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Résumé 

La myélopathie cervicale dégénérative (DCM) est une cause fréquente de lésion de la moelle épinière 

chez les populations âgées. Pour mieux comprendre les interactions biomécaniques entre le système 

nerveux central du rachis et l’écoulement du fluide céphalo-rachidien dans une population saine ainsi 

que mieux comprendre la physiopathologie de la DCM. Pour ce faire, la modélisation biomécanique est 

nécessaire. Cette thèse vise à fournir une description morphométrique du canal cervical et une 

description mécanique des méninges du rachis qui pourront conduire au futur développement de 

modèles numériques avec des interactions fluide-structure.  

Dans la première partie, une méthodologie a été développée pour décrire la morphométrie du canal 

cervical avec de nouvelles métriques à l’aide d’IRM de populations saines et avec DCM. Cette 

méthodologie pourrait également être utilisée pour l'amélioration du diagnostic dans un contexte de 

recherche clinique et pour la définition de la géométrie spécifique au sujet dans un contexte de 

modélisation biomécanique.  

Dans la deuxième partie, deux protocoles de test mécanique ont été réalisés pour décrire les propriétés 

mécaniques en tension les méninges de rachis porcins choisis comme un modèle similaire à l’humain. 

Des tests uni-axiaux ont tout d'abord permis de fournir de nouvelles données relatives à une description 

élastique et hyper-élastique isotrope des méninges montrant une tendance à la dépendance au niveau 

rachidien des propriétés mécaniques, tandis que des tests biaxiaux ont été effectués pour détailler le 

comportement du tissu en comparant des lois constitutives hyper-élastiques isotropes et anisotropes. 

Ces données expérimentales jouent un rôle crucial dans la modélisation biomécanique numérique des 

interactions entre le liquide céphalo-rachidien et le système nerveux central rachidien.  

Dans la troisième partie, la formulation mathématique d'un problème d'interaction fluide-structure 

entre un fluide newtonien et un solide élastique linéaire a été développée. Ainsi, un modèle FSI 

préliminaire et simplifié a été développé avec un solveur explicite (RADIOSS) comme preuve de concept. 

Enfin, d'autres approches FSI ont été discutées en tant que solutions de modélisation alternatives. Cette 

thèse pourrait ainsi aider la communauté scientifique à développer des modèles biomécaniques du 

canal rachidien en prenant en compte le rôle du flux céphalo-rachidien et des tissus nerveux dans des 

cas sains ou pathologiques. 

Mots clés : canal rachidien, morphométrie, propriétés mécaniques, interactions fluide-structures, 

biomécanique. 
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Abstract 

Degenerative cervical myelopathy (DCM) is a common cause of spinal cord injury for elderly population. 

To better understand the biomechanical interactions between the spinal central nervous system and 

the cerebrospinal flow in healthy population as well as the pathophysiology of DCM, biomechanical 

modeling is necessary. This PhD aims to provide morphometrical description of the cervical canal and 

mechanical description of spinal meninges which will drive to the preliminary development of numerical 

models with fluid-structure interactions in healthy of pathological conditions such as for DCM. 

In the first part, a methodology was developed for 3D MRI-based detailed morphometrical descriptions 

of healthy and DCM populations. This methodology could be equally used for diagnosis improvement in 

a clinical research context and for subject-specific geometry definition in a biomechanical context. 

In the secondly part, two mechanical testing protocol were performed to describe tensile mechanical 

properties of spinal porcine meninge as human model. Uni-axial tests firstly provided new elastic and 

isotropic hyperelastic description of meninges showing a tend to spinal level dependency while bi-axial 

tests were performed to more detailed the tissue in comparing isotropic and anisotropic hyperelastic 

constitutive laws. These experimental data plays a crucial role in the numerical biomechanical modelling 

of the interactions between the cerebrospinal fluid and the spinal central nervous system.  

In the third part, the mathematical formulation of a fluid-structure interaction problem between a 

Newtonian fluid and a linear elastic solid was developed. Thus, a preliminary simplistic FSI model was 

developed with an explicit solver (RADIOSS) as a proof-of -concept. Finally, others FSI approaches were 

discussed as alternative modelling solutions. 

Thus, this PhD might help scientific community to develop biomechanical models of the spinal canal in 

taking into account the role of cerebrospinal flow and the nervous tissues in healthy or an in pathological 

cases. 

 

Keywords: spinal canal, morphometry, mechanical properties, fluid-structure interactions, 

biomechanics 
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General Introduction 

 
The cervical spinal canal protected by the spine is a mechanically and morphometrically heterogeneous 

structure surrounding a cavity in which the CSF flows. This fluid physico-chemically interacts with the 

spinal central nervous system to maintain an homeostasis while the neural cells also called axons allow 

motor and sensory information to spread between the brain and the body. Traumatic or a degenerative 

structural alteration of the canal can lead to spinal cord injury (SCI) involving up to 500,000 people in 

the world [OMS website]. Then, cervical stenosis occurs in 5% of the adult population in occident [Kalsi-

Ryan et al. 2013] with a high risk to lead to degenerative cervical myelopathy (DCM), a non-traumatic 

SCI disease, characterized by a compression of the spinal cord. Thus DCM is the most common reported 

spinal cord pathology for the population aged over 55 years [Roisin T. Dolan et al. 2016]. Moreover, the 

DCM can lead to a moderate or devastating impact, to a fast and/or lately effect on the lifetime of the 

patient. 

 Medical solutions to DCM exist such as non-surgical or surgical approach. The spinal decompressive 

surgery seems to be the most efficient solution against conservative approach [Davies et al. 2018] even 

if the decision-making process depend on factors including duration of symptoms, degree of 

compression, neuro-motor assessment, physical examination of the patient, and medical imaging 

findings [Kato et al. 2018, Nouri et al. 2017]. Nevertheless, diagnostic associated to DCM is not easy and 

late diagnosis will lead to worsening of the patient condition [Behrbalk et al. 2013]. The multifactorial 

and patient-specific symptoms makes the associated patient assessment challenging and can lead to 

potential delay in diagnosis and surgical management which might affect the neurologic outcome and 

the further patient recovery [Kato et al. 2016]. Quantitative patient follow-up for a reliable and efficient 

diagnosis and a prognosis in case of further surgery revision is needed. 

The collaboration between the Laboratoire de Biomécanique Appliquée and the international associate 

laboratory iLab-Spine aims at improving the treatment and protection of the spine and spinal cord in 

the context of traumas and degenerative pathologies using multidisciplinary approaches based on 

biomechanics, multimodal magnetic resonance imaging and modelling. Relating to the cervical spine 

and spinal canal research, remarkable progresses were made in the recent years in this collaborative 

effort. Spinal cord and canal numerical biomechanical modelling were done [Beausejour et al. 2020, 

Lévy et al. 2020, Bianco et al. 2019, Fournely et al. 2020] based on magnetic resonance imaging (MRI) 

research and on innovative protocol for mechanical characterization. On one hand , morphometrics 

criteria based on in vivo high-resolution anatomical 3T magnetic resonance imaging were established to 

morphologically characterize spinal cord and location of the cord in the canal in healthy volunteers as 

well as in cervical degenerative myelopathy [Fradet et al. 2014]. On the other hand, mechanical 

characterization of spinal cord with pia mater was performed on murine models [Fournely et al. 2018] 

as well as on porcine models [Fradet et al.2016b] and preliminary fluid-structure interactions (FSI) 

modelling were investigated during transversal impact [Fradet et al. 2016a]. 

This PhD work aims at to build the fundamental bricks which will drive to the development of subject-

specific numerical models with FSI of healthy cervical spinal and with cervical degenerative myelopathy. 

Long term objective is to better understand the mechanical interactions between the cerebrospinal flow 

and the cervical spinal central nervous system, and to provide complementary biomechanical analysis 
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for a more accurate diagnosis and prognosis of patients with cervical degenerative myelopathy. Towards 

a deeper investigation of the pathophysiological mechanisms associated with both traumatic and 

degenerative pathologies, this work has been performed in collaboration with V. Callot from the Center 

for Magnetic Resonance in Biology and Medicine (CRMBM) for the MRI-based investigation and Y. Petit 

and E. Wagnac from the Ecole de Technologie Supérieure (ETS) and from the Laboratoire de recherche 

en Imagerie et Orthopédie (LIO) de Montréal for the mechanical testing part. 

To reach this goal, the general objective was organized in three steps. Firstly, the MRI-based 

morphological characterization by morphometrics criteria initially developed in [Fradet et al. 2014] was 

generalized to a 3D canal-based methodology enabling specific definition of the subarachnoid space. 

Once 3D reconstructions were obtained from segmentations of clinical T2 MRI scans, a quasi-continuous 

description of morphometrics criteria was done along the healthy cervical canal. Then, in order to avoid 

the time-consuming of a manual segmentation as well as for the possibility to improve the 

reproducibility of the segmentation, a T2 MRI-based quasi-automatic segmentation of the cervical canal 

was developed and new morphological criteria were proposed for a detailed DCM morphological 

analysis. 

Secondly, mechanical properties of anatomical structures are needed for the simulation of fluid-

structure interactions in subject-specific cervical spinal canal. From literature analysis, meningeal tissues 

were studied by the scientific community without necessarily leading to a consensus about the structure 

and mechanical properties. A previous study investigated compressive mechanical properties of spinal 

cord as a whole including pia mater [Fradet et al. 2016b]. In this context, tensile uni-axial and bi-axial 

mechanical characterizations of meningeal tissues were conducted. In addition, a comparison of fitted 

constitutive model were done on bi-axial measurements to estimate the most appropriate constitutive 

law for meningeal tissues. 

Thirdly, numerical approach was studied in three steps to develop models able to mechanically 

reproduce the cerebrospinal flow in healthy cervical spinal canal as well as in canal with DCM while 

taking into account the structural behavior of tissues. The first step was to mathematically describe an 

FSI formulation. The second step was to propose a simple FSI modelling of the cerebrospinal fluid flow 

as proof-of-concept and to discuss its reliability. Finally, the third step was to develop subject-specific 

computational fluid dynamics (CFD) models of the cerebrospinal fluid flow in the cervical spinal canal 

using previous 3D reconstructions described above. CFD modelling will be discussed in the perspective 

of using a partitioned FSI approach. 

Chapter 1 reminds the descriptive and the functional anatomy of the structures composing the human 

cervical spinal canal in terms of the central nervous system (spinal cord and nerves), the meninges, the 

denticulate ligaments and the cerebrospinal fluid. In addition, the analogy between human and porcine 

models is also described. Then, the clinical and biomechanical aspects involved in the cervical spine and 

canal are addressed in regards to the PhD topic. 

Chapter 2 concerns an overview of the state-of-the-art of literature associated to the three next 

chapters. It is divided in three parts. First, a description concerning the morphology methodologies and 

results performed on healthy and pathological populations provided by the scientific literature. 

Secondly, a description of mechanical characterization studies of structures composing the vertebral 

canal was presented. Thirdly, a description of non-exhaustive CFD and FSI models of the cerebrospinal 

fluid and spinal canal was presented. Supplementary literature was added in the introduction sections 

of chapters 3, 4 and 5. 

Chapter 3 is divided in two sub-chapters. The first part concerns a new method based on 3D MRI-based 

reconstruction which was developed to morphologically characterize in the cervical canal of a healthy 
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population. The second part concerns the improvement associated to segmentation and the application 

of this new methodology for a morphological analysis of a population with DCM. The 3D reconstructions 

of the two populations were used in the numerical modeling in the chapter 5. 

Chapter 4 is divided in two parts and is focusing on the mechanical characterization of porcine spinal 

meningeal tissues (dura and arachnoid maters as well as pia mater) which is used in the modeling of 

cervical human canal. The tissue elastic properties against the spinal levels, the loading direction as well 

as the conservative method of the tissue samples were quantified by an uni-axial tensile testing 

approach. In the second part, the isotropic and anisotropic hyperelastic constitutive models were fitted 

and compared to experimental measurements performed by a bi-axial tensile testing approach applied 

on the porcine spinal segments. 

Chapter 5 addresses the aspects of fluid-structure interactions. Firstly, a mathematical description was 

proposed. Secondly, a proof-of-concept of monolithics FSI modelling was developed and discussed. 

Thirdly, the advances concerning the subject-specific CFD models of the cerebrospinal flow along the 

cervical human canal are presented and discussed for a further development of subject-specific FSI 

models based on partitioned coupled approach between a computational fluid dynamics and a 

computational structural dynamics solvers. 

Finally, the general conclusion summarizes the main findings of this PhD project whereas the 

perspectives are discussed. 

Nota bene: it was chosen to include the appendices in the chapter from the chapter 1 to chapter 5 for 

ease of reading. 
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OPPL : ossification of the posterior longitudinal ligament 
OSSL : ossification of spinal ligament  
PNS : peripherical nervous system  
ROM : range of motion 
SAS : subarachnoid space 
SC : spinal cord 
SCI : spinal cord injury 

VM : Von Misès 

 

In the first chapter, literature review will address the descriptive, the functional anatomy and the 

biomechanical roles of the spine, of the central nervous system and of the cerebrospinal fluid in healthy 

and in DCM cases. In the second chapter, different ways to investigate the morphometrics changes in 

in the cervical spinal canal will be presented. The third chapter will focus on studies of the mechanical 

properties of the structure in the spinal canal. Finally, a review of the different existing biomechanical 

numerical models of the cervical spinal canal will be introduced. The global context of this PhD will be 

presented by describing the current research and published studies.  

In the rest of the document, the following considerations will be adopted : anatomical planes of 

reference for the human and the pig are presented in Figure 1. The sagittal plane is the plane separating 

right from left; the horizontal or axial plane is a plane parallel to the ground, separating the body into 

the upper and lower parts. The coronal or frontal plane is the plane perpendicular to the two others. 

Anterior (or ventral) direction defines the direction toward the front of the body while the posterior 

defines the direction toward the back of the body. Cranial (or superior) describes a position above 

another part of the body while caudal (or inferior) describes the opposite. The cranio-caudal direction 

is also called the longitudinal direction. Lateral defines the right or left side of the body. Flexion refers 

to a movement in the sagittal plane towards the anterior direction while the extension refers to a 

movement in the sagittal plane towards the posterior direction.  

 

Figure 1. Anatomical planes : human (left) + pig (right) – Modified from https://cnx.org/ (Human anatomy and 
dissection reader – Anatomical planes) and from [Jones 2011] 

 

 

https://cnx.org/
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1. The spine and the spinal canal 
1.1.The spine 

The vertebral column (Fig. 2) is composed of alternating vertebrae and intervertebral discs (IVD) 

alternatingly supported by robust spinal ligaments and muscles. All of these elements, bony, 

cartilaginous, ligamentous, and muscular, are essential to the structural integrity of the spine. The 

osteo-ligamentous structure of the spine serves four vital functions : protecting the spinal cord and 

spinal nerves, transmitting the weight of the body above the pelvis, providing a central flexible axis 

around which the motion is organized and controlled. Finally, the spine has an essential function to 

stabilize the posture and the motion of the body in considering the muscles and the central nervous 

system. Indeed, the passive spine mobility is provided by the addition of motions of segments of two 

vertebrae linked by an intervertebral discs (IVD). The incompressibility properties of IVD, provided by a 

major water composition, enables the absorption of the energy transmitted along the spine. The spine 

can be divided into three parts: the sacrum and the coccyx which are fixed together, the vertebrae 

(cervical to lumbar) and the ribcage which are mobile. The vertebrae are organized as follows : the seven 

cervical vertebrae (C1 to C7, Appendix – Fig. 19), the twelve thoracic vertebrae (T1 to T12), the five 

lumbar vertebrae (L1 to L5). The spine has a physiological shape defined in the sagittal plane : the 

cervical lordosis, the thoracic kyphosis, and the lumbar lordosis. The whole spine is inserted in the pelvis 

which allows the transmission and the absorption of the stresses resulting from the gravity and from 

ground reactions to the body through sacro-iliac junction. 

 

Figure 2. Global overview of the spine. Right lateral view (left) and anterior view (right) [from Tortora, 14th edition] 
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1.2.The spinal canal 

The vertebrae, the IVD, and the ligaments delineate spinal canals in which the central nervous system 

(the cord, the nerves and nerve roots) and the arteries are inserted (Fig. 3) These channels include : 

the central canal (also called vertebral foramen) that surrounds and protects the cord and the cauda 

equina. It is continuous, through the foramen magnum (cranial base), with the cranial cavity of the head 

and ends in the sacrum. 

The root canals that surround and protect the roots, called the intervertebral foramina. They are formed 

on each side of the central canal, by the zygapophysial joint posteriorly and the intervertebral disc 

anteriorly, and by the vertebral notch on the pedicle above and below the foramen. It is a space 

surrounded by bone, ligaments ad cartilage. Pathology in the intervertebral foramina can affect the 

structures within these structures.  

The description arteries and venous is briefly addressed in the manuscript. However, further details 

could be found in [Bosmia et al. 2015]. The spinal canal opens into the cranial cavity through the occipital 

foramen, or foramen magnum, and ends caudally, in a flute-like beak at the distal end of the sacral 

canal. 

The spinal canal has a strategic role both from an anatomical point of view but also from a biomechanical 

point of view. The latter was developed in section 3.4.2 in this chapter. 

 

Figure 3. Vertebral canal and central nervous system [from Gray’s Anatomy for Students, 4th Edition (2020)]. 

