 
intervertebral disk and elastin fibres that constitute interla-
mellar bridges [1], or to understand the relationship between 
bone trabecular architecture and macroscopic mechanical 
properties [2].

We will remain on a more macroscopic approach and, 
through some examples, we will illustrate the value of mod-
elling, for a fundamental objective of understanding the 
basic mechanisms, as well as for clinical issues such as the 
aid to the diagnosis and the therapeutic management.

 Geometric Modelling of the Spine

 Geometric Modelling of the Skeleton 
from Biplane Imagery

The basis for quantitative observation is the shape and pose of 
each vertebra and trunk as a whole, including the spine, pelvis 
and ribcage. The development of the EOS® low-dose biplanar 
X-ray system and the associated 3D reconstruction [3] 
allowed for the first time quantitative observation of the 3D 
skeleton in the erect position. The 3D reconstruction method 
is based on the design of a geometric model of each bone 
structure. For example, a vertebra of reference, with its verte-
bral body, its spinous process and its transverse process can 
be characterized by geometric attributes (dimensions, orien-
tations of the articular facets, etc.). Databases associated with 
statistical models show that these geometric attributes are 
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correlated for the same vertebra (transversal inferences) and 
for the vertebrae of the same spine (longitudinal inferences). 
Therefore only few anatomical landmarks are digitized on 
X-rays (Fig. 1a) and are used to infer all the geometric attri-
butes of all vertebrae, which allows pre-sizing and position-
ing of each vertebra in coherence with the digitized 

information. The theoretical radiographic projections of this 
initial model are calculated and superimposed with a pair of 
real radiographs (Fig. 1b). Adjustments are then made, manu-
ally or automatically, to bring the simulated radiographic 
images into coherence with the real radiographic images, and 
to obtain a realistic model of the object (Fig. 1c, d) [3–6].

a

b

c

d

Fig. 1 3D reconstruction process of the spine: (a) anatomical landmarks are digitized; (b) the initial model is retroprojected on X-rays to allow 
model adjustments; (c) 3D reconstruction in superior view; (d) 3D reconstruction in frontal view
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The possibility of viewing in 3D and from different 
angles is rich in lessons, as highlighted in the chapter on 
EOS. In particular, head-to-toe analysis has shown how the 
erect posture is characterized by maintaining the head above 
the pelvis [7] and how the aging subject or postural distur-
bance implements a compensation strategy, by retroverting 
the pelvis, or even flexing the knees, to maintain this erect 
posture (Fig. 2).

This three-dimensional modelling of the vertebral column 
provides new insight into the quantitative analysis of scoli-
otic deformities, described qualitatively by the pioneers 
René Perdriolle [8], Jean Dubousset, Henri Graf and Ginette 
Duval Beaupère. Thus it is now established that the main 
scoliosis curvature has at its extremities, called junctional 
zones, a limit vertebra which is rotated in the horizontal 
plane with respect to the adjacent vertebrae (intervertebral 
axial rotation, IAR—in the inferior and superior zones). The 
apical vertebra, the most laterally deviated, is also usually 
the most rotated in the horizontal plane (vertebral axial rota-
tion, VAR). Within the main curvature, each vertebra is 
rotated relative to the other, from the apex to the lower limit 
and from the apex to the upper limit, thus describing a tor-
sion phenomenon which is clearly visible in Fig.  1 [9]. 

Finally, this scoliotic curvature is also characterized by 
hypokyphosis in the apical region, when observed in the 
plane of curvature.

Coupled with the modelling of the rib cage, this 3D recon-
struction makes it possible to objectify the effect of conser-
vative [10, 11] or surgical [12] treatments. In a study carried 
out in collaboration with the teams of Saint Etienne 
University Hospital (Dr Ebermeyer and Courtois) and 
Trousseau Hospital (Pr Vialle), the analysis of 42 scoliosis 
patients treated before and after bracing shows that if the 
brace corrects overall, the angle of Cobb, the lordosis is how-
ever decreased in 60% of the cases, and the parameters of the 
horizontal plane (VAR, torsion, gibbosity) are unchanged in 
more than 60% of the cases. Vertebral axial rotation is even 
increased in 14% of cases [13]. Larger scale analyses, linked 
to the clinical outcome of brace treatment, should lead to a 
better understanding leading to improved practices and 
equipment.

Indeed, numerical models make it possible to build large 
databases in multicentric studies, provided that acquisition 
protocols are harmonized. The use of data analysis tech-
niques and/or artificial intelligence provides powerful means 
to classify the data, find the most influential parameters, and 

Acoustic meati

Fig. 2 For this patient, the maximized retroversion of the pelvis is insufficient to avoid tilting forward, bending of the knees is necessary to main-
tain the erect posture, with the head above the pelvis. The head center of mass is close to the center of acoustic meati (CAMs)
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ultimately identify useful biomechanical markers for diagno-
sis and/or development of the therapeutic strategy.

An illustration concerns the identification of a severity 
index allowing early detection of progressive scoliosis. 
Screening is important because the treatment is all the more 
effective when undertaken early. Quantitative observations 
made on many scoliosis curves lead to establish a “scoliotic 
deformity signature”, that is to say to characterize the pattern 
of deformity using a few descriptor parameters (Cobb angle, 
AIR, AVR, hypokyphosis in apical zone, rotation). A normal 
spine may randomly present one or other of these attributes, 
but not this structured combination, and its “signature” will 
be very different. This very specific pattern of deformity may 
appear in the early  phase. Therefore, it is possible, from the 
first examination, to establish the signature of each spine 
and, using a mathematical classification method known as 
factorial discriminant analysis, to compute a severity index 
that varies from 0 to 1 depending on whether the signature of 
the studied spine is closer to that of normal spines or that of 
severe scoliosis. An initial validation was performed on 56 
patients, for whom the severity index was established at the 
first examination and followed until the end of their growth. 
The results showed that, in more than 80% of cases, scalabil-
ity or stability can be predicted from this first examination 
[14]. These promising results have led to the initiation of 
data collection on a larger scale to consolidate scientific evi-
dence and to reliably use this index in clinical practice. The 
follow-up time for the validation is long because it is some-
times necessary to wait several years for the future progres-
sion of the patient to be proven; we are now at 64 patients 
with similar conclusive results.

For degenerative scoliosis in adults, such approaches can 
be considered and have been initiated [15] to look for early 

warning signals, especially related to intervertebral rotations 
which could further be translated into true rotational disloca-
tions destabilizing the spine.

These examples illustrate how quantitative three- 
dimensional analysis is likely to shed new light on spinal 
pathology. In addition, these geometric models provide a 
valuable foundation for the biomechanical models that will 
be presented below.

 Biomechanical Modelling of Spine

Biomechanical modelling aims to analyse the response of a 
mechanical system to forces to which this system is subject. 
Such modelling consists in schematizing on the one hand the 
shape of the structure of interest (that is to say, to build a 
geometric model), and on the other hand the mechanical 
behaviour of the different components, by describing their 
constitutive equations. These equations are established by 
mechanical tests which quantify the internal mechanical 
stress (force per unit area, in N/mm2) as a function of the 
strain (relative variation in length or angulation, in %). The 
constitutive equations can be very complex and we will pro-
vide a simplified vision. By way of example, the stress–strain 
curve of a sample of cortical bone is shown in Fig. 3a. The 
equation is linear and the slope of the line corresponds to the 
modulus of elasticity E (or Young’s modulus), which 
 characterizes the stiffness of the considered tissue. Another 
essential mechanical characteristic is the mechanical strength 
of the tissue considered, that is to say the maximum stress 
that can be supported before damage to this material. Soft 
tissue behaviour is generally nonlinear (Fig. 3b), with stiff-
ness progressively increasing with increasing deformation.

σ (N/mm2)

ε (%) ε (%)

ultimate stress
σmax

σ (N/mm2)

slope : young’s modulus

a b

Fig. 3 The stress–strain curves make it possible to characterize the 
stiffness of the material, expressed by the Young’s modulus, as well as 
its strength, expressed by the maximum admissible stress: (a) typical 

curve for bone tissue, the behaviour of which is linear, (b) typical curve 
for a ligament, the behaviour of which is nonlinear
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 Biomechanical Modelling and Conceptual 
Analysis

Mechanical modelling therefore requires the completion of 
geometric modelling by describing schematically the 
mechanical characteristics of each material in each region of 
the model. Internal kinematic links must also be modelled 
(for example, inter-facet contact). A particularly powerful 
modelling technique, finite element modelling (FEM), is 
widely used in mechanics and other areas of physics and 
developed for the spine since the 1980s.

Figure 4 shows two model examples, for a lumbar seg-
ment and for a cervical segment. The models are said in finite 
elements because the virtual structure is mapped in a finite 
number of elements, each element having its own character-
istics. Such an approach makes it possible to differentiate the 
mechanical characteristics of the cortical and cancellous 
bone (and to consider their variability within a given verte-
bra), to differentiate the annulus of the nucleus, the anterior 
and posterior fibres of the intervertebral disc, each of the 
ligaments, etc.