1.3.The spinal central nervous system 

The spinal cord, which is located in the vertebral canal, is cranially continuous until the medulla 

oblongata of the brain stem and terminates caudally with a tapered inferior end of lumbosacral roots 

called the cauda equina (Fig. 5). In addition to the protection of the bony-ligamentous structure, the 

cord is well protected by the CSF and a group of membranes, collectively called the meninges. The spinal 

cord does not lie immediately adjacent to the bone and ligaments but it is separated from them by fluid, 

meninges, fat, subarachnoid trabeculae, denticulate ligaments and a venous plexus.  
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The spinal cord and brain develop from the same embryologic structure (the neural tube) and together 

they form the central nervous system (CNS). One end, the neural tube is encased in the skull, whereas 

the remainder of the neural tube is encased in the vertebral column, occupying about the upper two 

thirds of the vertebral spinal canal [Darby 2014]. The cord segments, delimited by the nerve roots, are 

not necessarily located at the same level as their corresponding vertebrae. The relationship between 

cord segments and vertebral levels is still unclear [Cadotte et al. 2014]. 

A transverse section of the spinal cord reveals regions of white matter that surround an inner core of 

gray matter (Fig. 4). The white matter of the spinal cord consists primarily of bundles of myelinated 

axons of neurons. Two grooves penetrate the white matter of the spinal cord and divide it into right and 

left sides. The gray matter of the spinal cord is shaped like a butterfly or the letter H; it consists of 

dendrites and cell bodies of neurons, unmyelinated axons, and neuroglia (Appendix – Fig. 20). The gray 

commissure forms the crossbar of the H. In the center of the gray commissure, there is a small space 

called the central canal [Tortora, 14th edition] ; it extends in the entire length of the spinal cord and 

encompasses an internal system of CSF cavities that include the cerebral ventricles, aqueduct of Sylvius, 

and fourth ventricle [Saker et al. 2016].  

 

Figure 4. Functional and descriptive anatomy of the spinal cord (transverse antero- lateral view) [from Tortora, 14th 
edition]. 

The spinal cord has two principal functions: nerve impulse propagation and integration of information. 

The white matter tracts in the spinal cord are highways for nerve impulse propagation through axons of 

nervous fibres. Sensory inputs travels along these tracts toward the brain, and motor outputs travels 

from the brain along these tracts toward skeletal muscles and other effector tissues such as vital organs. 

The gray matter of the spinal cord receives and integrates incoming and outgoing information through 

the dendrite of the nervous fiber. Information are electrically propagated along a nervous fiber and 

transmitted to another nervous fiber by chemical exchanges of neurotransmitters at the synapse levels 

[Tortora, 14th edition]. 

For the CNS to respond to the environment it requires inputs from structures peripheral to the CNS and, 

in turn, a way to send output to structures called effectors. The sensory inputs begins in peripheral 

receptors found throughout the entire body in skin, muscles, tendons, joints, and viscera. These 

receptors send electrical currents (action potentials) toward the spinal cord of the CNS via the nerves 
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that compose the peripheral nervous system (PNS). The sensory receptors respond to general sensory 

information such as pain, temperature, touch (pressure, vibrations), or proprioception (the perception 

of body position and movement). The PNS is also used when the CNS sends outputs to the body’s 

effectors, which are the smooth muscles, cardiac muscles, skeletal muscles, glands of the body and the 

vital organs. Thus, the PNS consists of the body’s peripheral nerves and is the way by which the CNS 

communicates with its surrounding environment [Darby 2014]. 

The white matter is organized within the SC into the following three parts: posterior, lateral, and 

anterior. Those fibers form tracts that eventually represent the components of sensory, motor, 

propriospinal, and autonomic pathways.  

The blood supply to the SC is provided craniocaudally by one anterior and two posterior spinal arteries 

and horizontally by several radicular arteries originating at various levels, whereas the radicular arteries 

vascularize the ventral and dorsal roots. Originating from the fusion of the vertebral arteries, the 

anterior spinal artery, irrigated notably by the Adamkiewicz artery, is located within the pia mater in the 

median sulcus [Ganau et al. 2019]. Surrounding the arteries and veins, fluid channels called perivascular 

spaces provide a conduit between the cerebrospinal fluid (CSF) in the subarachnoid space and 

parenchymal interstitial fluid, facilitating solute transport and waste clearance [Thomas JH. 2019]. 

 

Figure 5.Spinal nerves. (Left) vertebral canal, spinal cord and spinal nerves, (right) nomenclature of the spinal nerves 
[from Gray’s Anatomy for Students, 4th Edition (2020)] 

The mechanical role of the spinal cord was firstly addressed with its pathological involvement in the 

section 3.4.2. of this chapter 1. Its kinematics description was secondly developed in the chapter 2 from 

the literature review, and studied in the chapter 3. Finally, the mechanical properties of the spinal cord 
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and the other structures described below composing the spinal central nervous system were described 

in the chapter 2 section 2. 

1.4.The nerves and nerve roots 

Spinal nerve roots provide functional and structural neural continuity between peripheral nervous 

system (PNS) and spinal cord. Also, these tissues differ in cellular composition, organization and 

function, and in amount of connective material. Due to the organization of the nerve roots as well as 

the nerves along the cord, they may be susceptible to be inflamed and damaged because of tensile or 

compressive forces from surrounding structural modifications such as disk herniation, foraminal 

stenosis and avulsion injuries. That could lead to demyelination and then cause pain, paresthesia 

(alteration of sensorial functions) and loss of motor control [Beel et al. 1986, Singh et al. 2006]. 

31 pairs of nerves roots called the spinal nerves attach to the spinal cord and communicate with 

structures primarily located in the neck, trunk, and extremities. These cord segments are numbered 

similarly to the numbering of the spinal nerves: 8 cervical, 12 thoracic, 5 lumbar, 5 sacral, and 1 

coccygeal cord segment (the first seven cervical nerves exit the intervertebral foramen (IVF) above their 

corresponding vertebra, and the remaining nerves exit below their corresponding vertebra. This allows 

one more cervical spinal nerve than cervical vertebrae (Fig. 5). 

A spinal nerve is composed by the unification of two roots within the IVF (Fig 4). On one hand, the dorsal 

roots contain fibers of various diameters and conduction velocities that convey all types of sensory 

information. On the other hand, the ventral roots contain axons of motor neurons which conduct nerve 

signals from the CNS to muscles or glands. As the roots approaches the spinal cord within the vertebral 

canal, it divides into approximately six to eight dorsal rootlets, or filaments. These rootlets attach in a 

vertical row to the cord’s dorsolateral sulcus (i.e. a groove in Latin) [Tortora, 14th edition]. 

1.5.The meninges 

This section was inspired by [Reina et al. 2020, Gassner et al. 2017, Sakka et al. 2016]. 

The meninges are concentric connective tissue layers wrapping the central nervous system from the 

caudal side with the filum terminale to the cranial side with the brain. They have morphologies and 

physiologies which are involved in immunologic, trophic, metabolic, thermal and biomechanical 

protection of the spinal cord. They begin into the radially inner direction after the osteofibrous wall of 

the vertebral canal and the epidural space, filled by a loose connective tissue (extracellular matrix) and 

epidural fat. Their locations protect the spinal cord from the potential injuries related to the movements 

of the vertebral column. The epidural fat, the internal vertebral venous plexus and the cerebrospinal 

fluid (CSF) between meninges behave as the mechanical cushion probably acting as a damping element 

between the spinal cord and the bone enclosure. Then, the mechanical properties of the spinal 

meninges were more deeply studied by mechanical testing approaches in the chapter 4. 

The meninges are categorized in four main tissues organized from the outermost layer to the innermost 

layer : the dura mater, the arachnoid mater forming the dural sac, the pia mater and the denticulate 

ligaments which are the bridges between the pia and the arachnoid maters. 

1.5.1.The dura mater 

It is a sheath described as a white, thick, and resistant membrane formed by a dense connective tissue 

poorly vascularized. Cranially, the spinal dura mater begins and is fixed at the foramen magnum. 
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Caudally, the dural sheath wrapped the spinal cord, the spinal nerve roots and contracts into the filum 

terminale. 

The dura mater forms 90 % of the outer layer of the dural sac. This fibrous structure, although 

permeable, forms a mechanical barrier. The dura mater thickness varies along the spinal cord. Dura 

mater is comprised of concentric dural laminas containing a ratio collagen fibers (collagen do not seem 

to have been clearly identify) on elastin fibers which varies radially [Chauvet et al. 2010]. No consensus 

about the fibers’ organization was highlighted by the literature in an histological point of view. On one 

side, papers showed a distribution of fibers at randomly distributed in all spatial directions (Fig. 6) [Reina 

et al. 2020, 1997] and on other side, papers showed a predominantly longitudinally orientation [Patin 

et al. 1993, Chauvet et al. 2010] (all human specimen). The biomechanical literature tends to confirm 

the longitudinal fiber orientation as mechanical characterization experiments showed a greater 

longitudinal tensile stiffness compared to transverse stiffness. 

 

Figure 6. Human lumbar dura mater sample - SEM - Magnification x 4000 [from Reina et al. 2020]. 

1.5.2.The arachnoid mater 

The arachnoid mater can be described as an outer layer attached to the dura mater by thin fibers of 

collagen so that there is no subdural space (Fig. 7). The remaining internal 10% of the dural sac is formed 

by the arachnoid layer and consists in a thin transparent membrane forms of several cell layers and 

mainly composed of collagen and elastin fibers. The arachnoid is semi-permeable and regulates the 

passage of substances through the dural sac [Reina et al. 2008]. 

The arachnoid mater is attached to the pia via a framework of fine connective trabeculae and is 

connected to an inner layer by the septum posticum of Schwalbe to bridge the subarachnoid space (in 

the dorsal direction of the median sulcus of the SC). The trabecular arachnoid surrounds the structures 

inside the subarachnoid space, including spinal cord, nerve roots, and blood vessels that are scattered 

within the space. These easily cuttable attachments are called arachnoid trabeculae [Sakka et al. 2016, 

Mortazavi et al. 2017], sheet-like trabeculae [Adeeb et al. 2013] or leptomeningeal layer[Gassner et al. 

2017]. 
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Figure 7. Human lamina arachnoid. Scanning electron microscopy. Magnification x180 ; Bar: 100 µm [from Reina 
et al. 2008]. 

1.5.3.The pia mater 

The spinal pia mater is described as a thin tissue closely adhering to the spinal cord glia limitans or 

subpial layer, which covers the outer surface of the spinal cord and is situated immediately subjacent 

to the pia mater. The glia limitans is a dynamic structure of exchange between the CSF and the cord (Fig 

8). Cranially, the spinal pia mater continues the cranial pia mater at the foramen magnum. Below the 

conus terminalis, it forms a thin tubular ligament, the filum terminale. The spinal pia mater is composed 

of mainly longitudinally orientated collagen fibers, in which is embedded carry larger branches of the 

spinal vasculature. The morphology of the pia mater differs between spinal and cranial location; the 

spinal pia mater is thicker, more compact, and less vascular.  

The subpial compartment has large amounts of collagen fibers, a few elastin fibers and, fibroblasts, and 

a small number of macrophages as well as blood vessels. The subpial compartment is enclosed between 

the pial cellular layer and a basal membrane that is in contact with neuroglial cells on the spinal cord 

side and separates the CSF from the spinal cord. The orientation of fibers was not clearly proved and no 

study showed a preferential uni-axial direction from a mechanical point of view for human subjects. 

Moreover, most of the above considerations were observed at the lumbar spinal level. 
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Figure 8. A - Pia mater. Human spinal pia mater at spinal cord level. Scanning electron Microscopy, magnification: 
x300. B - Natural fenestration within human spinal pia mater at spinal cord level. Scanning electron microscopy, 
magnification: x2000. [From Reina et al. 2020]. C - Fraction of the pial cellular layer, presumably detached during 
dissection. Subpial tissue with collagen fibers is placed between the pial layer and spinal cord. The space seen 
between the pial layer and the subpial tissue is an artifact. The “D” arrow marks the area that has been magnified 
in D. Scanning electron microscopy, magnification: x70. D - Pial cellular layer. The arrows delimit the pia mater 
thickness. Scanning electron microscopy, magnification x 500. [From Reina et al. 2002]. 

The subarachnoid space, also named perimedullar space at the level of the spinal cord, occupies the 

space between the arachnoid and pia maters. It fills around a third of the vertebral canal. The 

subarachnoid space contains cerebrospinal fluid and extracellular collagen and fibroblasts.  

1.6.The denticulate ligaments 

The denticulate ligaments (DL) or subarachnoid ligaments have a similar composition to arachnoid 

trabeculae, although they are composed of more collagen fibers and are therefore more resistant to 

mechanical forces. The denticulate ligaments have been shown histologically to consist of thick 

collagenous bundles that merge medially with subpial collagen and laterally are attached to the spinal 

dura mater (Fig. 9). The narrow fibrous strip portion of the DL consisted of longitudinal collagen fibers 

whereas the triangular extensions featured transverse and oblique collagen fibers. Collagen fibers were 

thicker and more abundant in the cervical DL than in the thoracic DL. 

The DL have a biomechanical role of stabilization of the spinal cord in the dural sac due to their 

mechanical properties in tension [Polak et al. 2019, 2014, Ceylan et al. 2012, Tubbs et al. 2001]. Indeed, 

DL were more resistant when stress was applied to the cord in the caudal as opposed to cranial direction. 

The DL in the cervical region were strongest, and their strength decreased with respect to the lower 

spinal levels. They are less able to resist anteriorly directed forces as the cord descends and overall, 

inferior to T8, the cord was shown to come into contact with the anterior spinal canal before the 

denticulate ligaments tie [Ceylan et al. 2012, Tubbs et al. 2001]. 
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The number of DL range from 18 to 21 dentate ligaments at each side of the spinal cord [Ceylan et 

al.2012, Reina et al. 2020]. They are mainly located in the cervical and thoracic regions (ending around 

T12) of the spine.  

The apex (i.e. the tip of a pyramidal/triangular structure) attached craniomedially to the dura mater to 

the intervertebral foramen of the vertebrae at the spinal level below. Each DL is laterally attatched to 

the pia mater between the ventral and dorsal roots of the spinal nerves. Each ligament had lateral 

triangular extensions oriented perpendicular to the long axis of the vertebral column. 

The amount of space between them differed according to spinal level and the distance from the dural 

attachment site to the intervertebral foramen increased according to such level from upper to lower 

levels of the spine. The dural attachments of the ligament were not always bilaterally symmetrical. 

The anatomy and histology of DL correspond with the motion capacity of each different region of the 

vertebral column. Indeed, due to a high mobility of the cervical segment, the DL in that region have to 

allow the necessary motion of the cervical portion of the spinal cord within the canal. The direct apical 

attachments at the thoracic levels may reflect the lower mobility of vertebrae in that region of the spine. 

No presence of DL was reported was reported in the lumbar region [Ceylan et al. 2012]. 

Finally, the DL are clinically significant reference markers as they divide the spinal canal into anterior 

and posterior compartments[Ceylan et al. 2012]. 

 

Figure 9.The denticulate ligaments. A - The spinal attachments of the DL. The DLs are attached to the spinal cord 
by loose connective tissue throughout the length of the spine. At cervical levels (*), there were also collagen fibers 
penetrating the substance of the spinal cord at various intervals, creating a firmer attachment. Magnification ×10 
(DL: denticulate ligament, SC: spinal cord, CT: connective tissue). B - a and b Histological structure of the DL. The 
DLs were composed of collagen fiber bundles. The narrow fibrous strip portion (*) of the DL consisted of longitudinal 
collagen fibers, whereas the triangular extensions (**) featured transverse and oblique collagen fibers. a) 
Magnification ×10, b) magnification ×20. (D L: denticulate ligament, CT:connective tissue) [From Ceylan et al. 
2012]. 

1.7.The porcine model 

The porcine model (Fig. 10) becomes a preferential model for spine research [Kim et al.2019, Brummund 

et al. 2017, Fradet et al. 2016b, Swnindel et al. 2013] due to a high similarity with the human species. 

Indeed, the genetic, anatomical [Fig. 1.7], physiological, pathophysiological [Schomberg et al. 2017], 

histological [Kinaci et al. 2020], biomechanical (in particular in term of ROM of the upper cervical, upper 
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and middle thoracic sections) [Wilke et al. 2011] of this quadruped makes the best transversal models 

for human research, next to non-human primates[Schomberg et al. 2017].   

 

Figure 10. Skeletal porcine anatomy. *Some pigs may have up to 17 thoracic vertebrae [From Swine Resource 
Handbook for Market and Breeding Projects, page 3-15].  
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2. Biomechanical characteristics, physiology, motion and 

pulsation of the CSF system 

The dynamics and physiology of the cerebrospinal fluid need to be deeply understood to investigate 

many traumatic or degenerative axonal diseases such as spinal cord injuries [Kwon et al. 2016], 

Alzheimer’s disease [Hansson et al. 2019], cerebral malaria [Datta et al. 2019] or migraine [Van Dogen 

et al. 2017], and also to develop potential high impact solution as intrathecal drug delivery [Fowler et 

al. 2020]. 

2.1.Characteristics and physiology of CSF 

Cerebrospinal fluid has an estimated total volume ranging from 250 to 400 mL in adult humans, with a 

ratio of ¾ in the intracranial part. It renews itself 3 to 4 times a day. The CSF motion is mainly located 

within the intracranial space (cortical subarachnoid space, cisterns and ventricles) and the spine (spinal 

subarachnoid space). 

This fluid serves several physiological functions such as :  

- structural protection [Fradet et al. 2016a, Persson et al. 2011], acting as a damping element. 

- mechanical regulation (intracranial pressure/compliance) to adapt to sudden fluctuations 

caused by obstruction of venous outflow and/or expanding mass lesion [Garnotel et al. 2017, 

Marmarou et al. 1975]. 

- metabolic homeostasis of the CNS, by providing nutrients to neural and glial cells, to eliminate 

metabolic wastes (neurotoxic wastes products, neurotransmitters, hormones, etc …) due to the 

activities of these cells [Sakka et al. 2011] 

- immunological support of the CNS [Villar et al. 2014].  

2.2.Circulation of the cerebrospinal fluid 

There is no consensus in the literature regarding the circulation of CSF. Two hypothesis emerges from 

the literature : a classical one developed for more than one hundred years and a more recent hypothesis 

dating from ten years.  

According the first hypothesis, CSF is produced by the epithelial cells of the choroid plexus of the brain 

ventricles and flows from the lateral ventricles through the foramina of Monro to the third ventricle. 

From there, the CSF flows through the aqueduct of Sylvius into the fourth ventricle. CSF exits the 

ventricular system through the median aperture (also called foramen of Magendie) and the two lateral 

apertures of Luschka, and enters the cisterns surrounding the cerebellum in the inferior cranial SAS. The 

CSF bulk flow continues to move superiorly and inferiorly to the cranial and spinal SAS, respectively (Fig. 

11). The bulk flow is driven by a dynamic combination between CSF secretion, absorption and resistance 

to flow [Sakka et al. 2011]. Thus, CSF pressure is maintained by equalization of the rates of CSF secretion 

and reabsorption. Changes in CSF pressure can occur rapidly when the rates of CSF secretion and 

reabsorption are not balanced, leading to cranial SAS volume gain such as hydrocephalus [Simon and 

Iliff 2016]. 

According the second one, CSF is consistently produced and absorbed throughout the whole CSF system 

through the capillary walls into the surrounding CNS tissues. Its volume is regulated by the hydrostatic 

and osmotic forces between CSF and neural tissues. As such, a significant portion of CSF formation 

seems to occur outside the brain ventricles, from blood to interstitial fluid channels surrounding the 
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vascular vessels or arterial capillaries with high capillary pressure. These interstitial fluid channels are 

directly linked to the subarachnoid space. Based on this model, CNS venous capillaries that are under 

low hydrostatic pressure are the main spots for CSF reabsorption due to their large surface area. 

Meanwhile, arachnoid granulations and perineural sheaths of the cranial and spinal nerves serve as 

accessory pathways for CSF absorption, which becomes significant when substances are infused into 

CSF under high experimental pressure. Glymphatic system is another potential pathway for the 

exchange of CSF and interstitial fluid within the CNS tissue, which would facilitate clearance of potential 

neurotoxic wastes products [Martin and Pahlavian 2019]. This second hypothesis seems to be more and 

more support by the scientific community [Berliner et al. 2019, Liff and Simon 2019, Rey and 

Sarntinoranont 2018]. 

2.3.Pulsation of the cerebrospinal fluid 

The CSF flow is craniocaudally oriented during cardiac systole (heart contraction) and in the reverse 

direction during diastole (relaxation of the heart) (Fig. 12). And then the initiating point of CSF velocity 

pulsation (point where the pulse spreads outward in both cranial and caudal directions) was estimated 

at the foramen magnum (base of brain) level. In addition, the CSF pulse wave velocity in the human 

cervical spine has been measured to be 4.6 m/s in the craniocaudal direction during systole [Kalata et 

al. 2009] but velocity can range from 2 to 20 cm/s (in pathological cases) and stroke volume of about 

0.5-2ml per CSF flow cycle. 

These variations could be explained by several factors. Indeed, cerebrospinal fluid pulsations have a 

significant sensitivity to the cardiac cycle, venous pressure and respiratory cycle. However, the main 

mechanisms leading to CSF flow are still not fully understood. The phase-contrast MRI techniques tends 

to explain the nature of CSF pulsatile flow by a change in brain volume resulting from alterations in 

intracranial blood perfusion during cardiac and respiratory cycles. The total cerebral blood volume is 

reported to change by the same amount as the CSF exchange between the cranial and spinal SAS (0.5–

2.0 mL per cardiac cycle) and then the intracranial blood flow must compensate by the CSF flow to and 

from the cranial subarachnoid space. CSF system compliance in healthy humans (i.e., cranial and spinal 

combined) has been estimated to range from roughly 0.5 to 2.0 mL/mmHg (i.e. 3.8 to 15.0 mL/kPa). 

Concerning the brain volume changes due to respiratory cycle, the increase cranial CSF flow analyzed 

during deep inhalation could be explained by the reduction of the cerebral blood volume, which is 

caused by the decreasing thoracic pressure during deep inhalation [Kalata et al. 2009]. In opposite, 

during deep exhalation, an increase in thoracic pressure reduces the cranial venous blood returning 

from the brain and resulting in caudally directed CSF flow to compensate for increased intracranial 

venous blood volume. Others intense respiratory events such as coughing, sneezing, the Vasalva 

maneuver could disturbate the pressure environments which would affect the CSF flow pulse 

magnitude, frequency and flow direction [Martin and Pahlavian 2019]. 

In the two theories of CSF circulation, it was shown that the CSF pulsation is driven by the respiratory 

pulsation. Indeed, echo planar imaging measurements showed respiratory influence rose the maximum 

CSF flow velocity by 19% at C1 and by 28% at T12 [Friese et al. 2004] whereas a coupling MRI ECG-

cardiac-gated acquisition showed that the cardiac and the arterial pulsations is the greatest influence 

[Kiviniemi et al. 2016]. 
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Figure 11. CSF circulation in the subarachnoid space.Schematic view of the anatomical features of the cranial cavity 
and the spinal canal with the motion of CSF indicated by red arrows [From Sánchez et al. 2018]. 

 

 

 

Figure 12. CSFvelocity profile of young female and male over a typical ventricular cardiac cycle [From Daners et al. 
2012]. 
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3. Clinical and biomechanical contexts 
3.1.Epidemiology of cervical myelopathy 

Occurrence of non-traumatic spinal cord injuries was estimated to be 59% in Japan, 54% in United 

States, 31% in Europe, 22% in Australia and between 4% and 30% in Africa between 1959 and 2011 [Fig. 

14, New et al. 2014]. Among the non-traumatic spinal cord injuries, degenerative cervical myelopathy 

(DCM) is a chronic degenerative disease occurring in the cervical vertebral canal. The rapid or slow 

degenerative process of stenosis development may lead to a compression of the spinal cord with a risk 

of damage of the neuronal pathway. It remains challenging for the clinician to establish a diagnosis with 

a high degree of confidence. For this reason, the incidence of DCM is difficult to quantify and has great 

chance to be under estimated. 

This disease is a common cause of SCI for elderly population aged over 55 years. Northover et al. [2012] 

showed a correlation between the degree of antero-posterior stenosis and the age as well as the 

number of cervical levels affected. Moreover, earlier affection was found in women in comparison to 

men (57.0 y against 66.5 y) with lower number of affected levels (2 against 3) and an inferior degree of 

stenosis in the antero-posterior direction. Abnormalities in the cervical canal were detected in 14%, and 

disk herniation in 28% of people under 40 years. These percentage doubled for people over 40 years. 

Spatially, the C5/C6 IVD is the most commonly impacted level, followed by the C6/C7 and the C4/C5 

levels. Then, no global epidemiological data was found on the occurrence of single-level DCM compared 

to multi-level DCM [Northover et al. 2012]. 

3.2.Pathophysiology of degenerative cervical myelopathy 

Only the progressive or chronic DCM are described in this section. Traumatic DCM (post-fall) or Shneider 

syndrome are excluded. 

This section was inspired by Roisin T Dolan et al. [2016]. 

Pathogenesis of the cervical spine develops with respect to time as a consequence of external structural 

load, repetitive micro-trauma, and age-related physiological changes of hard tissues such as bone or 

soft tissues such as muscles, ligaments and IVD (Fig. 13, 15). The degenerative process acts such as a 

vicious circle depending on two key factors : static or dynamic mechanical factors.  

 

Figure 13. Degenerative changes that contribute to compression of the spinal cord leading to cervical myelopathy. 
OPPL : ossification of the posterior ligament [From Roisin T Dolan 2016]. 
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Figure 14. Global maps of non-traumatic spinal cord injuries epidemiological outcomes (1959-2011) by WHO global regions [From New et al. 2014].
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3.2.1.Static pathophysiological mechanisms 

The origins of static pathophysiological mechanisms are multiple in terms of involved structures : 

intervertebral discs, vertebrae, ligaments. Among the pathophysiological mechanisms, the main 

degenerative processes are listed as followed: 

Spondylosis or disc degeneration: the intervertebral disks homogeneously bear and distribute the forces 

and the moments acting on vertebral endplates and facet joints. A loss of proteoglycans and water over 

time decreases the elasticity of the disc, change its shape and the balance of effort distribution. Then, 

this local degeneration leads to a cascade of progressive changes: disc herniation, an ossification of the 

ligament such as the ligamentum flavum or the posterior longitudinal ligament, an ossification of the 

posterior side of the vertebral body corners (osteophytes) or disc bulging due to disc herniation. A 

combination of such multi-degenerative factors can lead to cervical canal stenosis and spinal cord 

compression. Furthermore, the compression can compromise the structure and the function of the 

vertebral arteries or the spinal nerves. The compression of nerves called cervical radiculopathy can lead 

to demyelination of sensor or motor tracts. 

Ossification of spinal ligament (OSSL): OSSL is a common pathology developed by repetitive external 

loading on the ligament and genetic factor. Calcifications allow ligamentum flavum to fuse with adjacent 

lamina, whereas in ossification of the posterior longitudinal ligament (OPLL), the ligament adheres to 

the posterior aspects of the vertebral bodies and intervertebral disks. 

Osteophytes : an osteophyte is a fibrocartilage-capped bony outgrowth causing osteoarthritis. Risk 

factors for development of osteophytes include age, body mass index (BMI), physical activity, genetic 

and environmental factors. They can cause pain, limit range of motion, affect quality of life and lead to 

multiple spinal diseases such as myelopathy.  

 

 



36 | P a g e  
 

Figure 15. Types of DCM. A - Anatomy of an initially healthy spine (C2 level), with examples of the potential 
pathological changes that can occur and cause DCM.1 B - Sagittal section from a T2-weighted MRI scan showing 
multilevel degenerative changes in the cervical spine. The spinal cord is compressed at C3/4 by a disc prolapse 
(white arrow) and at C5/6 by spondylosis, thickening of the posterior longitudinal ligament, and a disc-osteophyte 
complex (white star) [From Davies et al. 2018].  

3.2.2.Dynamic pathophysiological mechanisms 

Spinal cord can move in the spinal canal. During phases of hyperflexion or hyperextension, repetitive 

loading could drive to degenerative process of the canal. During extension of the neck in a patient with 

a cervical canal stenosis, a buckling of the ligamentum flavum is created, acting on the lamina and 

leading to a compressive pinch effect on the spinal cord. In flexion, the spinal cord is positioned more 

anteriorly and can easily be compressed against a degenerated IVD level or an osteophytes. However, 

the viscoelastic properties of the SC, i.e. the mechanical properties dependent on the time, allows to 

store and to dissipate energy created for example by a dynamic compression. It allows to mitigate the 

dynamic effect on the SC tissue.  

These mechanisms may contribute to ischemic injury [Ellingson et al. 2019], blood-brain barrier 

alteration [Blume et al. 2020] and demyelination process [Liu et al. 2018] without any warranty of initial 

recovery of the sensory-motor functions of the patient. 

3.2.3.Cerebrospinal flow 

In clinical routine, the cerebrospinal flow is not considered in the diagnosis or prognosis of the patient 

but the signal representing the cerebrospinal fluid on the MR images (also called) provides clues on the 

state of the canal. In clinical research, studies highlighted a decrease of the maximal CSF velocity 

associated to stenosis severity [Bae et al. 2017, Im et al. 2014, Watabe et al. 1999]. In parallel, 

biomechanical models highlighted a pressure drop at the stenosis level [Bertram et al. 2016, Cheng et 

al. 2014]. This decrease of velocity could be explained by an axial enforced circulation of the CSF by the 

interstitial channels (also called perivascular spaces) surrounding the vessels through the spinal cord. 

This assumption is based on the recent CSF circulation theory in these channels described previously in 

the section 2.2 [Berliner et al. 2019, Liff and Simon 2019, Rey and Sarntinoranont 2018]. 

3.3.Clinical management 

3.3.1.Diagnosis 

Detecting early progressive DCM can be challenging as its exact physio-pathology remains unclear. The 

consequences and symptoms associated with the cervical cord compression varies depending on the 

spatiality in the axial and longitudinal direction, the advancement of the compression and the biological 

characteristics of each individual.  

The most common initial symptoms of chronic DCM are subtle and include difficulties with hand 

dexterity, gait instability, headaches, muscle cramps and neck pain. As multiple symptoms can be 

induced by sensory or motor damages at different spinal cord levels and are commons to other 

pathologies, the physical exam remains complex to be directly associated with the DCM.  

Initially, the DCM symptoms were evaluated by the Nurick scale based on gait instabilities. Clinical and 

scientific research communities preferred to use another score based on sensory and motor criteria 

called the Japanese Orthopedic Association Myelopathy Evaluation Questionnaire (JOA). A revised 

version of JOA score (mJOA) including the shoulder and elbow function is also used with a high 
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correlation coefficient between the two scores (0.87). One of drawbacks is that the evaluation is based 

on patient’s dexterity using chopsticks which is not so common and differently evaluated in western 

population [Kato et al. 2015], creating clinician-derived subjective interpretation. Another drawback is 

the JOA and mJOA scores are patient-derived subjective score [McGregor et al. 2019]. Moreover the 

score presented in this paragraph are no so used in clinical routine and the American Spine Injury 

Association score (ASIA) or a simplified ASIA score (faster) is currently preferred. This last observation 

comes from discussions with a small sample of local neurosurgeons. ASIA score is considered as an 

objective measurement tool based on sensory and motor evaluation. However, in a recent study, no 

correlation was found between ASIA score and mJOA for postoperative patient [McGregor et al. 2019]. 

This observation highlight ambiguity in the establishment of a prognosis. 

The diagnosis is confirmed by an imaging evaluation which can be plain (2d) x-ray radiography, 

computed tomography (CT) scans and anatomical magnetic resonance imaging (MRI). Anatomical MRI 

(T2 sequence) remains the most reliable approach to confirm the diagnosis and to evaluate 

postoperative evolution. Each imaging approach has advantages and drawbacks: CT is the cheapest 

imaging tool, noninvasive but remain irradiant for the patient. Only hard tissue such as bones are 

observable depending on the bone density. MRI is noninvasive and non-irradiant and allows a detailed 

visualization of hard and soft tissue but this imaging tool has a high economical cost [McCormick et al. 

2019]. 

In clinical routine, few quantitative and qualitative factors are used to defined a DCM on imaging scans: 

antero-posterior diameter of the canal in mid-sagittal plane, Torg-Pavlov ratio (i.e. anteroposterior 

diameter of the cervical canal over the anteroposterior diameter of the vertebral body ratio <0.8) and 

visualization of hypersignal in the spinal cord at the level of the compression which could reveal an 

ischemia [McCormick et al. 2019]. Due to the high inter-individual anatomical variability, quantitative 

indices such as antero-posterior canal diameter are unreliable. Torg-Pavlov ratio is not always used for 

DCM diagnosis [McCormick et al. 2019]. 

All those previously described difficulties inherent to DCM diagnosis lead to a problematic delay in 

diagnosis [Hilton et al. 2018]. A mean time delay in diagnosis of DCM was estimated at 2.2 ± 2.3 years 

[Behrbalk et al. 2013] while an older study highlighted an average time delay of 6.3 years with a decrease 

of the clinical score up to the 4th Nurick grade (assistance for walking) [Sadasivan et al. 1993]. 

Once DCM is diagnosed, the primary decision to be made is to manage the solution surgically or not. 

When nonsurgical treatments are considered, the rates of significant activities of daily life impairments 

are 6% at 1 year, 21% at 2 years, 28% at 3 years and 56 % at 10 years [McCormick et al. 2019].  

3.3.2.Surgery management 

Guidelines from AOSpine an international community of spine surgeons recommend surgery in patients 

with moderate or severe DCM or with fast disease progression based on JOA score [Fehlings et al. 2017].  

In a clinical routine, it is still challenging to predict the benefit of the surgery in the long term. The 

recovery of the patient is maximal between 6 and 12 months. After this post-operative period, residual 

symptoms such as functional deficit (falls, reduced mobility, incontinence, depression, sleep deficit and 

pain) can still persist [Davies et al. 2018]. However, a recent study developed a statistical models enable 

to predict a prognosis up to 12 months [Archer et al. 2020]. 

Multiple surgery approaches are considered for DCM decompression which are an anterior, posterior, 

or combined approach depending on the patient ‘s state. Patient with a hyper-kyphosis, or OPPL are 

generally treated with anterior approach. Anterior surgery consists in anterior discectomy (partial or 
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total resection of an intervertebral disc) and fusion (surgical device to connect two or more vertebrae 

to eliminate motion between them), anterior corpectomy (resection of one or several vertebral bodies 

to decrease the compression on the spinal cord) and fusion or disc arthroplasty (restoring the 

biomechanical functions of a joint by resurfacing the bone or by using prosthetics such as artificial discs). 

Then, when the patient has a multi-level DCM, posterior compression or congenital stenosis, a posterior 

approach is considered. It consists in laminectomy with or without fusion and laminoplasty [McCormick 

et al. 2019]. The decompression by laminectomy can create impingement effect at upper cervical levels, 

in particular during flexion/extension of the neck [Stoner et al. 2020, 2019]. 

3.4.Biomechanics of the cervical spine and canal 

The description of this section is limited to the neutral and flexion posture of the spine in order to align 

with the studies which are presented throughout the rest of the manuscript. 