Dedicated software then allows to simulate different types 
of forces exerted on this structure and to compute the 
mechanical response, in terms of displacements, local strain 
and global deformation, and mechanical stresses which, if 
they are excessive, cause the damage to this system. Of 
course, because of simplifying assumptions and the resultant 

schemata, the validation of these models is essential to verify 
the relevance of the numerical response. Spinal models are 
generally validated by in  vitro mechanical tests, in which 
vertebral segments are fixed at their base and subjected to 
controlled mechanical loads (compression, flexion, exten-
sion, lateral inflexion, rotation). The movements of one ver-
tebra relative to the other are then measured in the three 
planes of the space, which makes it possible to obtain the 
behaviour curves (forces or couples vs. linear or angular dis-
placements). Numerical simulation makes it possible to 
apply virtually the same forces under the same experimental 
conditions, and the numerical results are compared with the 
experimental results (Fig. 5) [16]. This model becomes more 
refined as knowledge evolves.

Once validated, these models are valuable tools to help 
thinking: indeed, we can, all things being equal, remove and 
modify components and analyse their effect. For example, 
these models allowed to identify the role of geometric param-
eters in the biomechanical response of the spine [17, 18]. 
These models are also a powerful means of computer- 
assisted design of implants: indeed, the simulation of pathol-
ogy and surgical instrumentation can be realized, and 
provided that the modelling of the instrumented segment is 
validated, numerous options can be simulated by varying the 
different design parameters [19, 20]. Figure 6 shows differ-
ent examples of implant modelling, and Fig.  7 shows the 
impact of two posterior implants on the distribution of 

a b c

Fig. 4 (a) Lumbar vertebral segment model; (b) exploded view of the intervertebral disc, highlighting the differentiated modelling between the 
matrix of the annulus, the collagen fibres included in this matrix and the nucleus; (c) model of cervical spine
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Fig. 5 For each vertebral level and each type of load, flexion extension, 
extension, lateral bending and rotation, the in vitro experiments make it 
possible to quantify the curves of rotations as a function of the applied 
moment (a grey line by specimen). The behaviour of each model is 

compared to the different experimental results, to verify that the curves 
are similar and that the numerical results are within the experimental 
corridor

Fig. 6 Simulation of lesions and virtual insertion of different implants

Upper adjacent level

Instrumented level

a b

0    0 . 1    0 . 2    0 . 3    0 . 4    0 . 5    0 . 6    0 . 7    0 . 8    0 . 9

Stress (MPa)

Fig. 7 Example of a 
numerical result, showing the 
stress distribution in the 
intervertebral disc, for two 
variants—(a, b) of the same 
posterior implant
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stresses in the intervertebral disc at the instrumented level 
and at the adjacent level. Some companies now use  modelling 
on a regular basis because such an approach can drastically 
reduce the design time of an implant.

To illustrate the essential enlightenment that modelling 
offers, we are interested in dynamic instrumentation using 
pedicular screws and flexible longitudinal connection 
 elements. “Screw loosening” is a mechanical complication 
resulting in a deterioration of the bone quality around the 
screws, impacting the holding of the anchorage. A meta- 
analysis [21] has shown that the rate of screw loosening var-
ies according to scientific publications of 0–72%. This very 
large variability can be related to differences in implant con-
cepts. Finite element analysis helps to understand that longi-
tudinal stiffness, along the axis of the connecting elements, is 
of paramount importance. When bending is performed, the 
interpedicular distance (at the entry points of the screws) 
increases in an intact vertebral segment (Fig. 8). If the implant 
breaks this variation, the movement is altered and local 
stresses can appear. Modelling allows, all things being equal, 
variation of the stiffness of the longitudinal element. Results 
show that when the implant, even if it is flexible, has a high 
longitudinal stiffness, it yields increased mechanical stresses 
in the pedicles, which may be responsible for the degradation 
of the anchorage [16]. Although the clinical outcome of a spi-
nal surgery is really very multifactorial, such a conceptual 
study allows understanding of a key factor of the variability 
of results from one type of dynamic implant to another, which 
is useful to better outline the specifications of such implants.

 Subject-Specific Modelling and Treatment 
Planning

Beyond the conceptual models, it is important to use person-
alized modelling when the question is, for a given patient, to 
understand the factors explaining a degenerative process or a 

mechanical complication because each patient is unique and 
has his own specificities. A subject-specific geometric model 
can be obtained from biplanar radiography, or sectional 
imaging (CT, MRI) or even from ultrasound imaging. 
However, to build a biomechanical model, it is also essential 
to document the mechanical properties of the components. 
There are still technical difficulties, even if great progress 
has been made in recent years, either by inverse methods for 
surgery simulation [22, 23] or by direct characterization by 
ultrasonic elastography, in particular for intervertebral discs 
[24]. It is also necessary to customize the mechanical loads 
that may vary depending on the normal or altered postural 
alignment, and the effectiveness of the muscular actuators. 
These components will be the subject of paragraph 4.

We will illustrate the interest of these subject-specific 
models by two very different clinical applications, relat-
ing on the one hand to osteoporosis fractures and on the 
other hand to the simulation of the effect of bracing for 
scoliosis.

 Personalized Simulation to Estimate 
the Resistance of an Osteoporotic Vertebra

Osteoporosis is a diffuse disease that causes bone fragility, 
and its prevention is a major issue in public health. Vertebral 
fractures cause an alteration of the sagittal balance, resulting 
in severe pain and an increased risk of secondary fractures, 
impacting the quality of life and independence of the person. 
Characterization of bone strength is essential to identify at- 
risk individuals and target preventative therapies. The rou-
tine clinical examination is bone osteodensitometry, or DXA 
(Dual X-Ray Absorptiometry), to estimate bone mineral den-
sity (BMD). However, the intrinsic resistance of the vertebra 
also depends on its shape. Custom finite element models are 
constructed from QCT (quantitative CT) scanner images, in 
which the images are previously calibrated for conversion of 

IPD in extension IPD in flexion

a b
Fig. 8 Between full flexion 
and full extension, the 
interpedicular distance (IPD) 
between the entry points of 
the pedicle screws varies. 
When the longitudinal 
element does not allow any 
elongation, the modelling 
shows that it results in 
increased stress in the 
pedicles, which may explain a 
deterioration of the anchorage
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Hounsfield units ((HU), associated with the attenuation coef-
ficient of the medium traversed) to BMD. The mechanical 
properties being correlated with the BMD can be personal-
ized for each “element” which composes the model. The lat-
ter is then validated by performing mechanical compression 
tests in  vitro on vertebrae that have been scanned before-
hand. Subject-specific models are constructed and test condi-
tions are reproduced to compare the estimated fracture 
strength by numerical simulation with that measured experi-
mentally. Figure 9 shows the ability of such models to esti-
mate the fracture limit for each of the vertebrae.

Such models have been used, for example, to study the 
sensitivity of different parameters on bone strength [25]. 
Other things being equal, it has been shown that the displace-
ment of 1 cm of the lever arm of the load exerted on a verte-
bra is likely to cause an increase of more than 100% of the 
mechanical stresses and a decrease of approximately 50% of 
the strength. This explains the particularly detrimental effect 
of an alteration of the postural alignment, which results in 
the increase of the lever arm of the loads exerted on the ver-
tebrae, thus increasing the risk of fracture. This point will be 
included in paragraph 4.

These models are also used for clinical trials to objectify 
the effect of drugs on bone reinforcement [26], or to better 
understand the influence of mechanical properties of bone 
cement during vertebral restoration [27]. They are not yet 
used in clinical routine because the systematic realization of 
scanners for screening is difficult to envisage, but research is 
very active to build such models from biplane imaging in 
dual energy. The first proofs of concept in  vitro are made  

[28, 29], with a coefficient of correlation between numerical 
and experimental strength r2 of 0.84, between that of the 
model resulting from the scanner (r2 = 0.96) and the predic-
tion by DXA (r2 = 0.74). Biplane radiography also has the 
advantage of the standing position, making it possible to also 
consider the postural alignment of the subject.

 Personalized Simulation to Estimate the Effect 
of a Scoliosis Brace

When a scoliosis has to be corrected by brace, the correction 
strategy is difficult to establish for each individual, which 
explains the sometimes insufficient corrections and the fact 
that the effectiveness of the braces is variable [30]. To move 
from the geometric model to the biomechanical model, the 
mechanical properties of the intervertebral discs and the dif-
ferent connecting tissues (ligaments, costovertebral and 
 costotransverse junctions, intercostal muscles) are docu-
mented. Although these characteristics can hardly be cus-
tomized today, the mechanical properties of the ribs, which 
directly affect the correction transfer from the ribcage to the 
spine, can be adjusted according to the age of the patient [31, 
32]. The numerical simulation consists, at this stage, in simu-
lating the points of support exerted by the brace to account 
for the biomechanical response of the spine. Validation of 
such models can only be done with respect to real in vivo 
data, and a first validation protocol is to compare the numeri-
cal results with the results from pre-treatment and post- 
treatment corset acquisitions. The comparison involves both 
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Fig. 9 For 28 vertebrae between L1 and L3, comparison between the experimental fracture force and the estimated rupture force by simulation, 
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the spinal line and the main clinical parameters of interest: 
Cobb angle, hump, lordosis, kyphosis, vertebral and inter-
vertebral rotations, and torsion (Fig. 10). Although still pre-
liminary, the results on 42 patients are promising [24] and 
open the way to the exploitation of modelling as a real tool 
of reflection to plan the correction considering the specifici-
ties of the patient and the results of the predictive 
simulations.