3.4.1.The cervical spine 

Six degrees (3 in translation and 3 in rotation) of freedom (DOF) are considered for each functional spine 

unit (FSU). 

In vitro experiment showed that the physiological charges at the intervertebral joint level in upright 

position vary from 100 to 400 N depending on the loading direction whereas the torque is 2 Nm for axial 

rotation. Others postures such as sedentary working posture in front of a computer for example or 

handling posture might increase the load range described above, and overloading the intervertebral 

joint, in particular because of the shear stresses [Laporte et al. 2017].  

The range of motion (ROM) or motion magnitude is limited by the facet joints and the IVD in terms of 

antero-posterior shear, while the flexion is limited by the facet joints, the anterior part of the vertebral 

canal and by the posterior ligaments [Laporte et al. 2017]. 

Fig. 16 describes the distribution of the ROM by FSU. The flexion-extension of the C4-C5, the C5-C6 and 

the C6-C7 segments, which are the most involved FSU in DCM, is responsible for 43.3 % of the total 

ROM. The lateral bending of the same segments represents 37.7 % of the total ROM while their axial 

rotation represents 19.2 % of the total ROM.  

 

Figure 16. Distribution of cervical ROM among functional spine units [From Laporte et al. 2017]. 

3.4.2.The cervical canal 

The cervical canal forms by the vertebrae foramen end-to-end connected longitudinally in which the 

spinal cord is enclosed and protected. The spinal cord and the anterior part of the canal lengthen during 

physiological flexion and lateral bending while the cross-sectional area decreases. The incompressibility 

(no volume change) of the spinal cord tissue demonstrated in literature [Jannesar et al. 2016] force the 

tissue to change its geometry when it submits strains such as elastomers. That explains the use of 
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constitutive laws often used in elastomers modeling and described in Chapter 4. Moreover, the spinal 

cord is also protected by the surrounding soft tissues: the meninges, the subarachnoid space filled by 

the CSF and the epidural fat outside the dura mater. It was assumed that these tissues protect the 

central nervous system [White and Panjabi 1990] in combination with the role of shock absorber by the 

CSF described in the Chapter 2 section 2. Several studies converged toward this interpretation of the 

protective role of the meninges, in particular in dynamic conditions [Ramo et al. 2018a, b, c]. Indeed, 

the viscoelasticity of these tissue allows a capacity to store and to dissipate energy. To the best of our 

knowledge, the mechanical properties of epidural fat was not measured but we thought that due to the 

rheological behavior close to viscoelasticity of other types of adipose tissue (i.e. fat) in the body [Alkhouli 

et al. 2013], its protective role could be assumed. 

The mechanical spinal cord behavior is often considered with gray and white matter. The behavior in 

axial compression of the spinal cord tends to be strain-rate dependent with a non-linear behavior 

described by the “J” shape of the stress/strain curves [Karimi et al. 2017, Fradet et al. 2016b]. The toe-

region is large : up to 40% of strain at 0.5, 5 and 50 s-1 [Fradet et al. 2016b] and up to almost 30% of 

strain at a test velocity of 5mm/min [Karimi et al. 2017]. In terms of longitudinal tension, the tensile 

properties of spinal cord also tends to be strain-rate dependent and non-linear [Ramo et al. 2018b, 

Ramo et al. 2018c]. A loss of myelin (sheath around the axons), which can occurs when the nervous 

tissues are damaged, decreases the tensile stiffness of the spinal cord [Shreiber et al. 2009]. Thus, 

scientific community converges toward a non-linear viscoelasticity description of the spinal cord. In 

addition, a mechanical anisotropy behavior was also highlighted [Koser et al. 2015].  

The large toe region is probably due to the kinematics of the cord directly driven by the high mobility of 

the cervical spine. The lateral stability of the spinal cord provided by the denticulate ligaments, the 

nerves roots and the CSF allow to partially maintain a central position, maximizing its mechanical 

protection from shock or structural degeneracies. The spinal cord without the pia mater has a viscous 

aspect which cannot keep its initial shape [White and Panjabi 1990]. 

3.4.3.Biomechanics of the degenerative cervical myelopathy 

Local narrowing of the canal can be induced by multiple cases including the most common cases: 1) an 

hypertrophy of the ligamentum flavum due to a loss of elasticity caused by multifactor such as the 

activity level, age, mechanical stresses [Sairyo et al. 2005] ; 2) abnormal disc bulge due to disc herniation 

caused by a dehydration of the disc leading to a loss of viscoelastic properties. It alters the load-bearing 

function and the load transfer along the cervical spine with increased age; 3) Osteophytes stabilize 

adjacent vertebrae whose hypermobility is caused by the degeneration of the disk. Indeed, the loss of 

disk function leads to a greater stress on the vertebral endplates [Baptiste and Fehlings 2006] ; 4) 

Ossification of the posterior longitudinal ligament (common in Eastern Asia [Wu et al 2018]) which is 

known to be an idiopathic and multifactorial disease, in which genetic factors and non-genetic factors 

including diet, obesity, physical strain on the posterior longitudinal ligament, age, and diabetes mellitus 

[Nam et al. 2019]. The DCM patient can also develop a combination of these degenerative cases. 

Neck flexion motion of a patient with one or several of these degenerative processes have much chance 

to create a local pinch effect where the canal is narrowed as described in Fig. 17. 
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Figure 17. Degenerative impingement causing compression, stretching and bending of the spinal cord [Panjabi and 
White 1998]. 

From a biomechanical point of view, the pinch effect could be divided into three simple loads in a first 

approach and as a combination of them as a further biomechanical interpretation according to Panjabi 

and White [1998]. 

The three loads consist in: 1) in a compression due to the pinch created by the degenerative structure 

(IVD, vertebra, ligament); 2) producing shear stress in the cross section orthogonal to the direction of 

compression; 3) in a tension due to the flexion of the neck and a bending load due to the change of 

direction of the spinal cord imposed by the degenerative structure. The compression load applied in the 

antero-posterior direction decreases in magnitude moving away from the contact point while the shear 

load is then equaled to zero at the contact point and increase up to a maximum shear stress point 

corresponding to the centroid of the cross-section of the spinal cord. The tensile load is applied at the 

extremities of the spinal cord considering an uniform distribution of the tensile load along it. The 

bending of the cord due to the pinch is decomposed in two loads : a compression load in the concave 

part of the cord and a tensile load in the convex one where the maximum of magnitude is reached on 

the outer side of the concave and the convex sides [Panjabi and White 1998]. The three loads presented 

above are elementary and theoretical cases. In reality, the spinal cord submits a combination of these 

loads or a combination of several directions of compression loads in the axial plane as shown in Lévy et 

al. [2020]. These simplistic circular beam analogy based on solid mechanics could help in the 

understanding on how a more complex structure such as spinal cord behaves in decomposing the 

principal stresses by a quite simple approach.  

To finish, in many biomechanical models of the spinal cord, the computational structure dynamics (CSD) 

analysis is often reduced to show a Von Misès (VM) stress field, a stress measurement taking into 

account the normal and shear Cauchy stress interpreted like an average value. Few papers described 

the stress field of all the normal and shear components independently. Moreover, the Von Misès stress 

measurement was initially developed to analyze the behavior for isotropic ductile structures while most 

of soft tissues have anisotropic behavior. The non-linearity of tissues is more and more implemented in 

numerical models. For this type of modelling, the VM measurement could be questioned while other 

type of stress criteria would be more adapted for anisotropic fibrous soft tissues such as the Tsai–Hill 

model [Korenczuk et al. 2017].  
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4. Appendices 

 

 

Figure 18. Cervical and typical vertebrae. Gray’s Anatomy for Students, 4th Edition (2020) 

 

Figure 19. Cervical ligaments. Gray’s Anatomy for Students, 4th Edition (2020) 
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Figure 20. Typical structure of a neuron [from Principal of anatomy and physiology – Tortora, 14th edition] 
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1. Studying cervical spinal canal morphometry 
Morphological characterization of healthy and symptomatic spinal canal is necessary for clinical 

diagnosis and prognosis as well as biomechanical modeling in terms of solid boundary conditions or 

partial validation of the morphometrics behavior. 

1.1.Healthy subjects 

All along the life, repetitive motion of the neck as well as durable posture such as office posture or long 

use of portable devices or activities leading to neck postural disorder create non-physiological strains 

and stresses on our spine but also within the vertebral canal. These changes in lifestyle and daily 

activities associated with repetitive cervical mobility can lead to chronic pain [Xie et al. 2019] which can 

be induced by musculoskeletal disorders. However, it cannot explain in all cases the origin of the neck 

pain. One of other hypothesis is that the structure and the morphometry of the vertebral canal is altered 

due to a repetitive neck mobility, could induce local alterations of the musculoskeletal structure of the 

cervical spine (intervertebral joint alteration for example), leading to canal stenosis. Thus, 

understanding the consequences of cervical subarachnoid space (CSS) morphological changes in healthy 

subjects and during the physiological motion of the neck could help to detect and to treat the pathology 

associated with medullar injuries. 

First morphological studies were performed on human cadavers. Spinal cord was extracted and cutting 

by slice to allow 2D cross-sectional analysis in terms of area, transverse and sagittal diameters [Ko et al. 

2004, Kameyama et al. 1994, Zhang et al. 1996]. Due to the advancements in medical imaging, in vivo 

2D analysis became the gold standard [Table 1] to face the issues of post mortem characterization such 

as dried samples or the absence of pre-tension of the cord. Indeed, the in vivo physiological shape of 

spinal cord is maintained by the cerebrospinal fluid pressure and by the attachment of the brain and of 

the cauda equina. 

Thus, the medical imaging such as CT-Scan or MRI allowed to measure new metrics. Indeed, Torg ratio 

i.e. the ratio of sagittal length of the mid-vertebra body over the canal length [Tierney et al. 2002], the 

length and the volume of the cord [Ko et al. 2004], Cobb angles to correlate the spinal curvature with 

the spinal canal morphological metrics [Kuwazawa et al. 2006], or occupational ratio of the spinal cord 

in the canal [Fradet et al. 2014, Kato et al. 2012]. 

Even if the MRI became a gold standard over the past years, the subarachnoid space is often simplified 

as dural tube or the space in the sagittal plane between the cord and the anterior and posterior parts 

of the canal due a limited spatial resolution reached on conventional MR systems (1.5T or 3T, against 

low-field at 0.5T and ultra-high field ≥ 7T). Using this assumption, large database of in vivo morphological 

measurements was proposed showing the influence of the age and the sex on the occupation rate of 

the spinal cord in the dural tube on Japanese population. Indeed, the axial area of the spinal cord and 

the dural tube tended with age and to decrease faster in men [Kato et al. 2012]. 

However, operator dependency as well as time consumption associated with such manual definitions 

of morphological indices as well as relatively high inter and intra-operator errors between 

measurements need to be reported. In case of a subject follow-up, its position will wary in the MRI from 

an acquisition to another one which can induce an inter-session variability. Moreover, almost all the 

studies found in the literature performed discrete measurements, mostly at the mid-vertebra and the 

mid-IVD levels providing partial data on the cervical canal. 
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1.2.Cervical myelopathy 

Due to ambiguous use of term, cervical spondylosis (meaning vertebra in ancient Greek) degenerative 

involving vertebra or disc degeneration is associated to a more general term, degenerative cervical 

myelopathy which includes all the processes leading to a pathological narrowed canal. The quantitative 

diagnosis and the prognosis of patient with a narrowed canal remains challenging for the clinician even 

if medical imaging, in particular MRI technology allowed to accurately visualize the in vivo anatomy. 

Local 2D analysis is a gold standard for the scientific and clinical community [Table 1]. Briefly, most used 

indices in literature were: the cross-sectional area (perpendicular to the centerline of the canal) of the 

canal, the SC and the CSF. The occupational ratio (OR) is derived from the ratio of these areas. Diameters 

of the canal, the CSF and the SC are also largely used in sagittal or axial planes. The compression ratio 

(CR) is derived from the large and small axial diameters of the canal or of the spinal cord are commonly 

used to quantify the level of flatness. Another common index used to quantify the canal stenosis is the 

Torg-Pavlov ratio (the sagittal spinal canal diameter divided by the sagittal vertebral body diameter). In 

most of the studies in Table 1, an operator has to manually perform the different measurements in a 

discretize way, i.e. plotting the segments or delineating the areas. The measurements are done at mid-

vertebra as reference and mid-intervertebral discs because of structural changes appearing with aging 

or abnormal solicitations called spondylosis or hernia at the IVD levels and such as osteophytes at 

posterior vertebral plates. Only one study developed a 3D analysis of the spinal cord based on semi-

manual 3D reconstruction of the cervical spinal cord. The 3D analysis allows to compute new metrics 

such as volume correlated to the cross-sectional area and the cord length [Smith et al. 2013].  

Numerous limitations are already present in the morphometrics analysis of population with cervical 

myelopathy. First, such as for clinical studies on healthy population, the methodologies remain time-

consuming and operator-dependent which is an important drawback in the data interpretation for the 

reasons mentioned in the above section. Moreover, such as the healthy populations, inter-session 

variability could induced additional errors in the metrics quantification. Finally, various morphometrics 

criteria are used in each study as depicted in the [Table 1] which jeopardize comparison. 

 

2. Studying mechanical properties of the mechanical 

properties of the CNS and the CSF 
The spinal central nervous system is a mechanical system made up of several tissues 

assembled and bathed in the cerebrospinal fluid, between which there are mechanical interplays. Each 

element has its own heterogeneous mechanical properties such as most living soft tissues. The 

mechanical properties of different structures in the spinal canal (cerebrospinal fluid, meninges, 

denticulate ligaments, spinal cord, nerve roots) are described separately. An overview of mechanical 

testing studies for each of spinal structures and fluid are respectively depicted in Table 2, 3, 4, 5 and 

Appendix - Table 6, 7. A brief description of the experimental protocols and results of the main studies 

presented in the tables were described in the following paragraphs. 

2.1.Cerebrospinal fluid 

As depicted in Table 2, the CSF is a colorless fluid with mechanical properties close to water at 37°C 

(body temperature) in term of : 

- dynamic viscosity at body temperature [Bloomfield et al. 1998] : 0.8mPa.s 



52 | P a g e  
 

-  density at body temperature : 1.0003 ± 0.0003 g.ml-1 [Levin et al. 1981], 1.00059 ± 0.00020 

g.mL-1 [Lui et al. 1998], 1.00054 ± 0.00017 g.mL-1 for male and 1.00049 ± 0.00011 g.mL-1 

[Schiffer et al. 1999] 

- speed of sound in the fluid [Palaniappan et al. 2004] : 1508.2 – 1520.5 m.s-1. 

 

The CSF has its own pulsation driven by the cardiac and the respiratory pulsations; it is considered 

incompressible such as water, and it is modelled like a Newtonian fluid. This last property is described 

in details in Chapter 5.  
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Table 1. Overview of non-exhaustive studies of morphometrics analysis of the human spinal canal. 

 

 

 

Authors/Year Journal Population studied Anatomical parts Measured parameters Measurement tool
Type of 

analysis

Kameyama et 

al.  1996
Spine 12 healthy cadavers                                                        

Spinal cord                    

C2 - S3
CSA, diameter 

Computer-assisted image 

analysing system 
2D

Zhang et al. 

1996

The Showa University 

Journal of Medical Sciences
22  healthy cadavers                                           

Spinal cord                

C6 

Sagittal + Transverse 

diameters

Electronic optical 

planimeter
2D

Yuan et al. 

1998
Spine 5 volunteers

spinall cord               

C1 - C7

Anterior and posterior cord, 

strain 
1.5T MRI 2D

Malzac et al. 

2002
Acta Ortopédica Brasileira 500 young  military volunteers                           

Spinal canal                           

C3 - C6

Sagital diameter  antero-

posterior width
Radiography (X-ray) 2D

Tierney et al. 

2002
Journal of Athletic Training 14 healthy  subjects                                     

CSF                               

C3 - C7
Torg ratio - CSA CSF 1.5T MRI 2D

Dahlan et al. 

2004

International Journal of 

Integrated Health Sciences 
24 healthy subjects

 Spinal canal             

C3-C7
Spinal canal diameter CT-Scan 2D

Ko et al.  2004 Spinal cord 15 healthy cadavers
Spinal cord                      

C3 - S5

Sagital and tranvseral 

diameter + volume of spinal 

cord

x 2D

Kuwazawa et 

al.  2006
Spine 20 healthy volunteers

spinal cord and spine                               

C1 - C7

Length of the cervical cord 

(anterior, middle, and 

posterior line), Cobb angle

0.6MRI 2D

Kato et al. 

2012
Euro Spine Journal 1211 healty subjects                                             

Spinal cord and canal            

C2 - C7 

Axial CSA of dural tube+ sinal 

cord, spinal cord diameter, 

occupational ratio

1.5T MRI 2D

Fradet et al. 

2014
Spine 23 healthy subjets                                  

Spinal cord                       

C1 - S2

Spinal cord dimensions and 

position in spinal canal
3T MRI 2D

Kawakami et 

al.  2002

Journal of Spinal Disorders 

and Techniques
113 patients with CSM spinal cord C2 - T1 Cobb angle, convex index MRI 2D

Zaaroor et al. 

2006

Minimally Invasive 

Neurosurgery
42 patients                                                  

Spinal cord, 

subarachnoid space,  

dural sac                        

C1 - L2

Sagital + Transversal 

dimensions
0.5T MRI 2D

Muria et al. 

2007

Journal of Spinal Disorders 

and Techniques

20 patients with CSM + 20 healthy 

control subjects
C3 - C7

the segmental forward-

backward  movement of the 

spinal cord, JOA score

1.5T MRI 2D

Morishita et al. 