 Postural Alignment, Barycentremetry 
and Muscle Modelling

The spine is an essential component of the musculoskeletal 
system, and a gradual evolution has emerged over the last 
30 years, from a very local view of the area of direct interest 
(functional unit or extended vertebral segment) to the global 
vision considering the longitudinal skeleton as a whole. The 
chapter on sagittal balance clearly shows the interindividual 
morphological differences in pelvic incidence and their 
impact on spinal alignment.

The gravity line, which is the vertical line passing through 
the subject’s centre of gravity, can be localized with regard to 
the skeleton by associating a force platform with a mono-
plane [33] or biplane radiograph system [34, 35]. This mea-
surement is important to understand how each individual 
adjusts his or her posture to maintain this gravity line (GL) 
within the polygon of support formed by the feet, a condition 
of balance in the erect position. But it is complex to combine, 
in clinical routine, radiographic measurements and force 
platforms, with a relative positioning of the two systems. The 
modelling approach is useful for estimating the location of 
LG without an additional platform [36, 37].

3D reconstruction from biplane radiographs of the outer 
envelope is now fast and accurate (Fig. 11) [38]. It allows 
computing the volume of each body segment. By estimating 
the density of each body segment in databases, it is possible 
to deduce the mass of each segment and the location of its 
centre of mass. The baricentre of all segments corresponds to 
the subject’s global centre of gravity, which thus can be esti-
mated by modelling. The interest is also to quantify the loca-
tion of the centre of mass above a given vertebral level 
(Fig. 12).

To understand why this element is important, we must 
keep in mind the fundamental research on the biomechanical 
behaviour of isolated spinal segments: when a centred com-
pression force is exerted on the upper vertebral body of a 
functional unit, the compression is very high, of the order 
from 200 to 400 N in the cervical zone and from 4000 to 
6000 N in the lumbar zone. When this force Fc is deviated 
forwards, the lever arm (D) yields a bending moment 
Mf = Fc × D.

However, the physiologic bending moment is quite low, 
of the order of 2 Nm in the cervical and 20 Nm in the lumbar 
spine, which means that if the lever arm is 10 cm (0.1 m), the 
allowable compression force for a vertebral segment drops to 
20 N cervical and 200 N lumbar.

The barycentremetry, by locating the centre of mass of 
each corporal segment, makes it possible to estimate this 
lever arm in a realistic way. The work is still preliminary, 
but by way of example, the external envelope was calcu-
lated and the barycentremetry was carried out for 32 
asymptomatic subjects in three age groups (12 from 
20–40 years, 10 from 41–60 years and 10 from over 61). 
The centre of mass of the area above L1 moves forward 
with age, with a lever arm that varies on average from 

without brace

with brace

simulation

without brace

with brace

simulation

a b

c

Fig. 10 Example of evaluation of a correction simulation by brace:  
(a) personalized model and simulation of correction pads; (b) compari-
son of the spinal line before, after brace and simulation; (c) comparison 

of the values of clinical parameters obtained by simulation with the 
parameters measured from post-brace 3D reconstructions
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13 mm for group 1 to 37 and 44 mm for groups 2 and 3, 
respectively. With identical bone mineral density, finite ele-
ment modelling shows that the permissible compressive 
force drops from 4000 N to 1000 N under the effect of the 
moment induced by this lever arm. This modelling illus-
trates the interest of also analysing the postural alignment, 
and not only the bone mineral density, when one is inter-
ested in the risk of fracture of osteoporosis [39]. Another 
essential parameter to consider is the muscular system; 
indeed, the muscles are essential components of spinal bio-
mechanics because they allow regulation of the bending 

moment, and also the shear forces and the moments of lat-
eral inflexion and torsion.

However, the chapter on anatomy shows how complex 
and subtle this muscular architecture is, with a large number 
of muscles, to reconcile stability and precise control of pos-
ture and movement. For biomechanists, muscular modelling 
is an active field of research, based on the approach of roboti-
cists who are interested in the control of systems:

• The state of the system is continuously measured with the 
help of sensors;

Fig. 11 Reconstruction of the outer envelope from biplanar X-rays, allowing consideration of interindividual variabilities

head center of mass

global center of mass

center of mass of the
segment above femoral head

Fig. 12 For each body 
segment, the mass and the 
center of mass can be 
calculated, allowing the 
calculations of 
barycentremetry and the 
estimation of the line of 
gravity. Center of mass 
(CoM) head. CoM segment 
above the femoral heads. 
Global CoM
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• A control system verifies that this state respects the set-
points related for example to the stability and/or to the 
security of the system;

• A command system associated with the control system 
drives the actuators to regulate the system if necessary 
and maintain it in the desired state.

For the control of the posture and the movement of the 
spine, the sensors are numerous at the level of the skin, the 
eyes, the vestibular system and also at the level of the liga-
ments, with the proprioceptive sensors which alert in case of 
abnormal intervertebral displacements. The nervous system 
provides control and command of muscular actuators to reg-
ulate posture and ensure accurate and stable movement.

Alteration of any of the elements can lead to disturbances: 
the alteration of sensors, control and command can affect the 
processing of information that can be altered or slowed 
down. Altered muscle actuators, due to muscle atrophy or 
fatty infiltration, can affect the ability to regulate posture and 
movement.

The analysis of these complex mechanisms is all the more 
difficult because there are still technological blocks because 
many parameters of interest are hardly accessible to mea-
surement: for example electromyography (EMG), carried 
out more easily for assessing the superficial muscles, can 
measure muscle activation but it cannot directly assess mus-
cular effort. Nevertheless, the progress of functional MRI 
and electroencephalography (EEG) should shed valuable 
light on the aspects related to muscular control.

The complexity is also linked to the multiplicity of co- 
activated muscles, to manage the synergy and muscle antago-
nisms for a permanent control of the stability of the system.

However, in this field too, modelling is making progress: 
research in muscle modelling makes it possible to exploit 
MRI data for a quantitative calculation of muscle volumes 
and fatty infiltration of muscles [40, 41]. The exploitation of 
ultrasound elastography also appears very promising [42]. 
As for the modelling of muscular activation, different math-
ematical approaches are proposed in the literature [43]. 
Models simulating postural control from proprioceptive 
information have been proposed [44]. The personalization of 
the models will allow better understanding of the vicious 
cascade that occurs when postural alignment and/or the 
 muscular system is altered, in order to progress towards the 
prevention of aggravation of certain spinal pathologies.

 Conclusion

With the development of computer science and numerical 
simulation tools, modelling brings one of the elements of 
understanding of the functional anatomy of the spine.

Geometric modelling allows today observation of the 
skeleton in 3D, in erect position, which helps diagnose and 

objectify the effect of a therapeutic intervention. Longitudinal 
studies should reveal a number of degradation mechanisms.

Biomechanical modelling considers both the geometrical 
and mechanical properties of the components. This is an 
increasingly useful way to help design implants and func-
tional restoration systems. The evolution towards personal-
ized modelling opens up promising prospects for helping to 
plan treatments that consider the specificities of each indi-
vidual. These models are still at the research level, but they 
are reaching maturity and should in the near future be usable 
in clinical practice.

The biomechanical analysis of the spine cannot be com-
plete without considering the mechanical loads that are 
exerted, relative to gravity and the muscular efforts. Advances 
in barycentremetry analysis, in personalized muscle model-
ling and in muscular control modelling, should lead to a bet-
ter understanding of the involved mechanisms.

Thus, modelling provides valuable insights for a better, 
earlier and more accurate diagnosis, and for a quantitative 
assessment of the effect of treatments. The better understand-
ing of the mechanisms of degradation with individual speci-
ficities should be a source of major progress and breakthrough 
innovations in prevention and therapeutic management.
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Anatomy Is a Living Language

A. Dimeglio and F. Bonnel

Every generation is called to write a new page in the history of 
anatomy. Questioning the past is necessary to discover a new 
world.

 Anatomy: Open Thought on Modernity

Anatomy is a living language! It is not fixed. Anatomy books 
have, for pedagogical convenience, restricted this to a finite 
world. But from generation to generation, anatomy has been 
able to overcome this all-too rigid conformity. If the part is 
immutable, the expressions are multiple. With time, anatomy 
has been able to renew itself.

Medical imaging has accompanied this change; the three- 
dimensional scanner has revealed anatomy’s intimate nature. 
Magnetic resonance has pushed the boundaries of the invisible 
by illuminating muscles, tendons, and ligaments. Ultrasound 
has uncovered the hidden fetus by delving into the sinuous 
folds of the spine and the brain. Growth reconciled anatomy 
with its original identity. Biomechanics has dynamized it by 
introducing movement. The quantified analysis of walking 
showed that the flexibility of the spine and the pelvis was a 
prerequisite for fluid movement of the lower limbs. The EOS, 
by apprehending the musculoskeletal apparatus in its entirety, 
has inscribed the spine in the corporal space.

 Embryology: The Essence (of Things) of Life

A critical period, a decisive period, everything happens at an 
exponential speed. Everything is ordinanced to the millimeter 
and the second. Synchronized, harmonized, hierarchical, this 

choreographic ballet obeys a ternary rhythm: first, a mesenchy-
mal phase, then cartilaginous, and then ossification. These 
three successive and superimposed phases do not tolerate the 
slightest deception at the origin of the malformations. The ves-
sels and the nerves preside over the simultaneous construction 
of several organs: spine, heart, kidney. Chromosome non-com-
pliance explains Klippel Feil’s syndrome: cervical vertebral 
malformations are accompanied by a constellation of malfor-
mations observed in the kidney, heart, cord, and upper limb.

The container and the contents of the vertebral column 
control each other. The non-closure of the neural plate leads 
to a loss of the posterior arch at the origin of a myelomenin-
gocele. At 2 months (60 days) of intrauterine life, everything 
is arranged! The “anonymous” mesenchymal tissue gives 
way to a miniature model of the body with a well-defined 
cartilaginous supporting frame and an ossification that 
spreads over 17 years.

 Growth: A Volumetric Revolution, 
a Morphological Emancipation

At birth, 30% of the skeleton is ossified. Ossification is tena-
cious, irresistible. It gradually gains ground and seizes the 
cartilaginous cartilage; the morphology changes. The verte-
bral body, initially ovoid, takes the form of a parallelepiped 
(three-dimensional parallelogram). In contrast, the thorax at 
birth is circular and becomes, over time, ovoid. Growth is a 
volumetric revolution: chest volume is 8% at birth, 30% at 
5 years, and 50% at 10 years.

 Growth Is Not Linear

Each growth site has its own pace. Between 5 years and the 
beginning of puberty, when the lower limb grows, the trunk 
slows; the reverse occurs at puberty. At 5 years old, the height 
reaches 70% of its final size and the thoracic area 30%. All 
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growths are not contemporaneous, but all are synchronized. 
Strategies must follow these phases of acceleration and 
deceleration.

 The Interdependence of Growths Explains 
the Domino Effect

Any abnormal growth of the spine induces an abnormal 
growth of the thorax which leads to an abnormal growth of 
the heart and lungs. It all starts with scoliosis and everything 
can end with cardiorespiratory failure. Campbell proposes to 
treat “chest retraction” first and foremost: it is the parasol 
effect to give more room for lung growth.

 The Vilebrequin Effect Is Omnipresent

Growth cartilages are masters of the game. Controlling a seri-
ous infantile scoliosis requires the theoretical neutralization of 
all the growth cartilages involved in the curvature. No instru-
mentation is able to control the crankshaft effect. An insur-
mountable challenge! On the one hand, the temptation is great 
to neutralize the evolutionary curvature; on the other, every-
thing must be done to save mobility. According to the work of 
Canavese and Karol, early arthrodesis of the spine has nega-
tive consequences for the growth of thorax and lungs. The sur-
gical approach of the growing spine should be as economical 
as possible. Any extensive dissection creates the conditions for 
spontaneous arthrosis. Early severe scoliosis, whatever its 
cause, is initially a true “orthopedic” disease that, over time, 
changes in nature. It is transformed and becomes a pediatric 
disease with serious cardio-pulmonary consequences.

 Puberty Idiopathic Scoliosis: Indomitable

The technical feats, by pedicle screw fixation which com-
pletely corrects the curvature, must not make us forget that 
the arthrodesis is an incurable anatomical sacrifice. It is 
never the final solution; it is a statement of failure. The maxi-
mum is not necessarily the optimum. Growth leads us to 
favor mobility and prescribe arthrodesis. In the end, what 
matters is not the amount of raw material (screw, rod, etc.) 
but the amount of gray matter. The control of a spinal curva-
ture first involves strategic intelligence.

 COBB Angle: A Virtual Value

It does not reflect the real world, the global spatial reality of 
spinal deformity. What matters is not the Cobb angle but the 
remaining growth: 20° scoliosis at 5 years is distressing, 20° 

at 10 years is a concern, whereas 20° at 15 years is reassur-
ing. “What matters is not the angle of Cobb, but the cone of 
stability” (Dubousset).

 Balance: A Priority, an Ardent Obligation

It is necessary to write about balance. Global equilibrium is 
actually the product of 1000 postures, 1000 matches, 1000 
coordinated compensations. In the context of normal and 
pathological variants, each individual has its morphological 
specificity and therefore a spinal balance which is part of his 
personality.

 After Growth the Spine Continues Its Destiny

Aging begins very early with, as a priority, the lumbar 
spine, which is first concerned with the lumbosacral junc-
tion. Protecting one’s lumbar spine early in life by address-
ing the correct spinal economy and alignment is 
important.

 The Time Has Come to Review the Hierarchies

For decades, anatomy books have prioritized bone. 
Experience has shown that ligaments, intervertebral discs, 
muscles, and fasciae are more important than bone struc-
tures. “The soft is more resistant than the hard.” The visco-
elasticity of the column in severe scoliosis is a parameter to 
be considered, halo traction retains its flexibility.

 The Muscles and Their Fascia Play an Essential 
Role

The collapse of the spine in paralytic scoliosis is the perfect 
illustration. Their disposition between long and short are 
mixed and is on a short scale. The pennation of the fascicles 
intervenes mechanically in the first degree.

 The Curvatures of the Column Promote 
Mobility, Elasticity, Resistance, and Balance

They are in correspondence and harmonious tension to dis-
tribute the constraints. They watch each other, oppose each 
other, compete with each other … and are finally accom-
plices. The loss of lumbar lordosis heavily compromises 
walking. Arthrodesis of thoracic kyphosis has upstream 
mechanical consequences (cervicalgia) and downstream 
consequences (lumbago).

A. Dimeglio and F. Bonnel
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 Scoliotic Disease Is a Life-Long Illness

Over time, imperceptibly, 10° of lumbar scoliosis become 
40° or 50° by 50 years. The aggravation is favored by mus-
cular and disc degeneration, ligament fatigue.

 The Surgeon Has a Physical Relationship 
with the Anatomy

Anatomy is his privileged partner. With experience, the sur-
geon tames it, feeling it, knowing where the risk is. Screw 
insertion to the pedicles is more than a technical audacity, it 
is a reasoned provocation. The surgeon knows that one has to 
be polite with the anatomy, with muscles and ligaments. But 
after surgery, nothing will be like before. There is no return 
to anatomical innocence.

Anatomy is a ruthless justice of the peace. There is no 
compromise possible. A perfect result supposes a perfect 
functional restitution.

 Anatomy: A Regalian Discipline

It is a universal constitutional discipline.
It sets the rule.
It is essential without concession.
It is available in all languages.
It is timeless.
Its story has been tirelessly repeated since the origin of 

man.

 Research: Positive Insubordination

Under repeated attacks of research, anatomy has been 
reborn in other forms. Without to denounce its past, it has 
torn herself away from the “motionless fixity” of schemas 
and sketches; it has distanced itself from static icono-
graphic conventions. It knew how to renew itself as a living 
language. It has seized time with the study of growth. It 
apprehended the space with the EOS. It enriched itself with 
the study of walking. It has been enlarged by annexing the 
pelvis and renaming it to be called pelvic vertebrate. It 
appropriated the thorax as the fourth dimension of the 
spine. It echoes Schumpeter’s quote: “Questioning the past 
is necessary to discover a new world.” From generation to 
generation, anatomy is never quite the same or quite 
another.

 Tomorrow: Another Day

Yesterday, Professor René Louis’s book marked his time. 
For those starting their career in spinal surgery, one must 
start by reading this essential book that is still relevant 
today by its basic precepts. Today, the book edited by 
Professor Jean- Marc Vital and Derek Cawley is a continua-
tion of that of Prof. Louis. It is the product of many enrich-
ing discussions between the authors. It bears witness to the 
inexhaustible fecundity of anatomy; as soon as it is closed, 
we perceive the necessity of writing another one … but 
tomorrow is another day.

The 10 stages of puberty.