2009
European Spine Journal 295 symptomatic patients

Spinal cord and canal 

C3 - C7 

Angle, sagittal diameters, 

compression
0.6T MRI 2D

Smith et al. 

2013
Spine 56 preoparative subjects C2 - C7

Spinal cord (CSA, volume, 

length) and spine dimensions 

(Cobb angle, SVA, C2-C7 

plumbline)

MRI + radiography 2D+3D

Endo et al . 

2014
Asian Spine Journal 62 asymptomatic subjects

spinal cord and canal 

C1 - C7

Length of cervical cord, 

anterior and posterior 

cervical canal lengths

MRI 2D

Kar et al 2017
Journal of Clinical and 

Diagnostic Research

71 symptomatics subjects :                                            

neck pain, radiating, paresthesia neck + 

upper limb

Spinal cord and canal 

C3 - C7 

Sagittal diameter of spinl 

cord and canal, Torg ratio
1.5T MRI 2D

Wolf et al. 

2018
Spinal cord

12 gender-matched healthy control          

+ 12 patients with cervical spondylotic 

myelopahy

Spinal cord and canal 

(C2 and C5)
CSF and SC displacement 3T MRI 2D

Kong et al. 

2018

Therapeutics and Clinical 

Risk Management
317 patients with CSM

 Spinal cord C4-C7 

and  spine C2 - C7

Anteroposterior diamter of 

canal, narrowed ratio, cobb 

angle

2D

Tykocki et al. 

2018
Acta Neurochirurgica

63 patients (radiculopathy, myelopathy 

or myeloradiculopathy)

Spinal cord and canal 

C3 - C7

Length of cervical cord, 

spinal cord and canal (area, 

angles) 

1.5T MRI 2D

Tykocki et al. 

2018
World Neurosurgery 55 patients with CSM

Spinal cord, CSF              

(C3 - C7)

Spinal cord area, CSF area, 

CSF ratio)
1.5T MRI 2D

Pratali et al. 

2019
Spine 18 patients with CSM Spinal cord and canal

 spinal canal diameter  and 

the spinal cord width, the 

anterior and posterior length 

of the spinal cord

1.5T MRI 2D

Healthy and asymtopmatic cohorts

Symptomatic or patients populations with Cervcial Spondylosis Degenerative
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Table 2. Overview of the experimental mechanical testing of the cerebrospinal fluid. 

2.2.The spinal cord 

The mechanical properties of spinal cord were investigated on several species such as the rats [Fifford 

and Bilston et al. 2005], mices [Koser et al. 2015], rabbit [Ozawa et al. 2004], sheep [Yang et al. 2019], 

cattle [Ichihara et al. 2003], porcine [Ramo et al. 2018 a,b , Fradet et al. 2016b], macaque [Jannesar et 

al. 2020], human [Karimi et al. 2017, Bilston et al. 1995, Mazuchowski and Thibault 2003] models 

[Appendix – Table 6]. 

The global mechanical testing of the spinal cord without differentiating the grey and white matters nor 

the pia mater were investigated by uniaxial and compressive tests. Due to the challenge to test in vivo 

tissues in terms of protocol, most of uniaxial tensile tests were performed on ex vivo specimens [Bilston 

et al. 1995, Mazuchowski and Thibault 2003, Ozawa et al. 2004, Fiford and Bilston 2005]. One study 

compared in vivo and ex vivo mechanical properties of the spinal cord in uniaxial test [Ramo et al. 2018a, 

b]. In vivo protocol consisted in surgery exposure of the thoracolumbar cord on which the pedicle screws 

were fixed on vertebrae for stabilization of the mechanical system. PVC tube sections were glued around 

the extremities of the tested cord and mechanical clamps were attached to the PVC supports. Ex vivo 

experiments followed the same protocol with an extraction of the cord. In addition, local compressive 

indentation tests on grey and white matters by a nano-indentation protocol [Zhang et al. 2016] and by 

a coupling approach between atomic-force microscopy and a nano-indentation approach [Koser et al. 

2015] were performed. Additionally, macroscopic properties in compression of the cord (white and gray 

matters and pia mater) [Jannesar al. 2018, Karimi et al. 2017, Fradet et al. 2014] were also tested. The 

local approach provides more detailed cartography of the mechanical properties but its implementation 

in numerical simulation is not clear and necessitates to elaborate a phenomenological model to be used. 

This approach could allow to develop multi-scale models of the spinal cord. The macroscopical approach 

provides mechanical properties more easily implementable in numerical models. 

Due to the fast alteration of nervous tissues [Garo et al. 2007, Fountoulakis et al. 2001], the duration 

between the euthanasia or death of the model specimen have great effect on mechanical properties 

measurements and mechanical testing needs to be performed within 6h post mortem. Few studies 

described this duration [Ramo et al. 2018a, b].  

Tensile linear elastic moduli provided by the literature were included in an interval between 2 kPa 

[Ozawa et al. 2004] and 47 kPa [Karimi et al. 2017] at quasi-static strain rate while hyperelastic [Jannesar 

et al. 2018, Karimi et al. 2017, Mazuchowski and Thibault 2003, Bilston et al. 1995] and viscoelastic 

[Ramo et al. 2018a,b, Jannesar et al. 2018, Fradet et al. 2016, Fiford and Bilston et al. 2003, Bilston et 

al. 1995] constitutive laws were fitted to stress/strain curves. Detailed description will be presented in 

Authors/Year Journal Specie
Conservation 

method

Measurement 

tool

Physical 

measured 

variables

CSF properties         Water properties at 37°C

Levin et al.  1981
Anesthesia and 

Analgesia

15 human patints (none 

neurologic disease)

tested within 30 min of 

collection

Volumetry and 

balance
Density 1.0003 +/- 0.0003 g/mL (37°C) 0.9934 g/mL (37°C)

Bloomfield et al. 

1998

Pediatric 

Neurosurgery
23 human patients refrigerated at 4° C

Rotational 

viscometer
Viscosity 0.8 mPa.s (37°C) 0.692 mPa.s (37°C)

Lui et al. 1998
Canadian Journal 

of Anesthesia
131 preoperative patients

tested within 15 min of 

collection
Densitometer Density 1.00059 (SD 0.00020) g/mL (37°C) 0.9934 g/mL (37°C)

Schiffer et al. 1999
British Journal of 

Anaesthesia

46 patients (without 

neurological disturbances)
Densitometer Density

Male density : 1.00054                                

(SD 0.00017) g/mL                                                        

Female density : 1.00049                            

(SD 0.00011) g/mL  (37°C)

0.9934 g/mL (37°C)

Palaniappan & 

Velusamy 2004

Indian Journal of 

Pure & Applied 

Physics

10 samples refrigerated at 4° C

Ultrasonic 

propagation 

velocity 

measurement - 

interferometer

Sound velocity 1508.2 - 1520.5 m/s 1523 m/s
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the “Introduction” sections of the chapter 4. Additionally, whose one dynamic mechanical analysis 

(DMA) of compressive test [Ramo et al. 2018 b, Fradet el al. 2016b] and two others DMA studies were 

investigated in tensile tests [Bilston et al. 1995]. 

2.3.The nerve roots 

To the best of our knowledge, three studies investigated the tensile properties of the nerve roots with 

quasi-static [Beel et al. 1986, Singh et al. 2006] and dynamics strain rate [Tamura et al. 2018] on three 

different species being mices [Beel et al. 1986], rats [Singh et al. 2065], and porcine models [Tamura et 

al. 2018]. No clear data were found about the post mortem duration before testing.  

Tensile linear moduli were measured at the lumbar level in quasi-static strain rate in the range between 

0.88 MPa [Bell et al. 1986] and 2.1 MPa [Singh et al. 2005] on murine models. The inter-spinal levels 

variation of tensile linear moduli measured in dynamics strain rate on porcine models were described 

in Tamura et al. [2018] : 18.8 MPa at cervical, 25.1 MPa at thoracic and 15.3 MPa lumbar spinal levels. 

2.4.The denticulate ligaments 

To the best of our knowledge, two studies investigated the tensile mechanical properties of the cervical 

denticulate ligaments on porcine models at quasi-static strain. Tensile linear moduli were provided in 

the range in 1.31 MPa [Polak et al. 2014] and 6.69 MPa [Polak-Krasna et al. 2019]. 

2.5.The meninges 

An overview of tensile mechanical tests of spinal meninges was provided in details in the introduction 

section of the chapter 4. A brief description of protocols and tensile linear moduli depicted Table 3 were 

provided in this section. 

2.5.1.Dura mater and arachnoid mater 

Regarding the tested dura and arachnoid mater, several specimen species were investigated on rat 

[Maikos et al. 2008], ovine [Shetye et al. 2014], dog [Patin et al. 1993], bovine [Runza et al. 1999, Persson 

et al. 2010], porcine [Mazgajczyk et al. 2012] and human [Patin et al. 1993, Zarzur et al. 1996, Runza et 

al. 1999, Chauvet et al. 2010] models.  

Isotropic [Persson et al. 2010] and anisotropic [Shetye et al. 2014] hyperelastic constitutive laws were 

fitted to stress/strain measured curves in dynamics strain rate conditions. Others studies provided 

tensile linear moduli in longitudinal loading direction at quasi-static strain [Patin et al. 1993] ranging 

between 138 MPa and 265 MPa in longitudinal loading direction while ranging between 7.8 MPa and 

76.4 MPa in circumferential loading direction for lumbar human specimens. The tensile linear moduli at 

dynamics strain rate were between 65 MPa and 102 MPa in longitudinal loading direction while were 5 

MPa in circumferential loading direction on lumbar human specimens [Runza et al. 1999]. 

Complementary detailed description of protocol characteristics and linear moduli for different species 

are provided in the Table 3. Viscoelasticity were demonstrated in quasi-static, moderate and dynamic 

conditions, but on a small population of samples [Persson et al. 2010, Wilcox et al. 2003, Ramo et al. 

2018a]. 
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2.5.2.Pia mater 

Few studies investigated the mechanical properties of pia mater including the parenchyma in tensile 

[Ramo et al. 2018c, Ozawa et 2004] and compression uniaxial tests on rabbit [Ozawa et 2004] and ewe 

[Ramo et al. 2018c] models. The lack of data for these tissues could be explain by the challenging 

extraction and manipulations protocol without damaging the specimen. Ramo et al. [2018c] described 

a DMA and tensile linear modulus were measured at quasi-static strain for a value of 17 MPa and 

another study on rabbit provide a value of 2.4 MPa [Ozawa et al. 2004]. That showed a protective role 

of the pia mater which could also allow to maintain the oval transversal shape of spinal cord. 

Complementary detailed description of protocol characteristics and linear moduli for different species 

are provided in the Table 3. 
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Table 3. Overview of mechanical test and properties of the spinal meninges. 

 

 

Authors/year Journal Specie Tissue Spinal level Type of test Strain rates
Conservation 

method

Longitudinal Transverse Longitudinal Transverse Longitudinal Transverse

Patin et al. 1993
Anesthesia & 

Analgesia

human                

dog 
dura mater lumbar uniaxial tension 1.67 mm/s 

Refrigerated in saline 

solution

human : 138 - 265 MPa                            

dog : 58.8 - 73.5 MPa   

human : 7.8 - 76.4 MPa                                           

dog : 54.9 - 58.8 MPa   

Zarzur et al. 1996 Arq Neuropsiquiatr.
Human 

lumbar spine 
dural sac uniaxial tension

Preserved in formalin 

until 72h before tesing
 26.2 - 171.5 Mpa  4.5 - 26.9 MPa 

Runza et al. 1999
Anesthesia & 

Analgesia

human             

bovin
dura mater T12 - L4/L5 uniaxial tension 10 mm/min

In saline solution , frozen 

at 4°C for 24h and 120h

human : 0.20 - 0.62                   

bovin :  0.85 - 1.15   
human : 0.38 - 0.58                       

human : 8 - 22 MPa                   

bovin : 11 - 22 MPa    
human : 3-4 MPa                           

human : 65 - 102 MPa                   

bovin : 25 - 80 MPa     
human : 5 MPa                         

Maikos et al. 2008
Journal of 

Neurotrauma
rat dura mater C1 - L1 uniaxial tension 19.4 sec-1, 0.0014 sec-1 2h after sacrifice 1.24 2.14 MPa

Mazgajczyk et al.  2012

Acta of 

bioengineering and 

biomechanic

porcine dura mater C1 - C7 uniaxial tension 2 mm/min Frozen
Dorsal : 0.17 - 0.28        

Ventral : 0.15 - 0.24

Dorsal :  0.22 - 0.33 

Ventral : 0.19 - 0.27

Dorsal : 7.4 - 22.3 MPa                   

Ventral : 14.4 - 36.8 MPa

Dorsal : 14.2 - 24.8  MPa                       

Ventral : 15.2 - 66.4 MPa

Chauvet et al.  2010 Neurosurgical Review human dura mater Craniocervical junction uniaxial tension Fresh cadaver
entire dura  : 44 - 91 MPa                                    

split dura : 19 - 25 MPa

Persson et al.  2010
Annals of Biomedical 

Engineering

Bovine spinal 

cords 
dura mater full spine uniaxial tension

- preconditioning cycles at 15 

mm/min (1.5% of strain)  - 3 strain 

rates (0.01, 0.1, 1s-1)

Frozen at -20°C and 

stabilized at room 

temperature before 

testing

Shetye et al.  2014

Journal of 

Mechanical Behavior 

and Biomedical 

Material

Ovine spinal 

cords
dura mater C1 - C6 biaxial tension

- 3 loading protocols (1, 2:1 and 

1:2) 
In a saline solution

Yang et al.  2019

Zhongguo Xiu Fu 

Chong Jian Wai Ke Za 

Zhi

sheep dura mater C6, C7, T11, T12, L4, and L5 uniaxial tension

Ozawa et al. 2011
Journal of 

Neurosurgery
rabbit pia mater C5 - C6 uniaxial tension 0.02 N/s In saline solution 2.4 MPa

Ramo et al. 2018 Acta Biomaterialia
cervical ewe 

spinal cords

pia-

arachnoid 

complex

C0 - C7 uniaxial tension 0.05sec-1 fresh after sacrifice 17 MPa

Dura mater

Hyperelastic (Ogden) constitutive models fitting

GOH [Gasser et al. 2006 ]constitutive continuum model fitting

Pia Mater

Maximum strain Maximum stress Elastic modulus
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3. Studying the CSF flow and the central nervous system 

modelling  
3.1.Computational Fluid Dynamics models 

3.1.1.General considerations 

Fluid flow simulation models called "Computational Fluid Dynamics" (CFD) models are numerical tools 

that exclusively analyze the behavior and phenomena of the flow of fluids or gases. They are very well 

known in engineering in many fields of application (aeronautics, automotive, meteorology, biomedical 

in particular) which involve problems in mainly fluid mechanics and / or thermodynamics. CFD is actually 

a specialized field of mathematics and fluid mechanics that focuses on solving Navier-Stokes equations 

by numerical methods. These methods are also based on a discretization strategy following the same 

general philosophy as the one used for finite element models in a preprocessing point of view.  

3.1.2.Advantages and drawbacks 

The advantage of modelling the cerebrospinal system with a CFD approach is that modelling is a robust 

and accurate way to model a velocity field conditioned by coherent bio-reliable fluid initial and 

boundaries conditions as well as fluid assumptions. The additional interest is that CFD is also able to 

provide the data of the 3d velocity field and the pressure field over time. From the first type of CFD 

output (velocity field), it is often interesting to compute the wall shear stress (i.e. the shear stress acting 

orthogonally to the wall of the cavity) along the wall of the fluid domain. That could provide a 

quantification of the effect of this fluid index on the wall such as the meninges, the nerves or the spinal 

cord. The main drawback of this numerical approach is that the walls are considered as rigid and mostly 

model by a no-slip condition [Jacobson et al. 1996, Yiallourou et al. 2012, Helgeland et al. 2014, Clarke 

et al. 2017, Holmlund et al. 2019, Khani et al. 2020] even if some deformable wall conditions can 

eventually be modeled with a qualitative estimation of the wall displacement [Khani et al. 2017, Tangen 

et al. 2015]. Indeed, the structures in contact with the CSF have only a geometrical effect on the fluid 

flow without taking into account the material behavior. 

3.1.3.Fluid boundary conditions 

Several studies performed simulations of cerebrospinal flow in the subarachnoid space [Table 4]. These 

modelling vary in terms of boundaries conditions; in particular about the geometry and inflow 

conditions. The first study investigating the cerebrospinal flow in the cerebral aqueduct was performed 

on an idealized geometry [Jacobson et al. 1996]. Most of studies currently modeled subject -specific 

geometries such as the brain SAS [Bardan et al. 2012], cervical SAS [Yiallourou et al. 2012, Helgeland et 

. 2013, Clark et al. 2013, Pahlavian et al. 2014] and the full spinal SAS [Tangen et al. 2015, Sass et al. 

2014, Khani et al. 2020]. These subject-specific models reconstructed the patient geometry by 

segmentation of anatomical MRI scans. This step is still time-consuming due to the lack of segmentation 

automatization of the spinal cord and the SAS.  

It requires a specific definition of the SAS anatomy and structures definition which mostly has been 

performed using a MRI-based semi-manual segmentation approach with mandatory manual correction 

by the operator. This definition is MRI-resolution-dependent and varies between each paper [Table 4]. 