Hand Olecranon Triradiate cartilage Risser
11-year-old girl
13-year-old boy

1 Sesamoid of the thumb Double ossification Open 0
2 Sesamoid of the thumb Ovoid Open 0
3 Sesamoid of pronounced thumb Quadrangular Closed 0
4 Sesamoid of pronounced thumb Start of fusion Closed 0
5 Distal fusion of the thumb Fused Closed 0

13-year-old girl
15-year-old boy

6 Distal phalanx fusion Fused Closed 1
7 Metacarpophalangeal fusion Fused Closed 2
8 Interphalangeal fusion Fused Closed 3
9 Fusion ulna Fused Closed 4
10 Fusion radius Fused Closed 5

Anatomy Is a Living Language
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Abdominal and lumbar muscles, 324
Abdominal aorta, 429, 430
Active pelvic retroversion method, 127
Actual Extension Reserve, 127
Adjacent segment disease (ASD), 103
Aging process

definition, 75
functional alterations

balance disorders, 102
BFC (see Bipedal folding chains)
body balance, 101–104, 106
central/peripheral neurological disorders, 102
lumbar lordosis, 102–104
mechanical and energetic compromise, 101
parameters, 103, 104
postural control, 99, 100
scientific context, 92, 93
SVA, 102
tenodesis effect, 100
VO2 Max, 100

structural alterations
intervertebral disc (see Intervertebral disc)
posterior arch (see Posterior arch)

Amphibians, 6, 7
Anastomotic arterial pathways, 438
Anatomical anteversion, 201, 505, 507
Angular compliance, 314
Annulus fibrosus (AF), 76, 77, 421
Anterior Longitudinal Ligament (ALL), 421
Anterior muscle group, 260–262
Anticlinism, 285, 287
Aponeurosis

angles of pennation articulation and muscular power, 299, 300, 
302, 303

anterior cervical aponeuroses, 263, 264
closed articular chain, 314
compliance

angular compliance, 314
definition, 314
elastic deformation, 315
muscular fascicles and fascia, 315
three-level complex, 314

dynamic effect (isokinetic force), 314
fundamental structure

disposition, 296
endomysium, 293, 294
historical conceptual error, 292, 293
large posterior cervical complex, 296
longissimus dorsi and ilio-costal, 295
mechanism of aponeurosis, 295

mechanism of fascia, 297, 298
organization, 295
parallel fascicles, 298, 299
perimysium, 293, 294
serratus posterior superior and inferior, 294

mechanical properties
fascicle mechanic performance, 309
muscle yield, 309
muscular work, 308
PCSA, 309–311

muscle-aponeurosis tendon complex
muscle functions and composite beam, 311–312
negative feedback, 312
scalene muscles, 312, 313
volume and strength of muscles, 313

muscle fasciculi and pennation, 291–292
muscle force and levers, 314
muscular action and topography

global functionality, 300–304
mechanical rotary results, 306
monoarticular muscles, 306
muscle direction, 303–305
muscle torsion, 305, 306
polyarticular muscle, 307

open articular chain, 314
quadratus lumborum, 299, 301
semi-closed articular chain, 314
static effect (isometric force), 314
thoraco-lumbar aponeuroses, 263–265
three-dimensional dynamic articular rotational centering law, 313
transversospinales muscles, 300
trapezius muscle, 293
unipennate or bipennate muscle, 292, 293
vertical and oblique fascicles, 299

Aquatic environment, 4
Artery of cervical enlargement, 435
Arthrogenic kyphosis, 269, 270
Artificial intelligence, 493
Asymmetrical discopathy, 361
Asymmetric disc disease, 358, 362
Autonomic afferent (towards) fibers, 391
Autonomic efferent fibers, 391
Autonomic sensitive fibers, 422

B
Balance, 485
Balanced thorax, 40
Barkow ligament, 231
Barycentremetry, 499, 500
Basivertebral veins, 442

https://doi.org/10.1007/978-3-030-20925-4


510

Bichat's analysis, 316
Bilateral lower lumbar vessels, 435
Biomechanical modelling, 499

conceptual analysis, 495–497
finite element analysis, 497
geometric parameters, 495
implant modelling, 495
instrumented segment, 495
interpedicular distance, 497
lumbar vertebral segment model, 495
mechanical characteristics, 494
numerical simulation, 495
osteoporosis, 497
personalized modelling, 497
scoliosis, 498
screw loosening, 497
soft tissue behavior, 494
stress distribution, 496
stress-strain curves, 494
treatment planning, 497

Bipedal folding chains (BFC)
characteristics, 93
lower limbs, 96, 97
lumbo-pelvi-femoral complex, 93
mobility direction of CO-C1, 94
pelvic girdle, 96
spine

active/passive momentums, 95
biomechanics, 94
head-neck segment, 94
horizontal plane, 93
lumbar lordosis, 95
lumbosacral angle, 95
mechanical stresses, 93
spinopelvic parameters, 95
suboccipital extension, 94
suboccipital flexion, 94
thoracic segments, 93
thoracolumbar and sacral regions, 95
3D transducers, 93

transversal BFC, 97–99
Bipennate muscle, 298–299
Blood supply

spinal cord
cervical level, 435
intrinsic spinal cord vascularization, 437–438
longitudinal arterial axis, 435–437
radiculomedullary arteries, 433, 434
thoracolumbar level, 435

spinal structures
abdominal aorta, 429, 430
thoracic aorta, 428, 429

vertebral structures
costo-vertebral vascularization, 432
dorsal arch, 432, 433
intervertebral foramina, 433
vertebral body, 431, 432

Brown-Sequard syndrome, 383
Bulbar raphe nuclei, 387

C
Cellular module, 447
Center of mass, 485
Centers of acoustic meati (CAM), 493
Central nervous system (CNS), 487
Central pattern generator interneurons, 367

Central rhythmic activities, 368
Central spinal canal (vertebral foramen), 345, 346
Central sublesional syndrome, 388
Centripetal system, 437
Centromedullary (syringomyelic syndrome), 388
Cerebellar programming system, 384
Cerebral control, 450
Cervical flexion-extension, 462
Cervical flexion-extension amplitudes, 466
Cervical kyphosis, 487
Cervical lateral inclination, 462

amplitudes, 466
Cervical lordosis, 284
Cervical region, 427
Cervical rotation, 462, 467
Cervical translation, 472
Cervical vertebral malformations, 505
Charcot-Marie-Tooth heredoataxia, 384
Chest retraction, 506
Chondroitin sulfate (CS), 208
Chromosome non-compliance, 505
Clarke’s column, 364
Clasp knife reflex, 378
Closed articular chain, 314
Coaxial joints, 457
Cobb angle, 506
Common iliac arteries, 430
Compliance

angular compliance, 314
definition, 314
elastic deformation, 315
muscular fascicles and fascia, 315
three-level complex, 314

Connective tissues, 329
anatomical position, 330
contractile abilities, 339
description, 329
fascia profundis, 330
fascia superficialis, 330

composition and location, 331
definition, 330, 331
epidermis removed, 331
function, 331

fascia transmit forces, 337
mechanical force, 339
mechanical properties, 330
mechanical tensions and tensile mechanical  

stress, 337
receptors

diversity and non-specificity, 337
free nerve endings, 337
golgi-Mazzoni, 336
golgi tendon organs, 337
Meissner’s corpuscles, 337
Merkel nerve endings, 337
pacinian corpuscles, 336
Ruffini corpuscles, 337
sympathetic innervation, 337
thymic effects on fiber activity, 337

sensory innervation, 336
thoracolumbar fascia, 338, 339
type I sensory fibres, 336
type II sensory fibres, 336
type III sensory fibres, 336
type IV sensory fibres, 336

Contact force (CF), 122, 123
Costo-vertebral vascularization, 432
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Cranial vertebra
centre of gravity, 145–147
EAC, 148
foramen magnum position, 145
nasion-opisthion plane, 144
occipital angle of Broca, 143
orbito-occipital angle, 143, 144
and pelvic vertebrae

basicranial chondrogenesis, 190, 191
craniofacial growth, 192, 193
craniofacial ossification, 191, 192
endochondral ossification, 189
neurocranium, 189
pelvic ring vs. thoracic limb girdles, 194
skull base, 189
somites, 189, 190

radiographs, 145–147
sagittal cervical balance, 149–151

Craniofacial ossification, 191, 192
Cuneatus fasciculus (Burdach), 364
Cuneocerebellar tract, 369
Cyclic mechanical stress, 450
Cytoarchitectonic model, 366

D
Data analysis techniques, 493
Deep lamina of the posterior layer (dPLF), 332, 333
Deep plane, 258, 259
Definitive adult vascular pattern, 428
Degenerative pathology

asymmetric disc disease, 358, 362
herniated discs, 356, 357
intervertebral foramen, 357–362
lateral recess, 357

Descending pathways
non-pyramidal tracts

bulbar raphe nuclei, 387
dorsolateral spinal contingent, 384
lateral reticulospinal tract, 387
monoaminergic and serotoninergic fibers, 385
noradrenergic fibers (NA), 385
parvocellular lateral reticular nuclei, 387
reticulospinal tracts, 386
rubrospinal tract, 386
supraspinal origin, 387
vestibulospinal tracts, 386

pyramidal tract, or corticospinal tract, 385
Diffuse nociceptive inhibitory control function, 375
Direct pyramidal tract, 379
Disc degeneration, 76
Discogenic pain, 425
Diverticula, 413
Dorsal arch, 432, 433
Dorsal external plexuses, 441–442
Dorsal horns

control systems, 374
diffuse nociceptive inhibitory control function, 375
general organization, 372, 373
neospinothalamic tract, 373
nociceptive information, 374
organization, 374
paleospinothalamic tract, 373
supraspinal control systems, 375