This dependance to segmentation and smoothing techniques seems to not have been quantified in the 

literature to the best of my knowledge. 
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Regarding the smaller structures such as the denticulate ligaments, the nerves and the subarachnoid 

trabeculae, such geometrical details were modeled as idealized such as trabeculae were modeled by a 

random generation of thin cylinder extrude from the fluid mesh [Sweetman & Lininger 2011]. Due to 

the MRI resolution insufficiency to reconstruct the smaller anatomical structures, the denticulate 

ligaments and the nerves were modeled based on anatomical photography and on literature 

measurements [Pahlavian et al. 2015] and the nerves were modeled with subject-specific locations of 

nerve insertions from medical images and as idealized sheaths of the bundle of nerves [Tangen et al. 

2015, Pahlavian et al. 2015] or such as each individual nerve [Sass et al. 2017]. The geometrical modeling 

of structures inside the SAS still remains challenging due to the lack of anatomical knowledge in 

particular regarding the spinal subarachnoid space and due to the resolution limitation of the current 

medical imaging approach. This limitation will be partially face in the future with more powerful 

technology such as for example the 7T MR system. 

3.1.4.Boundary layers 

In Fluid mechanics, thin layers of fluid in which viscosity effects are significant, are formed along the 
solid walls called boundary layers. As the velocity gradient tends rapidly to zero near the wall, these 
boundary layers can significantly affect the entire flow field. Thus, a particular modelling is required. In 
literature, the CFD modelling of the CSF tends to agree on the transitional [Tangen et al. 2015] or at 
least laminar flow regime [Pahlavian et al. 2014, Clarke et al. 2013, Helgeland et al. 2012] among the 
three described regimes (laminar, transitional, turbulence). The definition of the regime is often 
associated to the quantification of the dimensionless Reynlods number (ratio of inertial forces to viscous 
forces) but it remains quite ambiguous to theoretically describe the transition between each regime. 
Nevertheless, another dimensionless number is more commonly used for complex flow patterns such 
as the CSF pulsatile flow pattern: the Womersley number. It describes the relationship between the 
pulsatile flow frequency (i.e. the instationary inertial forces) and the viscous effects. Peak Reynolds 
number (relative to peak velocity) was computed around 300-400 [Pahlavian et al. 2014] and the 
Womersley number ranges from 5 to 17 [Loth et al. 2001]. 

3.1.5.Fluid initial and boundary conditions 

Initial definition of boundary conditions of the CSF flow is still challenging to model due to the difficulty 

to directly measure the flow of the patient by a non-invasive sensor. Measurements of pressure or 

velocity can be performed during a surgery of the brain or during lumbar puncture exclusively around 

the L3/L4 lumbar level where the spinal cord is not present. Fortunately, recent MRI technologies 

advancements allow to measure in vivo the CSF flow in any part of the SAS. In CFD models, the initial 

inflow condition was modelled in two ways. The first way is to model the inlet profile as an average 

velocity or pressure signal or an idealized sinusoidal signal applied orthogonally to the inlet surface 

[Jacobson et al. 1996, Helgeland et al. 2014]. More recently, the subject-specific CSF flow conditions 

were applied from in vivo phase-contrast cine MRI (MRI flux imaging throughout the cardiac cycle) 

[Yiallourou et al. 2012, Cheng et al. 2014, Pahlavian et al. 2015, Tangen et al. 2015, Sass et al. 2017, 

Khani et al. 2020] enabling to model specificities between patients. The CSF flow was computed by 

integrating the pixel velocities within the region of interest at a given axial location. In most of the 

studies, the outflow condition was set to a zero pressure condition. Indeed, the average pressure at a 

given point of the fluid is close to zero due to the cycling pulsation of the CSF in the caudal (diastole), in 

the cranial (systole) and then again in the caudal (diastole) direction for an average ventricular cardiac 

cycle (800-900 ms). 
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3.1.6.Applications 

Regarding the cerebrospinal flow simulations, three main applications are described in the literature. 

First, hydrocephalus models [Holmlund et al. 2019, Jacobson 1996] describing the cerebrospinal flow in 

the cerebral ventricles pathologically enlarged. Second application of models were used to describe the 

pathological mechanisms of syringomyelia, a CSF fluid cavity growing in the spinal CNS and the Chiari I 

Malformation [Pahlavian et al. 2014, Helgeland et al. 2014, Cheng et al. 2014], a structural congenital 

anomaly of the cerebellum falling in the foramen magnum and disturbing the CSF flow. A third type of 

therapeutic application consisting in an intrathecal drug delivery [Tangen et al. 2015] or blood filtrated 

drain [Khani et al. 2020]. The intrathecal drug delivery describes the way to bypass the blood brain 

barrier (BBB) which filters the molecule exchanges between the brain and the vascular system. To 

bypass the BBB, a catheter is inserted in the subarachnoid space. Such sensitive manipulation has to 

take into account the CSF volume in the SAS, the detailed subject-specific cerebrospinal flow pattern to 

predict the drug quantity injected and the drug particle motion in the SAS. To the best of my knowledge, 

no CFD study was found about the CSF flow modelling in a cervical canal with a myelopathy or stenosis. 

3.1.7.Validation 

The validation of the CFD models was described in literature in two ways. A pure numerical validation is 

necessary to ensure the reliability of the solution. For that, two categories of numerical validation are 

advised : the spatial one and the temporal one. The first category consists in performing a convergence 

study which quantify the convergence of the simulation solution in terms of mesh size (the more the 

mesh size is small the more the solution has to converge). The second category consists in performed a 

convergence study on the number of simulated cycles to ensure the establishment of the fluid flow as 

well as on the time step (to reduce the propagation of residual numerical error along the simulation). 

An experimental validation is also essential to quantify the limits of a model. As explain in a previous 

paragraph, in vivo PC MRI allows to perform a cartography of the velocity within a region of interest at 

a given time t in 2D, 3D or even in 4D (i.e. 3D + t, spatial and time components). A pressure field can 

eventually be computed from the velocity field by numerical resolution of Navier-Stokes equations. The 

second way to validate a model of cerebrospinal system is to reproduce in vitro the subject-specific 

patient anatomy and boundary conditions. It consists in 3D printing of the subject-specific patient 

reconstructed anatomy and in reproducing the physiological CSF flow by a hydraulic pump [Pahlavian 

et al. 2016], a drain system [Khani et al. 2020] or a pump associated to an injection system [Tangen et 

al. 2017]. Regarding the measurement of the velocity field of the CSF, the test bench was positioned in 

an MRI to be acquired by a 4D flow MRI protocol [Pahlavian et al. 2016], or coupled to a particle image 

velocimetry (PIV) system [Khani et al. 2020, Tangen et al. 2017]. The PIV system can be described in a 

simplistic way such as a particle tracking approach in an Eulerian grid to associate velocities to each part 

of the fluid domain while based on particles tracking within the considered fluid. Current limitation of 

the MRI flow sequence (phase contrast 4D or 3D+t) require the comparison with the PIV. 
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Table 4. Non-exhaustive overview of the frequently cited CFD models of the cerebrospinal system.

Author/Year Journal
Anatomical 

part

Detailed 

anatomical 

parts

Geometry source
Initial boundaries 

conditions

Boundaries 

conditions
CSF formulation Flow assumption CSF properties Solver

Type of 

elements

Number of 

elements

Convergence 

study

Pathology/Situation 

modeled
Validation

Related 

studies

Jacobson et al.  1996
Pediatric 

Neurosurgery
Brain

 SAS (aqueduc of 

Sylvius)
Idealized

Case 1  :  constant pressure inlet + 

0 Pa outlet                               Case 2 

: constant velocity profile as inlet + 

0 P outlet   Case 3  : sinusoidal 

pressure drop as inlet + zero 

pressure outlet

no-slip boundary 

condition for the walls

Continuity and Navier-

Stokes equations using 

finite volume method

laminar flow
ρ = 1000 kg.m-3             µ 

= 0.001 Pa.s          
CFDS-FLOW3D 2500-7520 Hydrocephalus

Yiallourou et al.  2012 PLOS One
Human cervical (FM 

to C7)
SAS

Subject-specific 

geometry based on 

anatomical 1.5T MRI

Inlet : velocity profile from 4D PC 

MRI                                               

Outlet : zero pressure condition

no-slip boundary 

condition for the walls

Continuity and  Navier-

Stokes equations 
laminar flow

 ρ = 1000 kg.m-3          µ 

= 0.001 Pa.s         
ANSYS CFX 13.0

tetrahedral 

element
~2 million Yes CSF flow dynamics pattern

in vivo  (1.5T 

4D PCMRI)

Helgeland et al.  2013
Journal of 

Biomechanics

Human cervical (FM 

to C7)
SAS

Subject-specific 

geometry based on 

anatomical MRI

Inlet/Outlet : idealized velocity 

profile derived from []

no-slip boundary 

condition for the walls

Continuity and Navier-

Stokes equation 

resolved by direct 

numerical simulations

laminar/transitional 

flow

 ρ = 1000 kg.m-3          ν= 

0.7 x 10-6 m2/s        
~46.5 million

Syringomyelia/Chiari I 

Malformation

Literature 

values 

comparison

Clarke et al.  2013
Journal of 

Biomechanics

Human 

cranial/cervical part
SAS ; cerebellum

Subject-specific 

geometry based on 

anatomical 3T PC-MRI 

Inlet : velocity profile from 3D PC 

MRI                                               

Outlet : zero pressure condition

no-slip boundary 

condition for the walls

Continuity and Navier-

Stokes equations using 

finite volume method

laminar flow
 ρ = 1000 kg.m-3          ν= 

0.8 x 10-6 m2/s []        
ANSYS CFX 13.0

tetrahedral 

element

Syringomyelia/Chiari I 

Malformation

Velocity field 

by MRI

Pahlavian et al.  2014 PLOS One
Human cervical (FM 

to C7)

SAS ; NR(idealized) ; 

DL (idealized)

Subject-specific 

geometry based on 

anatomical MRI

Inlet : velocity profile from 4D PC 

MRI                                               

Outlet : zero pressure condition

Navier-Stokes 

equations using finite 

volume method

laminar flow ANSYS Fluent 14.0
tetrahedral 

element
~5.5 - 7.4 million Yes

Syringomyelia/Chiari I 

Malformation

in vivo  (1.5T 

4D PCMRI)

Tangen et al.  2015
Journal of 

Biomechanics
Human full spine

SAS ; NR(idealized)  

;  arachnoid 

trabeculae 

(idealized)

Subject-specific 

geometry based on 

anatomical MRI

Inlet : velocity profile from 3D PC 

MRI                                               

mid-sagittal symmetry 

+ explicit deformable 

boundaries

Continuity and Navier-

Stokes equations 

CSF flow dynamics pattern 

with intrathecal drug 

delivery

in vivo MRI 

flow 

measurement

Sass et al.  2017

Fluids and 

Barriers of the 

CNS

Human full spine
SAS ; NR(half-

idealized)          

Subject-specific 

geometry based on 

anatomical 3T MRI

Continuity and Navier-

Stokes equations using 

finite volume method 

laminar flow ANSYS Fluent 18.1
quad & tria 

elements

124,935 

quadrangles & 

325,855 triangles

CSF flow dynamics pattern
in vivo  (4D 

PCMRI)

Holmlund et al. 2019

Fluids and 

Barriers of the 

CNS

Brain
SAS - Cerebral 

ventricular system

Subject-specific 

geometry based on 

anatomical 3T MRI

Inlet : laminar parabolic inflow
no-slip boundary 

condition for the walls

Continuity and Navier-

Stokes equations using 

finite volume method 

laminar flow
 ρ = 1000 kg.m-3          ν= 

0.9 x 10-6 m2/s []         
COMSOL 5.3a

tetrahedral 

element
550.000 Yes Hydrocepahlus

in vivo  PC MRI 

comparison

Khani et al.  2020

Fluids and 

Barriers of the 

CNS

Brain and spine

SAS ; NR(half-

idealized)  ;            

DL (idealized) +  

dual-lumen  

Neurapheresis  

catheter

Subject-specific 

geometry based on 

anatomical MRI

Inlet : constant CSF flow rate (CSF 

production at choroid plexus)  + 

C2/C3 oscillatory velocity from PC 

MRI                               Outlet : 

constant fluid flow rate (drain 

under Neurapheresis therapy) + 

zero pressure at the foramen 

magnum

no-slip boundary 

condition for the walls

Continuity and Navier-

Stokes equations using 

finite volume method 

laminar flow
 ρ = 998.3 kg.m-3           µ 

= 0.89 mPa.s                         
ANSYS Fluent 19.2

Tetrahedral & 

tria elements
16.8 million Yes

Blood removal from CSF 

with lumbar drain

in vivo 

anatomical 

MRI, in vitro 

model



62 | P a g e  
 

3.2.Fluid-Structure Interaction models 

3.2.1.General considerations 

The fluid-structure interaction (FSI) approach allows to model a multi-physics problem, in particular the 

scientific problems coupling Structural Mechanics and Fluid Mechanics. The coupling of physical laws of 

Fluid Mechanics and Solid Mechanics describes the interactions between one or more 

deformable/moving structures and a fluid flowing around or inside the structure by Continuum 

Mechanics. The FSI modeling is challenging because the solid deformed boundaries change the fluid 

flow and the fluid deforms the solid boundaries simultaneously. 

FSI modeling have already been applied in the field of cardiovascular biomechanics [Bavo et al. 2016]. 

However, for the study of the interaction of CSF and the central nervous system, very few models take 

into account these numerical approaches which are now applicable due to the increase and 

optimization of the computing power.  

3.2.2.Categories of FSI approaches and advantages 

Two resolution approaches are described in the literature which are the monolithic or the partitioned 

resolution. The first one consists in the resolution of fluid and solid equations in the same mathematical 

framework to form a single system of equations. One solver algorithm is necessary to resolve the system 

as a single matrix while the partitioned approach considered two computational domains. It consists in 

the sequential resolution of fluid and solid equations, and the coupling is reached by an iterative process 

necessitating two appropriated solver algorithms respectively to the fluid and the solid equations. The 

two solvers algorithms need a third algorithm which manages the force and displacements exchanges 

between the fluid and the solid. In addition to the resolution method, an appropriate kinematical 

description of the continuous media is necessary to accurately model a problem. A FSI problem can 

classically be described by a Lagrangian description for the solids and by an Eulerian description for the 

fluid. This approach is called Immersed Boundary method [Peskin 1972] and requires a non-conforming 

mesh method to treat the interface modeling. The interface boundary constraints are imposed directly 

in the model equations and the respective meshes do not need to match [Hou et al. 2012]. A second 

well known kinematical description called Arbitrary Lagrangian-Eulerian (ALE) description. For a FSI 

problem, it faces the drawbacks of the Lagrangian description which can hardly handle the large 

deformations of the solid and the Eulerian description which loses accuracy when applied to solids. ALE 

methods allow the mesh to move in arbitrary way to handle greater distortions of the full computational 

domain which would be allowed by a Lagrangian description and to offer more resolution which would 

allow by the Eulerian description. The most appropriate interface modeling for ALE method is to use a 

conforming mesh method. The method considers the interface boundary constraints as physical 

boundary constraints which means that the solid mesh domain and the fluid mesh domain require the 

same interface [Hou et al. 2012]. 

3.2.3.Drawbacks 

Due to the high computational cost of partitioned FSI simulation compared to the monolithic 

simulations, the central nervous system need be simplified, only considering the meninges or simulating 

CNS as structure mimicking its global behavior. It is the reason why no substructures such as denticulate 

ligaments, nerves or arachnoid trabeculae were not represented in the literature. The initial boundaries 

conditions (inflow and outflow) are modeled as in CFD models of the cerebrospinal system, mostly in 

using PC MRI flow measurements. 
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3.2.4.Applications 

According to the scientific problem, the FSI approach varies. In comparison to previously cerebrospinal 

system CFD models which described long phenomena (several seconds), FSI models considering the CNS 

and the CSF can be categorized in two types of applications: the short high-energy traumatism and the 

degenerative or idiopathic pathologies such as degenerative cervical myelopathy, syringomyelia or 

Chiari I Malformation.  

As depicted in Table 5, simplified 2d geometry were used to create more phenomenological model. It 

allows to describe more qualitatively a physiological or a pathological mechanism. Bertram et al. [2016] 

demonstrated the effect of the CSF on the spinal subarachnoid space/pia mater interface by a FSI 

poroelastic model of stenosis of the canal with the presence of a syrinx in the cord. Indeed, it shows a 

radial pulsatile CSF flow was shunted through the interface without significative effect on the syrinx. 

Garnotel et al. [2018] used a simplify 2D geometry based on volume ratio of the different parts of the 

cerebrospinal system : the brain, the intracranial SAS, the ventricles and the spinal SAS. This model 

showed a high robustness to describe the CSF by part of the cerebrospinal system with only 2.7 % of 

maximum error compared to the flow measured by MRI. The type of model is easily adaptable to any 

subject but it is limited in term of output variable such as velocity or pressure fields. Compared to the 

2D CSF model, most of the models described in the literature preferred to develop and use 3D detailed 

geometrical FSI models. These descriptive models allow to reach the most complete and accurate 

representation of the cerebrospinal system. Due to the high computational cost of this type of model, 

only a part of the cerebrospinal system is modeled in particular the brain and the cervical SAS 

compartments [Cheng et al 2014, Fradet et al. 2016a, Gholampour et al. 2018]. Only one study 

described a full 3D geometrical SAS model without mentioning the computational time [Sweetman and 

Linninger 2011]. 

In table 3.2, a majority of partitioned FSI models are represented. They are mostly used to reproduce 

the biomechanics of the CSF flow and its interaction with surrounding structures as accurately as 

possible. The partitioned approach allows to use a previous developed CFD model and to add a 

structural modeling without developing from scratch. Indeed, Sweetman and Linninger [2011] showed 

a highly accurate prediction of normal CSF flow compared to PC MRI acquisition in terms of pressure, 

the velocity magnitude over a cardiac cycle using a hyperelastic Neo-Hookean constitutive law for the 

structural domain and a classical Navier-Stokes formulation. Gholampour et al. [2018] shows a vortex 

intensification and location changes, an increase of CSF pulsation for patients with post shunt surgery 

hydrocephalus compared to normal subjects with a high accurate poroelastic brain CSS model. It 

recommended the pressure indicator as pathological biomarker for prognostic of a hydrocephalus 

patient. Concerning the study of cervical stenosis, only one study was developed a 3D subject specific 

FSI model of a non-existing stenose derived from a normal geometry in comparing FSI and CFD models. 

The study demonstrated that the rigid wall assumption in CFD model had not a significant effect on the 

CSF flow and FSI modeling had a small impact on CSF pressure for both normal and stenosis models 

[Cheng et al. 2014]. In opposition of partitioned FSI modeling, monolithic resolution is essentially used 

to reproduce and predict the effect of brain or spinal traumatism. Indeed, the CSF is modeled such as a 

fluid with no exchange, i.e. CSF pulsation is not simulated. It allows to model short and high energy 

impact. Then, a protective role of the CSF for the whole central nervous system was highlighted in 

traumatic conditions [Persson et al. 2011, Fradet el al 2016a, Toma and Nguyen 2018].  
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3.2.5.Validation 

As for the approach considered, the validation of the FSI model highly depend on the application of this 

FSI model. Concerning the FSI model which are focusing on CFS flow analysis. The validation is done by 

comparison between the numerical model and an in vivo phase-contrast MRI where the pressure and 

the velocity fields, and the flow rate are the reference output parameters [Garnotel et al. 2018, 

Sweetman and Linninger 2011]. To the best of our knowledge, only one traumatic model of a 

compression case has been validated by an experimental compressive mechanical test. The maximum 

deformation and the time to maximum deformation were compared [Persson et al. 2010]. 

Continuum mechanical formulation of a basic FSI problem as well as different FSI modelling approaches 

were detailed in the chapter 5.
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Table 5. Non-exhaustive overview of the frequently cited FSI models of the cerebrospinal system. 

Author/Year Journal Anatomical part
Dimensions of 

the probelm
Geometry source FSI approach Solver

Type of 

elements

Number of 

elements

Pathology / 

Situation 

modeled

Convergence 

study
Validation

Related 

studies

Sweetman and 

Linninger 2011

Annals of 

Biomedical 

Engineering

Brain + upper spinal 

cervical SAS
3D

Cine-MRI-based subject-

specific anatomy 

Coupled FSI approach 

for flow formulation
ADINA-FSI 8.6

Tetrahedral and 

tria elements
871 358

Normal and 

Hydrocephalic Brain 

Dynamics

Yes

Cine-MRI (CSF 

velocity and flow 

rates)

Persson et al. 2011
Journal of 

Neurotrauma

Bovine spinal cord 

model
3D Idealized geometry

Coupled FSI approach 

for no exchange fluid 

formulation

ADINA 8.5

Quad and 

Hexahedral 

elements

22776
Spinal cord 

traumatic injury
Yes

In vitro model 

validation

Cheng et al.  2014
Journal of 

Biomechanics

Human  cervical Spinal 

SAS
3D

MRI-based subject-

specific anatomy 

Coupled FSI approach 

(Navier-Stokes 

formulation 

ANSYS 

Mechanical/

ANSYS CFX

Tri and 

Tetrahedral 

elements

x Cervical stenosis x

Fradet et al.  2016

Advances in 

Mechanical 

Engineering

Human  cervical Spinal 

SAS
3D

MRI-based subject-

specific anatomy 

Monlithics FSI 

approach (ALE 

formulation for no 

fluid exchange)

RADIOSS

Structure : 

tetrahedral and 

tri elements                                  

Fluid : 

hexahedral 

elements

779 034
Spinal cord 

traumatic injury
Yes x

Bertram et al. 2017

Journal of 

Biomechanical 

Engineering

Human spinal model 2D Idealized geometry

Coupled FSI approach 

(Navier-Stokes & 

Darcy's law) 

OOMPH-

LIB/ADINA 
Tria elements x Syringomyelia x

Garnotel et al.  2017

Acta 

Neurochirurgic

a Supplement

Cerebrospinal system 2D Idealized geometry

Coupled FSI approach 

(Navier-Stokes 

formulation)

FreeFem++

Normal 

cerebrospinal 

system

Numerical 

validation + flow 

MRI comparison

Gholampour et al. 

2018
PLOS One Brain SAS 3D

MRI-based subject-

specific anatomy + PC-

MRI (flux)

Coupled FSI (Navier-

Stokes & Darcy's law) 

ALE formulation with 

no fluid exchange

ADINA 8.3 x

Normal and 

Hydrocephalic Brain 

Dynamics

Yes x

Toma and Nguyen 

2018
Brain Injury Brain SAS 3D

MRI-based subject-

specific anatomy 

Monolithics FSI 

approach (SPH 

formulation)

RADIOSS
Tetrahedral and 

SPH elements 
156 137

Head acceleration & 

deceleration
Yes x
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4. Appendices 

 

 

Table 6. Overview of the mechanical tests and properties characteristics of the spinal cord. 

 

Authors/Year Journal Specie
Conservation 

method
Type of tests Test characteristics

Physical measured 

variables

Ramo et al.  2018 Acta Biomaterialia
6 thoracolumbar 

porcine spine

Immersed in a room 

temperature saline bath 

during testing

In vivo  and ex vivo  unixial 

tensile test 

- preconditionng cycles (3 % of 

engineering strain at 1 Hz)                        

- stress-relaxation tests (1%, 2%, 3%, 

4%, and 5% engineering strain)                

- dynamic cyclic test (2% engineering 

strain at 1Hz).

Uniaxial non-linear 

viscoelastic model fitting

Jannesar et al.  2018 Acta Biomaterialia

9 cervical spines 

of macaque 

(Macaca mulatta) 

(75 samples)

tested within one-hour 

post-mortem

Ex vivo  compressive test

Samples compressed for 1mm in 4 pre-

set deformation velocities 

(0.5mm/sec, 5.0mm/sec, 50.0mm/sec 

and 150.0mm/sec)

incompressible isotropic 

hyperelastic and 

viscoelasitc constitutive 

model fitting

Zhang et al. 2016

Conference 

Proceedings of the 

Society for 

Experimental 

Mechanics Series

1 sheep spinal 

cord with 

meninges

In vivo  uniaxial compressive 

indentation test

velocity test of 0.05 in/s to 

displacements (2mm, 3mm and 4mm) 

Equivalent in vivo elastic 

modulus

Karimi et al. 2017
Journal of Chemical 

Neuroanatomy

24 human cervical 

spinal cords
Refregerided at 4°C

Ex vivo uniaxial compressive 

test

- 5 load-unload cycles to 50% nominal 

strain at rates of 1 to minimize the 

viscoelastic effect of the spinal cord 

tissue                                                             

- 5 mm/min up to the failure point

incompressible isotropic 

linear and hyperelastic 

constitutive models 

fitting

Fradet et al. 2014

Journal of 

Engineering in 

Medicine

16 pigs (C1 - L6)
Immersed in saline 

solution

Ex vivo  uniaxial DMA 

c ompressive test

- 3 loading ramps (0.5s-1, 5s-1, 50s-1)   

- 3 cyclic loading (1Hz, 10Hz, 20Hz)
Viscoelastic model fitting

Bilston et al.  1996
Annals of Biomedical 

Engineering

Cervical and 

thoracic human 

spinal cord 

Samples hydrated by a 

saline solution

Ex vivo uniaxial DMA tensile 

test

- preload of 0.5N (3-5% of strain)                                        

- test velocity : 5mm/min

Quasilinear viscoelastic 

and hyperelastic models 

fitting 

Fiford and Bilston 

2005

Journal of 

Biomechanics

Rat spinal cords 

(C1 - L4)

Hydrated with a saline 

solution
Ex vivo  tensile test

- sample fullyhy drated by re-

circulating physiological saline at 37 °C 

- preload of 0.02N at a speed of 2.5 

mm/min (0.001s-1)                                    

- strain rate (0.002, 0.02, 0.2 s-1) to a 

given strain (0.02, 0.035, 0.05)

Non linear viscoelastic 

model fitting

Koser et al.  2015 Biophysical Journal 21 mices ice conservation
Ex vivo  compressive 

indentation test

- 10 micrometer/s                                       

- indentation depth (2, 2.5, 3, and 

3.5mm)

Apparent elastic modulus

 Mazuchowski  and 

Thibault 2003

Summer 

Bioengineering 

Conference

18 samples of 

human spinal 

cords

Refregerided at 4°C in a 

saline solution
Ex vivo  tensile test

- stretch ratio of   1.5                                

-  strain   rates   of   .1s-1,   1s-1,  10s-1

Neo-Hookean model 

fitting

Ichihara  et al.  2003
Journal of 

Neurosurgery

6 spinal cords of 

catlles
Humidified Ex vivo tensile test

- strain rate (0.5 to 0.005 mm/s) to a 

given strain (0.02, 0.035, 0.05)
Tangent elastic modulus

Ozawa et al. 2004
Journal of 

Neurosurgery

9 white rabbits    

C5 - C6 segments

In a physiological saline 

solution at room 

temperature (16°C)

Ex vivo  tensile test
- A tensile load of 4.8N applied to the 

sample
Elasitc modulus
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Table 7. Overview of the mechanical tests and properties characteristics of the nerves and nerve roots

Authors/year Journal Specie Tissue Spinal level Type of test Strain rates
Conservation 

method

Bell et al.  1986 Experimental neurology mices Nerve roots Lumbar Uniaxial tension 1mm/s
In a saline solution 

at 22-24°C

Singh et al. 2005 Journal of Biomechanics rats Nerve roots Lumbar Uniaxial tension
quasistatic : 0.01 mm/s  

dynamic : 15 mm/s 
In a saline solution

Tamura et al. 

2018

Journal of Engineering 

and Science in Medical 

Diagnostics and Therapy

porcins spinal 

cords
Nerve roots Full spinal cord Uniaxial tension

testing velocity of  

0.2mm/s, (0.01 s 1),          

2 mm/s (0.11 s 1), or 

20mm/s (1.11 s 1),

Refregirated (12h) 

at 4°C in a saline 

solution

Polak et al.  2014

Journal of the 

mechanical behavior of 

biomedical material

porcins
denticulate 

ligaments
cervical Uniaxial tension 2 mm/min until rupture

In 10°C saline 

solution for less 

than 24h

Polak-Kraśna et al. 

2018

Journal of the 

mechanical behavior of 

biomedical material

porcins
denticulate 

ligaments
cervical                 C1 - C7 Uniaxial tension 2 mm/min until rupture In a saline solution 0.39 (SD 0.16) -  0.67 (SD 0.27)

1.03 (SD 0.43) MPa -                                       

1.51 (SD 0.89) MPa

3.26 (SD 1.45) MPa -                   

4.42 (SD 2.27) MPa

cervical : 18.8 MPa                 

thoracic : 25.1 MPa                

lumbar : 15.3 MPa         

Non linear viscoelastic tensile beahvior

Denticulate ligaments

1.31 MPa - 2.46 MPa1.02 (SD 0.37) - 1.28 (SD 0.65)
1.22 (SD 0.25) MPa -                                        

2.31 (SD 1.45) MPa

0.46 (SD 0.03) 3.03 (SD 0.16) MPa
Apparent elastic modulus :                                                             

1.19 (SD 0.31) MPa

quasistatic : 1.3 (SD 0.8) MPa   

dynamic : 2.9 (SD 1.5) MPa 

quasistatic : 0.29 (SD 0.09)  dynamic : 

0.30 (SD 0.08)

quasistatic : 257.9 (SD 

111.3) kPa   dynamic : 624.9 

(SD 306.8) kPa 

Maximum strain Maximum stress Elastic modulus

Nerve and nerve roots



68 | P a g e  
 

5. References 
[Bardan et al. 2012] Bardan, G., Plouraboue, F., Zagzoule, M., Baledent, O., 2012. Simple Patient-Based Transmantle Pressure and Shear 

Estimate From Cine Phase-Contrast MRI in Cerebral Aqueduct. IEEE Transactions on Biomedical Engineering 59, 2874–2883. 

https://doi.org/10.1109/TBME.2012.2210716 

[Bavo et al. 2016] Bavo, A.M., Rocatello, G., Iannaccone, F., Degroote, J., Vierendeels, J., Segers, P., 2016. Fluid-Structure Interaction Simulation 
of Prosthetic Aortic Valves: Comparison between Immersed Boundary and Arbitrary Lagrangian-Eulerian Techniques for the Mesh 
Representation. PLoS One 11. https://doi.org/10.1371/journal.pone.0154517 

[Beel et al. 1986] Beel, J.A., Stodieck, L.S., Luttges, M.W., 1986. Structural properties of spinal nerve roots: Biomechanics. Experimental 

Neurology 91, 30–40. https://doi.org/10.1016/0014-4886(86)90023-3 

[Bertram et al. 2016] Bertram, C.D., Heil, M., 2016. A Poroelastic Fluid/Structure-Interaction Model of Cerebrospinal Fluid Dynamics in the Cord 
With Syringomyelia and Adjacent Subarachnoid-Space Stenosis. J Biomech Eng 139, 011001-011001–10. https://doi.org/10.1115/1.4034657 

[Bilston et al. 1995] Bilston, L.E., Thibault, L.E., 1995. The mechanical properties of the human cervical spinal cordIn Vitro. Ann Biomed Eng 24, 
67–74. https://doi.org/10.1007/BF02770996 

[Bloomfield et al. 1998] Bloomfield, I.G., Johnston, I.H., Bilston, L.E., 1998. Effects of Proteins, Blood Cells and Glucose on the Viscosity of 
Cerebrospinal Fluid. PNE 28, 246–251. https://doi.org/10.1159/000028659 

[Chauvet et al. 2010] Chauvet, D., Carpentier, A., Allain, J.-M., Polivka, M., Crépin, J., George, B., 2010. Histological and biomechanical study of 
dura mater applied to the technique of dura splitting decompression in Chiari type I malformation. Neurosurg Rev 33, 287–295. 
https://doi.org/10.1007/s10143-010-0261-x 

[Cheng et al. 2014] Cheng, S., Fletcher, D., Hemley, S., Stoodley, M., Bilston, L., 2014. Effects of fluid structure interaction in a three dimensional 
model of the spinal subarachnoid space. Journal of Biomechanics 47, 2826–2830. https://doi.org/10.1016/j.jbiomech.2014.04.027 

[Clarke et al. 2017] Clarke, E.C., Fletcher, D.F., Bilston, L.E., 2017. Sustained high-pressure in the spinal subarachnoid space while arterial 
expansion is low may be linked to syrinx development. Computer Methods in Biomechanics and Biomedical Engineering 20, 457–467. 
https://doi.org/10.1080/10255842.2016.1243665 

[Dahlan et al. 2014] Dahlan, R.H., Saputra, P.A.E., Yudoyono, F.F., Ompusunggu, S.E., Arifin, M.Z., Sutiono, A.B., Faried, A., 2014. Morphometric 

Analysis of the Corpus, Spinal Canal and Torg Ratio Using Midsagittal Cervical Vertebrae Computed Tomography Scan: Indonesian Population. 

International Journal of Integrated Health Sciences 2, 36–39. 

[Endo et al. 2014] Endo, K., Suzuki, H., Nishimura, H., Tanaka, H., Shishido, T., Yamamoto, K., 2014. Kinematic Analysis of the Cervical Cord and 

Cervical Canal by Dynamic Neck Motion. Asian Spine J 8, 747–752. https://doi.org/10.4184/asj.2014.8.6.747 

[Fifford and Bilston et al. 2005] Fiford, R.J., Bilston, L.E., 2005. The mechanical properties of rat spinal cord in vitro. Journal of Biomechanics 

38, 1509–1515. https://doi.org/10.1016/j.jbiomech.2004.07.009 

[Fountoulakis et al. 2001] Fountoulakis, M., Hardmeier, R., Höger, H., Lubec, G., 2001. Postmortem Changes in the Level of Brain Proteins. 
Experimental Neurology 167, 86–94. https://doi.org/10.1006/exnr.2000.7529 

 [Fradet et al. 2014] Fradet, L., Arnoux, P.-J., Ranjeva, J.-P., Petit, Y., Callot, V., 2014. Morphometrics of the entire human spinal cord and spinal 
canal measured from in vivo high-resolution anatomical magnetic resonance imaging. Spine 39, E262-269. 
https://doi.org/10.1097/BRS.0000000000000125 

[Fradet et al. 2016a] Fradet, L., Arnoux, P.-J., Callot, V., Petit, Y., 2016a. Geometrical variations in white and gray matter affect the biomechanics 
of spinal cord injuries more than the arachnoid space. Advances in Mechanical Engineering 8, 1687814016664703. 
https://doi.org/10.1177/1687814016664703 

[Fradet et al. 2016b] Fradet, L., Cliche, F., Petit, Y., Mac-Thiong, J.-M., Arnoux, P.-J., 2016b. Strain rate dependent behavior of the porcine spinal 
cord under transverse dynamic compression. Proc Inst Mech Eng H 230, 858–866. https://doi.org/10.1177/0954411916655373 

[Garnotel et al.2018] Garnotel, S., Salmon, S., Balédent, O., 2018. Numerical Cerebrospinal System Modeling in Fluid-Structure Interaction, in: 
Heldt, T. (Ed.), Intracranial Pressure & Neuromonitoring XVI, Acta Neurochirurgica Supplement. Springer International Publishing, Cham, pp. 
255–259. https://doi.org/10.1007/978-3-319-65798-1_51 

[Garo et al. 2007] Garo, A., Hrapko, M., van Dommelen, J. a. W., Peters, G.W.M., 2007. Towards a reliable characterisation of the mechanical 
behaviour of brain tissue: The effects of post-mortem time and sample preparation. Biorheology 44, 51–58. 