Dorsal internal vertebral venous plexus, 440
Dorsal (posterior) longitudinal ligaments (PLL), 229
Dorsal medial fissure, 364

Dorsal spinal artery, 436
Dorsal spinocerebellar tract, 369, 382
Dorsal system, 433
Dorsolateral spinal contingent, 384
Dove frame fixation, 271
Dynamic bipedal harmonious function, 485
Dynamic effect (isokinetic force), 314
Dynamic flexion-extension lateral cervical radiographs,  

459–461

E
Embryological modifications

dorsal aorta, 427
early development, 20, 21
formation and differentiation of somites, 22

chondrification form, 23
conus medullaris, 23
hemisomites, 23
primary ossification, 23
sclerotome, 22

genetic and biochemical considerations, 19, 20
notochord, 22
primary neurulation, 22
secondary neurulation, 22
spinal cord, 427–428
spine, 427
trilaminar embryo, 21, 22

Embryonic period, 20
Enchondral ossification, 25, 191
Endomysium, 293, 294
EOS system

classifications, 133
cone of economy, 133, 134
creation, 133
paralytic oblique pelvis, 133
2D planar projections, 133, 135
3D reconstruction, 133, 135, 136, 138

Epicritic sensibility, 89
Epidural space, 414, 415
Epi-spinalis, 257
Erector spinae

conventional anatomy model, 323
low back pain, 324, 325
muscle activity during locomotion, 325
muscle behavior, 323
origin of lumbago, 325, 326
paravertebral gutter

longissimus and iliocostal muscles, 322
spinalis and semispinalis muscles, 322
splenius muscles, 322
transverse–spinous process muscles, 321–322

traditional anatomy model, 322, 323
trunk movements during walking, 324, 325

External auditory canals (EAC), 148
Extradural meningeal cysts, 413
Extradural plexuses, 440–441
Extraforaminal lumbar interbody fusion (ELIF), 276, 277
Extra-spinal ligaments, 233
Extra-vertebral venous network

basivertebral veins, 442
dorsal external plexuses, 441–442
inferior vena cava, 442
longitudinal prevertebral vein and azygos system, 442
perivertebral venous plexuses, 441
ventral external plexuses, 441
vertebral vein, 441
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F
Facet asymmetry, 225
Facet joints, 82, 84
Facet syndrome, 425
Facet tropism, 225, 226
Fascia, 329, 330

fasciae of contention, 316
properties, 316
structure of, 316, 317

Fasciae of contention, 316
Fasciae transmit forces, 337
Fascia profundis (FP), 330

cervico-cranial region, 335–336
false aponeurosis/tendinous membrane, 332
lumbosacral region

anterior layer, 332, 333
middle layer, 332
posterior layer, 332

thoracic region, 333–335
Fascia superficialis (FS), 330

composition and location, 331
definition, 331
function, 331

Fasciatherapy, 315
Feasable stability region (FSR), 99
Fiber activity, 337
Filum terminale, 405
Finite element modelling (FEM), 495, 497
Fixed medial sagittal diameter (FMSD), 348
Flexor withdrawal reflex, 378, 379
Foramen magnum, 405
Force transmitted to tendon (FT), 310
Fragile avascular tissue, 76
Free disc, 273
Free nerve endings, 337
Friedreich disease, 384
Functional control module, 447

G
Gate control theory, 374, 375
Gaze, 145, 149
Geometric modelling

anatomical landmarks, 492
data analysis techniques and / or artificial intelligence, 493
degenerative scoliosis, 494
head-to-toe analysis, 493
junctional zones, 493
larger scale analyses, 493
numerical models, 493
progressive scoliosis, 494
quantitative observations, 491, 494
scalability or stability, 494
scoliotic curvature, 493
scoliotic deformity signature, 494
theoretical radiographic projections, 492
3D reconstruction method, 491, 493
vertebral axial rotation, 493

Global amplitudes, 459, 463
Global equilibrium, 506
Global surface (GS), 274
Glycosaminoglycans (GAGs), 208, 209
Golgi-Mazzoni, 336
Gracilis fasciculus (Goll), 364
Great ventral radiculomedullary artery, 435
Growth site, 505, 506

H
Head-to-toe analysis, 493
Herniated discs, 356, 357
Hip extension

clinical and morphological status, 127
clinical examination and optoelectronics, 127
definition, 127
human development, 127
ligamentary and muscular tension, 127
limitation, 130
neutral position, 128
paradoxical results and measurement failures, 127
parameters, 130
pelvi-femoral angle, 127
radiological measurements, 127
reserve extension, 127
sagittal balance, 130
stretching, 130
surgery, 131

Hox genes, 276
Hyaluronic acid, 208

I
Idiopathic scoliosis, 270, 271
Iliocostalis, 257, 273
Iliocostalis pars lumborum, 273
Ilio-lumbar ligaments, 238, 240
Ilio-psoas, 259
Infantile scoliosis, 48, 49
Information system, 383
Innervation hole, 423
Instantaneous centres of rotation (ICR), 211
Intercalary bone. See Pelvic vertebra
Intercostal arteries, 429
Intercostal vessels, 428
Interdependence of growths, 506
Intermediate plane, 258–260
Intermediomedial cell column, 366
Interpedicular distance (IPD), 497
Intersegmental motion upper cervical spine, 469
Intersegmental muscles, 284
Intersegmental sub-axial cervical flexion-extension motion, 471
Intersegmental sub-axial cervical lateral inclination motion, 471
Intersegmental sub-axial cervical rotation, 471
Intersegmental thoracic motion, 472, 473
Inter-spinous ligament, 233
Inter-transverse ligament, 233, 238
Intervertebral disc (IVD)

biomechanical specifications, 207
cervical spine, 81
clinical anatomy, 424
collagen, 209, 210
disc fissuring and herniation, 213, 214
encapsulated endings, 421
end-plates, 208
evolution, 424
fragile avascular tissue, 76
GAGs, 208, 209
genetics, 76
histomorphological features, 78

disc and vertebral endplate modifications, 78, 79
fragile balance, 76, 77
lumbar spines, 77
Modic classification, 78, 80
MRI degeneration stages, 77, 78
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nucleus pulposus and annulus fibrosus, 76, 77
pathological disc degeneration, 77

hydrophilic and hydraulic damper
disc pressure, 211
load transfers, 210
movements and constraints, 211, 212
Nachemson’s in vivo research, 211
osteoporosis bone compression, 210
prestressed system, 210

inflammatory factors, 79
innervation hole, 423
lumbar and cervical tandem lesions, 81–83
mechanical factors, 78, 79
nucleus pulposus, 207
proteolytic enzymes, 209, 210
rami communicantes, 423
sensitive fibers, 422
sensory pathways, 421
sinu-vertebral nerve, 422
spinal levels, 212, 213
structural modifications, 75, 76
vascular factors, 79–82

Intervertebral foramen, 433
articular, 352
form and orientation, 351–352
lumbar intervertebral foramen, 353, 354
pedicular, 352
shape and orientation, 351
transverse, 353

Intervertebral segment, 457
Intra-axial anastomoses, 438
Intra-canalar longitudinal pattern, 442
Intracanalicular system, 432–433
Intradural drainage, 439
Intradural meningeal cysts (Type III), 413
Intramuscular fascial segments, 295
Intra-vertebral venous network

extradural plexuses, 440–441
intradural drainage, 439
medullary venous network, 438–439

Intrinsic spinal cord vascularization
anastomotic arterial pathways, 438
central arteries, 437
peripheral arteries, 437–438

Inverse myotatic reflex or autogenic inhibition, 378
Isokinetic devices, 452

K
Keratan sulfate (KS), 208
Kinematics

amplitudes with age, 472, 474
coaxial joints, 457
degenerate mobile segment, 458
movement amplitudes

global amplitudes, 459, 463
lower (sub-axial) cervical spine, 466–472
lumbar level, 472
segmental amplitudes and motion analysis, 464
thoracic spine, 472
upper cervical spine (OC1C2), 464, 469

normal mobile segment, 458
spinal mobility

CT, 459
dynamic flexion-extension lateral cervical radiographs, 

459–461

in vitro measurements, 459
in vivo measurements, 459
lateral inclination, 459, 461
MRI, 459, 462

spinal movements, 457
vertebral column in daily life, 474, 476–483

Klippel-Feil syndrome, 47, 505

L
Larsen syndrome, 157
Lateral costo-transversal ligament, 233
Lateral inclination, 463
Lateral muscles, 259–261
Lateral occipito-atloid ligaments, 231, 232
Lateral occipito-axial ligaments, 233
Lateral occipito-odontoid ligaments, 231, 232
Lateral pyramidal crossed tract, 379
Lateral recess, 350–352
Lateral reticulospinal tract, 379
Lateral spinal artery, 437
Leptomeninges, 417
Levator scapulae, 257
Ligament flavum, 84
Longissimus, 273
Longissimus pars lumborum, 273
Longitudinal arterial axis

dorsal spinal artery, 436
lateral spinal artery, 437
ventral spinal artery, 435–436

Longus coli, 251, 253
Lower iliac fascicle, 238
Lower sacral fascicle, 238
Lumbar disc herniations, 213
Lumbar intervertebral foramen, 353, 354
Lumbar movements, 467
Lumbar spinal canal, 348–350
Lumbar vertebral segment model, 495
Lumbosacral angle (LSA), 15
Lumbosacral fusion, 173
Lumbosacral malformations, 273
Lumbosacral mobility, 459
Lumbosacral region

anterior layer, 332, 333
middle layer, 332
posterior layer, 332

M
Maigne's syndrome, 226
Mamillo-accessory ligament, 238
Marfan’s disease, 157
Matrix metalloproteinases (MMP), 209
Medial occipito-odontoid ligament, 230
Medial reticulospinal tract, 379, 386
Median occipito-axial ligament, 230
Median sagittal diameters (MSD), 347, 349
Medullary compression syndromes, 386
Meissner’s corpuscles, 337
Membrana tectoria, 230
Meningeal cysts, 413
Merkel nerve endings, 337
Mesenchymal tissue, 190
Metameric lesional syndrome, 388
Minimum effective strain, 312
Mobile medial sagittal diameter (MMSD), 348
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Monoarticular muscles, 306
Motionless fixity, 507
Multifidus (MS), 274
Muscle-aponeurosis tendon complex

muscle functions and composite beam, 311–312
scalene muscles, 312, 313
volume and strength of muscles, 313

Muscle direction, 303–305
Muscles

anatomical and biomechanical fundamentals, 281–284
comparative anatomy, 285

insertions, 286, 287, 289, 290
intrinsic and semantic morphology, 287
modern nomenclature, 286
myofibrils, 287
numbers, 285
old nomenclature, 286
sarcomere forms, 287, 290–292

fusion of myotomes, 280
globality of load, 281
histological and physiological evaluation, 279
history, 279, 280
intersegmental muscles, 284
intrauterine life, 282
musculo-aponeurotic static and dynamic mechanical imperatives, 

284–286
myoblasts, 280
physiological curvatures, 283
regulatory genes, 280
somites and neural tube, 282

Muscle stretch reflex (myotatic reflex), 377
Muscle torsion, 305, 306
Muscular modelling, 500
Muscular strength and endurance, 324
Muscular synchronization, 323
Muscular system, 500
Musculo-aponeurotic static and dynamic mechanical imperatives, 

284–286
Myofascial Trigger Point (point-relaxation), 315
Myofibrillogenesis, 290
Myofibrils, 287

N
Negative feedback loops, 451
Neospinothalamic contingent, 381
Neospinothalamic tract, 373
Neural arch

ascending and descending pathways, 424
discogenic pain, 425
facet syndrome, 425
innervation holes, 425
Kuslich's experiment, 424
zygapophyseal joint capsules, 424
zygapophyseal pain, 425

Neural centres of grey matter
central formation/fundamental zone

automatic swimming/cyclical motion, 367
central pattern generator interneurons, 367
central rhythmic activities, 368
cerebellum, 369
control of vegetative centers, 371
corticospinal tracts, 368
dorsal spinocerebellar tract, 369
electrical or mechanical stimulation, 367
locomotion, 366
mesencephalic reticular formation, 368
parasympathetic system, 369
pedunculopontine nucleus, 368

referred pain, 373
rubrospinal tract, 369
spinocerebellospinal feedback loops, 369
stance phase, 367
structures, 368
swing phase, 367
sympathetic system, 369–372
ventral spinocerebellar tract, 369
ventromedial reticulospinal tract, 369
vestibulospinal tract, 369

dorsal horns
control systems, 374
diffuse nociceptive inhibitory control function, 375
general organization, 372, 373
neospinothalamic tract, 373
nociceptive information, 374
organization, 374
paleospinothalamic tract, 373
supraspinal control systems, 375

ventral horns
largeαmotor neurons, 375
non pyramidal pathways, 378, 379
organization, 376
pyramidal tracts, 379
Renshaw cell, 376
segmental sensory afferents, 376, 377
α-motor neurons, 376
γ-motor neurons, 376

Neurocentral cartilage (NCC)
action of, 59
anatomy, 54–57
cervical and lumbar closure, 54, 55
closure, 58
CT Scan, 55, 58
histology, 53, 54
hyperlordotic back, 57, 61
Schmorl’s original drawing, 53, 54
scoliotic vertebra, 57, 60
spinal canal, 57, 59
thoracic idiopathic scoliosis, 61
thoracic scoliotic segment, 57, 62

Non-functional disc, 274
Nonlinear systems, 448
Non-muscular passive momentum (NMPM), 95
Non-pyramidal tracts

bulbar raphe nuclei, 387
dorsolateral spinal contingent, 384
lateral reticulospinal tract, 387
monoaminergic, serotoninergic and noradrenergic fibers, 385
noradrenergic fibers (NA), 385
parvocellular lateral reticular nuclei, 387
reticulospinal tracts, 386
rubrospinal tract, 386
supraspinal origin, 387
vestibulospinal tracts, 386

Notochordal process, 22
Nuchal septum, 229–231
Nucleus pulposus (NP), 76, 77, 207, 421

O
Obliquus externus abdominis, 260
Obliquus internus abdominis, 260
Occipito-transverse ligament, 230
Ontogenesis, 403–405
Open articular chain, 314
Osirix Viewer® software, 164
Osteofibrous, 345
Osteoporosis, 88, 497
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Oswestry Disability Index (ODI) scales, 451
Oxygen, 4

P
Pacinian corpuscles, 336
Paleospinoreticulothalamic contingent, 381
Paleospinothalamic tract, 373
Parachordal cartilages, 190
Parallel fascicles, 298, 299
Parasol effect, 45, 46
Parasympathetic system, 369
Paravertebral gutter

longissimus and iliocostal muscles, 322
spinalis and semispinalis muscles, 322
splenius muscles, 322
transverse–spinous process muscles, 321–322

Parkinson's disease, 92
Parvocellular lateral reticular nuclei, 387
Pelvic girdle

arrangement, 243
frontal plane, 244
lumbar spine and lower limbs, 243
pubic symphysis, 243
sacrococcygeal joint, 244
sacroiliac joints, 243–245

amplitudes, 249
asymmetric movements, 247, 249
classical studies, 245–247
data acquisition, 249
data processing, 247
dissymmetric movements, 247, 249
preliminary study, 246, 248
radiostereophotogrammetry, 246
range of motion, 246
spatial reconstruction, 248
Weisl's analysis, 247

transverse plane, 244–246
Pelvic incidence (PI), 113, 115, 116
Pelvic retroversion, 462
Pelvic ring

acetabulum, 201, 205
coxal bone, 197, 200, 202, 203
pelvic incidence, 200, 204, 205
phylogenesis

gluteus maximus, 197
ilioischial angle, 195, 199
iliopubic angle, 194
Lucy's pelvic ring, 195, 199
lumbar lordosis, 194, 198
orientation, superior view and sagittal view, 194
pelvic incidence, 194, 196, 197

sacrum, 195–197, 200–202
SIJ, 200
vs. thoracic limb girdles, 193, 194

Pelvic tilt (PT), 102, 113
Pelvic vertebra

adult degenerative spine, 180, 181
Chain of Balance, 178
chain of joints, 178
Cone of Economy, 179
creation and prevention, 184
flexion contracture, 176
hip joint, 174
horizontal plane, 177
intrapelvic degrees of freedom, 173, 174
inverted pendulum, 172
kyphotic lumbar deformities, 184–186
lumbosacral joint, 174

morphology, 172, 173
multiwire chamber, 179
non-extensible strings, 179
paralytic pelvic obliquity, 175
phenomena, 176, 182
planes of space, 171
plasticity, 174
polygon of support, 178
radiograph, 171
sacroiliac joint, 171
sagittal plane, 176, 177
sagittal reorientation, 182, 184
spondylolisthesis, 181
texture and bone architecture, 174
therapeutic consequences, 179–186
3D surface reconstruction, 179

Periaxial anastomoses, 438
Perimedullary anastomotic system, 438
Perimysium, 293, 294
Perineurial cysts (cysts of Tarlov) (Type II), 413, 414
Peripheral muscles, 323
Periphery algogenic substances, 374
Perivertebral venous plexuses, 441
Phyllogenesis, 403
Physiological cross-sectional area (PCSA), 309–311
Physiological curvatures, 283
Plantar sensitivity, 89, 90
Pollintine’s hypothesis, 81
Polyarticular muscle, 307
Positive feedback loops, 451
Positive insubordination, 507
Posterior arch

bone, 87–90
central integration, 91, 92
facet joints/zygapophyseal joints, 82
ligaments, 84
muscles, 85–88
neurological control of posture, 89
plantar sensitivity, 90
proprioception, 89, 90
spinous processes, 84, 85
vestibule, 90, 91
vision and visual motor control, 90

Posterior cervical dermatomes, 399
Posterior longitudinal ligament (PLL), 421
Posterior lumbar muscles

anatomy, 273
ELIF, 276, 277
extraforaminal approach, 273
free disc, 275
global surface, 275
hox genes, 276
lumbosacral malformations, 273
monkeys and human skeletons, 276, 277
Multifidus, 275
patients and method, 273, 274
quantitative paraspinal measurement, 275
reporting, 274
sacralization, 275, 276

Postural alignment, 500
Primary neurulation, 22
Progressive scoliosis, 494
Proprioceptive spinal system, 366
Proteoglycans (PG), 208
Proteolytic enzymes, 209, 210
Protraction and retraction movements, 468
Puberary idiopathic scoliosis, 506
Puberty, 507
Pubic symphysis, 243
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Q
Quadratus lumborum muscle, 259, 430

R
Radiate ligament, 233
Radiculomedullary arteries, 433, 434
Radiculopial arteries, 434
Ragged red fibers (RRF), 267–270
Reciprocal inhibition reflex, 378
Rectus abdominis, 260
Reptiles, 7–9
Reserve volume (RV), 347
Reticulospinal tracts, 379, 386
Rhomboid muscle (Rh), 333
Risser test, 66, 68–70
Roof of the foramen, 354, 355
Root canal, 352
Rostrocaudal sequential activation, 367
Rubrospinal tract, 369, 379
Ruffini corpuscles, 337

S
Sacral meningoceles, 413
Sacral region, 427
Sacral slope (SS), 113
Sacrococcygeal joint, 244
Sacro-coccygeal ligaments, 239, 240
Sacroiliac joints, 200, 243–245
Sacrum anatomy

correlations, 162
incidence, 161
lumbar lordosis, 163
patients and methods, 161
pelvic fixation

biomechanical zones, 165
Galveston stem, 166
iliac screw insertion, 166, 167
iliosacral screw insertion, 167
Jackson’s intrasacral rod, 166
screw insertion at S1 and S2, 165, 166
S2 iliac screw insertion, 167, 169
T-construct, 169

pelvic incidence, 161, 163
radiography, 162
radiological and statistical analyses, 162
sitting position, 163
S1 screws, 163–165
standing position, 163
supine positions, 161, 163

Sagittal symmetry, 364
Sagittal vertical axis (SVA), 119
Sarcomere, 287
Sarcopenia, 85
Scaleni, 256, 257
Scheuermann's disease, 62–65
Scheuermann's kyphosis, 242
Scoliosis, 498
Scoliotic deformity signature, 494
Screw loosening, 497
Secondary neurulation, 22
Semi-closed articular chain, 314
Sensitive receptors, 449
Sensorial receptors, 449
Sensorimotor postural control, 92
Sensory innervation, 336
Serratus posterior inferior (SPi), 334

Sinu-vertebral nerve fibers, 422, 423
Soft tissue behavior, 494
Somatic sympathetic system, 370–372
Somatosensory ascending pathways

antero lateral funiculus, 380
cerebellar programming system, 384
dorsal column carries epicritic and kinesthetic  

information, 380
information system, 383
neospinothalamic contingent, 381
non-specific system, 384
paleospinoreticulothalamic contingent, 381
spinocerebellar tracts, 382

Sonic hedgehog, 22
Spinal alignment, 499
Spinal arachnoid villi, 411
Spinal balance, 485

alignment to equilibrium, 485, 486
posture, 485
stability, 485, 486

Spinal canal
central spinal canal (vertebral foramen), 346

central spinal canal (vertebral foramen), 345
lateral radiograph, 348
median sagittal diameters, 347
normal vertebral body, 348
reserve volume, 347
Torg and Pavlov index, 348
variations, 347

degenerative pathology, 356
asymmetric disc disease, 358, 362
herniated discs, 356, 357
intervertebral foramen, 357–362
lateral recess, 357

intervertebral foramen
articular, 352
lumbar intervertebral foramen, 353, 354
pedicular, 352
shape and orientation, 351–352
transverse, 353

lateral recess, 350–352, 357, 358
lumbar spinal canal, 348–350
movements of column, 354
thoracic spinal canal, 348
transverse canal, 354, 355

Spinal cord
anteromedial contingent, 387
appearance, 363
central sublesional syndrome, 388
configuration, 364, 365
cytoarchitecture of the grey matter, 365
dorsal or posterior horns, 364
during fetal life, 363
fusiform swellings, 363
internal structure, 364, 365
medullary compression syndromes, 386, 388
meningeal envelopes, 363, 364
neural centres of the grey matter (see Neural centres of the grey 

matter)
organization, 363
posterolateral contingent, 388
ventral or anterior horns, 364, 366
white matter

descending pathways (see Descending pathways)
somatosensory ascending pathways (see Somatosensory 

ascending pathways)
Spinal cord control, 450
Spinal functional unit (SFU), 458
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Spinal ligaments
degenerative pathology

cervical level, 240
lumbar level, 241
thoracic level, 241

lower cervical area
ALL, 233
extra-spinal ligaments, 233
inter-spinous ligament, 233
intertransverse ligament, 233
lateral view, 233, 234
PLL, 233–235
severe cervical sprain, 233, 235
supra-spinous ligament, 233
yellow ligament, 233

lumbar area
cervical and thoracic areas, 234, 236
epi- or peridural membrane, 236
extra-spinal, 238–240
fibrous formations, 237, 238
foraminal ligaments, 237, 238
sagittal section, 235, 236
venous plexus, 236
yellow ligament, 237

sacral area, 239, 240
schematic arrangement, 229, 230
spinal deformities, 242
sub-occipital area

Barkow ligament, 231
dorsal atlanto-axial membrane, 230
dorsal occipito-atloid membrane, 230
lateral occipito-atloid ligaments, 231, 232
lateral occipito-axial ligaments, 233
lateral occipito-odontoid ligaments, 231, 232
medial occipito-odontoid ligament, 230
membrana tectoria, 230
nuchal septum, 229–231
occipito-transverse ligament, 230
PLL and ALL ligaments, 229, 230
transverse ligament, 231, 233
transverse-axial ligament, 230
ventral atloido-axial ligament, 230
ventral occipito-atloid ligament, 230

thoracic area, 233–235
traumatology, 229, 239–241
tumor pathology, 241, 242

Spinal meninges
arachnoid mater

deep reticular cell layer, 408
delicate connective trabeculae, 408
median raphe of Magendie, 409
meningeal barrier, 408
neurogenic claudication, 410
perimedullary space, 410
spinal arachnoid villi, 411
subarachnoid recesses, 408, 409
subarachnoid spaces, 409–412
superficial barrier cell layer, 408

dura mater
arteries, 407
fixation-points, 405–407
innervation, 407
lymphatic drainage, 407
morphology, 405, 406
veins, 407
with leptomeninges, 408

epidural space, 414, 415
functional anatomy

CNS development and injury, 417
CSF dynamic system, 416

immune defense of CNS, 417
mechanical functions, 415–416

meningeal cysts, 413
ontogenesis, 403–405
perineurial cysts (cysts of Tarlov) (Type II), 413, 414
phyllogenesis, 403
pia mater, 411

pia mater, 412, 413
subdural space, 415

Spinal mobility
CT, 459
dynamic flexion-extension lateral cervical radiographs,  

459–461
in vitro measurements, 459
in vivo measurements, 459
lateral inclination, 459, 461
MRI, 459, 462

Spinal movement amplitudes
global amplitudes, 459, 463
lower (sub-axial) cervical spine, 466–472
lumbar level, 472
segmental amplitudes and motion analysis, 464
thoracic spine, 472
upper cervical spine (OC1C2), 464, 469

Spinal movements, 457
Spinal muscle

anterior muscle group, 260–262
anterior sub-occipital muscles, 255
aponeurosis

anterior cervical aponeuroses, 263, 264
thoraco-lumbar aponeuroses, 263–265

cervical muscles, 251, 252
deep plane, 258, 259
dynamic action, 265
epi-spinalis, 257
histophysiology

distribution, 266, 267
morphological and functional variations, 267, 268
types, 266, 267

ilio-costalis, 257
intermediate muscles extending downwards, 256
intermediate muscles extending upwards, 255–256
intermediate plane, 258–260
intertransversarius, 252
lateral muscle group, 259–261
levator scapulae, 257
longissimus cervicis, 257
longus coli, 251, 253
paravertebral muscles

arthrogenic kyphosis, 269, 270
elemental lesions, 268, 269
idiopathic scoliosis, 270, 271
integrity, 271
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Spinal nerves
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