[Gholampour et al. 2018] S, G., 2018. FSI simulation of CSF hydrodynamic changes in a large population of non-communicating hydrocephalus 
patients during treatment process with regard to their clinical symptoms [WWW Document]. PloS one. 
https://doi.org/10.1371/journal.pone.0196216 

[Helgeland et al. 2014] Helgeland, A., Mardal, K.-A., Haughton, V., Reif, B.A.P., 2014. Numerical simulations of the pulsating flow of 
cerebrospinal fluid flow in the cervical spinal canal of a Chiari patient. Journal of Biomechanics 47, 1082–1090. 
https://doi.org/10.1016/j.jbiomech.2013.12.023 

https://doi.org/10.1109/TBME.2012.2210716
https://doi.org/10.1371/journal.pone.0154517
https://doi.org/10.1016/0014-4886(86)90023-3
https://doi.org/10.1115/1.4034657
https://doi.org/10.1007/BF02770996
https://doi.org/10.1159/000028659
https://doi.org/10.1007/s10143-010-0261-x
https://doi.org/10.1016/j.jbiomech.2014.04.027
https://doi.org/10.1080/10255842.2016.1243665
https://doi.org/10.4184/asj.2014.8.6.747
https://doi.org/10.1016/j.jbiomech.2004.07.009
https://doi.org/10.1006/exnr.2000.7529
https://doi.org/10.1097/BRS.0000000000000125
https://doi.org/10.1177/1687814016664703
https://doi.org/10.1177/0954411916655373
https://doi.org/10.1007/978-3-319-65798-1_51
https://doi.org/10.1371/journal.pone.0196216
https://doi.org/10.1016/j.jbiomech.2013.12.023


69 | P a g e  
 

[Holmlund et al. 2019] Holmlund, P., Qvarlander, S., Malm, J., Eklund, A., 2019. Can pulsatile CSF flow across the cerebral aqueduct cause 
ventriculomegaly? A prospective study of patients with communicating hydrocephalus. Fluids and Barriers of the CNS 16, 40. 
https://doi.org/10.1186/s12987-019-0159-0 

[Hou et al. 2012] Hou, G., Wang, J., Layton, A., 2012. Numerical Methods for Fluid-Structure Interaction — A Review. Communications in 

Computational Physics 12, 337–377. https://doi.org/10.4208/cicp.291210.290411s 

[Ichihara et al. 2003] Ichihara, K., Taguchi, T., Sakuramoto, I., Kawano, S., Kawai, S., 2003. Mechanism of the spinal cord injury and the cervical 
spondylotic myelopathy: new approach based on the mechanical features of the spinal cord white and gray matter. Journal of Neurosurgery: 
Spine 99, 278–285. https://doi.org/10.3171/spi.2003.99.3.0278 

[Jacobson et al. 1996] Jacobson, E.E., Fletcher, D.F., Morgan, M.K., Johnston, I.H., 1996. Fluid Dynamics of the Cerebral Aqueduct. PNE 24, 229–

236. https://doi.org/10.1159/000121044 

[Jannesar et al. 2020] Jannesar, S., Salegio, E., Beattie, M.S., Bresnahan, J.C., Sparrey, C.J., 2020. Correlating tissue mechanics and spinal cord 
injury: patient-specific finite element models of unilateral cervical contusion spinal cord injury in non-human primates. Journal of Neurotrauma. 
https://doi.org/10.1089/neu.2019.6840 

[Kameyama et al. 1994] Kameyama, T., Hashizume, Y., Ando, T., Takahashi, A., 1994. Morphometry of the normal cadaveric cervical spinal cord. 
Spine 19, 2077–2081. 

[Kar et al. 2017] Kar, M., Bhaumik, D., Ishore, K., Saha, P.K., 2017. MRI Study on Spinal Canal Morphometry: An Indian Study. J Clin Diagn Res 

11, AC08-AC11. https://doi.org/10.7860/JCDR/2017/25981.9899 

[Karimi et al. 2017] Karimi, A., Shojaei, A., Tehrani, P., 2017. Mechanical properties of the human spinal cord under the compressive loading. J. 
Chem. Neuroanat. 86, 15–18. https://doi.org/10.1016/j.jchemneu.2017.07.004 

[Kato et al. 2012] Kato, F., Yukawa, Y., Suda, K., Yamagata, M., Ueta, T., 2012. Normal morphology, age-related changes and abnormal findings 
of the cervical spine. Part II: magnetic resonance imaging of over 1,200 asymptomatic subjects. Eur Spine J 21, 1499–1507. 
https://doi.org/10.1007/s00586-012-2176-4 

[Kawakami et al. 2002] Kawakami, M., Tamaki, T., Ando, M., Yamada, H., Yoshida, M., 2002. Relationships Between Sagittal Alignment of the 

Cervical Spine and Morphology of the Spinal Cord and Clinical Outcomes in Patients With Cervical Spondylotic Myelopathy Treated With 

Expansive Laminoplasty. Clinical Spine Surgery 15, 391. 

 [Khani et al. 2017] Khani, M., Xing, T., Gibbs, C., Oshinski, J.N., Stewart, G.R., Zeller, J.R., Martin, B.A., 2017. Nonuniform Moving Boundary 

Method for Computational Fluid Dynamics Simulation of Intrathecal Cerebrospinal Flow Distribution in a Cynomolgus Monkey. Journal of 

Biomechanical Engineering 139. https://doi.org/10.1115/1.4036608 

[Khani et al. 2020 Khani, M., Sass, L.R., Xing, T., Keith Sharp, M., Balédent, O., Martin, B.A., 2018. Anthropomorphic Model of Intrathecal 
Cerebrospinal Fluid Dynamics Within the Spinal Subarachnoid Space: Spinal Cord Nerve Roots Increase Steady-Streaming. J Biomech Eng 140. 
https://doi.org/10.1115/1.4040401 

[Ko et al. 2004] Ko, H.-Y., Park, J.H., Shin, Y.B., Baek, S.Y., 2004. Gross quantitative measurements of spinal cord segments in human. Spinal 
Cord 42, 3101538. https://doi.org/10.1038/sj.sc.3101538 

[Koser et al. 2015] Koser, D.E., Moeendarbary, E., Hanne, J., Kuerten, S., Franze, K., 2015. CNS Cell Distribution and Axon Orientation Determine 

Local Spinal Cord Mechanical Properties. Biophysical Journal 108, 2137–2147. https://doi.org/10.1016/j.bpj.2015.03.039 

[Kuwazawa et al. 2006] Kuwazawa, Y., Pope, M.H., Bashir, W., Takahashi, K., Smith, F.W., 2006. The Length of the Cervical Cord: Effects of 
Postural Changes in Healthy Volunteers Using Positional Magnetic Resonance Imaging. Spine 31, E579. 
https://doi.org/10.1097/01.brs.0000229228.62627.75 

[Levin et al. 1981] Levin, E., Muravchick, S., Gold, M.I., 1981. Density of normal human cerebrospinal fluid and tetracaine solutions. Anesth. 
Analg. 60, 814–817. 

[Loth et al. 2001] Loth, F., Yardimci, M.A., Alperin, N., 2001. Hydrodynamic Modeling of Cerebrospinal Fluid Motion Within the Spinal Cavity. J 

Biomech Eng 123, 71–79. https://doi.org/10.1115/1.1336144 

[Lui et al. 1998] Lui, A.C., Polis, T.Z., Cicutti, N.J., 1998. Densities of cerebrospinal fluid and spinal anaesthetic solutions in surgical patients at 
body temperature. Can J Anaesth 45, 297–303. https://doi.org/10.1007/BF03012018 

[Maikos et al. 2008] Maikos, J.T., Elias, R.A.I., Shreiber, D.I., 2008. Mechanical Properties of Dura Mater from the Rat Brain and Spinal Cord. 
Journal of Neurotrauma 25, 38–51. https://doi.org/10.1089/neu.2007.0348 

[Malzac et al. 2002] Malzac, A., Filho, B., De, T.E.P., 2002. Morphometry of the spinal canal at cervical region in asymptomatic military young 

men. Acta Ortopédica Brasileira 10, 40–51. https://doi.org/10.1590/S1413-78522002000400006 

[Mazgajczyk et al. 2012] Mazgajczyk, E., Ścigała, K., Czyż, M., Jarmundowicz, W., Będziński, R., 2012. Mechanical properties of cervical dura 
mater. Acta Bioeng Biomech 14, 51–58. 

[Mazuchowski and Thibault 2003] Mazuchowski, E.L., Thibault, L.E., 2003. BIOMECHANICAL PROPERTIES OF THE HUMAN SPINAL CORD AND 

PIA MATER 2. 

https://doi.org/10.1186/s12987-019-0159-0
https://doi.org/10.4208/cicp.291210.290411s
https://doi.org/10.3171/spi.2003.99.3.0278
https://doi.org/10.1159/000121044
https://doi.org/10.1089/neu.2019.6840
https://doi.org/10.7860/JCDR/2017/25981.9899
https://doi.org/10.1016/j.jchemneu.2017.07.004
https://doi.org/10.1007/s00586-012-2176-4
https://doi.org/10.1115/1.4036608
https://doi.org/10.1115/1.4040401
https://doi.org/10.1038/sj.sc.3101538
https://doi.org/10.1016/j.bpj.2015.03.039
https://doi.org/10.1097/01.brs.0000229228.62627.75
https://doi.org/10.1115/1.1336144
https://doi.org/10.1007/BF03012018
https://doi.org/10.1089/neu.2007.0348
https://doi.org/10.1590/S1413-78522002000400006


70 | P a g e  
 

[Miura et al. 2009] Miura, J., Doita, M., Miyata, K., Marui, T., Nishida, K., Fujii, M., Kurosaka, M., 2009. Dynamic Evaluation of the Spinal Cord 

in Patients With Cervical Spondylotic Myelopathy Using a Kinematic Magnetic Resonance Imaging Technique. Clinical Spine Surgery 22, 8–13. 

https://doi.org/10.1097/BSD.0b013e31815f2556 

[Morishita et al. 2009] Morishita, Y., Naito, M., Hymanson, H., Miyazaki, M., Wu, G., Wang, J.C., 2009. The relationship between the cervical 

spinal canal diameter and the pathological changes in the cervical spine. Eur Spine J 18, 877–883. https://doi.org/10.1007/s00586-009-0968-

y 

[Ozawa et al. 2004] Ozawa, H., Matsumoto, T., Ohashi, T., Sato, M., Kokubun, S., 2004. Mechanical properties and function of the spinal pia 
mater. Journal of Neurosurgery: Spine 1, 122–127. https://doi.org/10.3171/spi.2004.1.1.0122 

[Pahlavian et al. 2014]Pahlavian, S.H., Yiallourou, T., Tubbs, R.S., Bunck, A.C., Loth, F., Goodin, M., Raisee, M., Martin, B.A., 2014. The Impact 

of Spinal Cord Nerve Roots and Denticulate Ligaments on Cerebrospinal Fluid Dynamics in the Cervical Spine. PLOS ONE 9, e91888. 

https://doi.org/10.1371/journal.pone.0091888 

[Pahlavian et al. 2015] Pahlavian, S.H., Loth, F., Luciano, M., Oshinski, J., Martin, B.A., 2015. Neural tissue motion impacts cerebrospinal fluid 
dynamics at the cervical medullary junction: a patient-specific moving-boundary computational model. Ann Biomed Eng 43, 2911–2923. 
https://doi.org/10.1007/s10439-015-1355-y 

[Pahlavian et al. 2016] Heidari Pahlavian, S., Bunck, A.C., Thyagaraj, S., Giese, D., Loth, F., Hedderich, D.M., Kröger, J.R., Martin, B.A., 2016. 

Accuracy of 4D Flow Measurement of Cerebrospinal Fluid Dynamics in the Cervical Spine: An In Vitro Verification Against Numerical Simulation. 

Ann Biomed Eng 44, 3202–3214. https://doi.org/10.1007/s10439-016-1602-x 

[Palaniappan et al. 2004] Palaniappan, L., Velusamy, V., 2004. Ultrasonic study of human cerebrospinal fluid. IJPAP Vol.42(08) [August 2004]. 

[Patin et al. 1993] Patin, D., Eckstein, E., Harum, K., Pallares, V., 1993. Anatomic and Biomechanical Properties of Human Lumbar Dura Mater. 
Anesthesia & Analgesia 76, 535–540. 

[Persson et al. 2010] Persson, C., Evans, S., Marsh, R., Summers, J.L., Hall, R.M., 2010. Poisson’s Ratio and Strain Rate Dependency of the 
Constitutive Behavior of Spinal Dura Mater. Ann Biomed Eng 38, 975–983. https://doi.org/10.1007/s10439-010-9924-6 

[Persson et al. 2011] Persson, C., Summers, J., Hall, R.M., 2011. The Effect of Cerebrospinal Fluid Thickness on Traumatic Spinal Cord 

Deformation. Journal of Applied Biomechanics 27, 330–335. https://doi.org/10.1123/jab.27.4.330 

[Peskin 1972] Peskin, C.S., 1972. Flow patterns around heart valves: A numerical method. Journal of Computational Physics 10, 252–271. 
https://doi.org/10.1016/0021-9991(72)90065-4 

[Polak et al. 2014] Polak, K., Czyż, M., Ścigała, K., Jarmundowicz, W., Będziński, R., 2014. Biomechanical characteristics of the porcine denticulate 
ligament in different vertebral levels of the cervical spine—Preliminary results of an experimental study. Journal of the Mechanical Behavior 
of Biomedical Materials 34, 165–170. https://doi.org/10.1016/j.jmbbm.2014.02.010 

[Polak-Krasna et al. 2019] Polak-Kraśna, K., Robak-Nawrocka, S., Szotek, S., Czyż, M., Gheek, D., Pezowicz, C., 2019. The denticulate ligament – 
Tensile characterisation and finite element micro-scale model of the structure stabilising spinal cord. Journal of the Mechanical Behavior of 
Biomedical Materials 91, 10–17. https://doi.org/10.1016/j.jmbbm.2018.11.017 

[Pratali et al. 2019] Pratali, R.R., Smith, J.S., Ancheschi, B.C., Maranho, D.A., Savarese, A., Nogueira-Barbosa, M.H., Herrero, C.F.P.S., 2019. A 

Technique for Dynamic Cervical Magnetic Resonance Imaging Applied to Cervical Spondylotic Myelopathy: A Reliability Study. Spine 44, E26. 

https://doi.org/10.1097/BRS.0000000000002765 

[Ramo et al. 2018 a] Ramo, N., Shetye, S.S., Puttlitz, C.M., 2018. Damage Accumulation Modeling and Rate Dependency of Spinal Dura Mater. 
ASME J of Medical Diagnostics 1. https://doi.org/10.1115/1.4038261 

[Ramo et al. 2018 b] Ramo, N.L., Shetye, S.S., Streijger, F., Lee, J.H.T., Troyer, K.L., Kwon, B.K., Cripton, P., Puttlitz, C.M., 2018a. Comparison of 
In-Vivo and Ex-Vivo Viscoelastic Behavior of the Spinal Cord. Acta Biomater 68, 78–89. https://doi.org/10.1016/j.actbio.2017.12.024 

[Ramo et al. 2018 c] Ramo, N.L., Troyer, K.L., Puttlitz, C.M., 2018b. Viscoelasticity of spinal cord and meningeal tissues. Acta Biomaterialia 75, 
253–262. https://doi.org/10.1016/j.actbio.2018.05.045 

[Runza et al. 1999] Runza, M., Pietrabissa, R., Mantero, S., Albani, A., Quaglini, V., Contro, R., 1999. Lumbar Dura Mater Biomechanics: 
Experimental Characterization and Scanning Electron Microscopy Observations. Anesthesia & Analgesia 88, 1317–1321. 
https://doi.org/10.1213/00000539-199906000-00022 

[Sass et al. 2017] Sass, L.R., Khani, M., Natividad, G.C., Tubbs, R.S., Baledent, O., Martin, B.A., 2017. A 3D subject-specific model of the spinal 
subarachnoid space with anatomically realistic ventral and dorsal spinal cord nerve rootlets. Fluids Barriers CNS 14, 36. 
https://doi.org/10.1186/s12987-017-0085-y 

[Schiffer et al. 1999] Schiffer, E., van Gessel, E., Gamulin, Z., 1999. Influence of sex on cerebrospinal fluid density in adults. British Journal of 
Anaesthesia 83, 943–944. https://doi.org/10.1093/bja/83.6.943 

[Shetye et al. 2014] Shetye, S.S., Deault, M., Puttlitz, C.M., 2014. Biaxial Response of Ovine Spinal Cord Dura Mater. J Mech Behav Biomed 
Mater 34, 146–153. https://doi.org/10.1016/j.jmbbm.2014.02.014 

[Singh et al. 2006] Singh, A., Lu, Y., Chen, C., M Cavanaugh, J., 2006. Mechanical properties of spinal nerve roots subjected to tension at different 
strain rates. Journal of Biomechanics 39, 1669–1676. https://doi.org/10.1016/j.jbiomech.2005.04.023 

https://doi.org/10.1097/BSD.0b013e31815f2556
https://doi.org/10.1007/s00586-009-0968-y
https://doi.org/10.1007/s00586-009-0968-y
https://doi.org/10.3171/spi.2004.1.1.0122
https://doi.org/10.1371/journal.pone.0091888
https://doi.org/10.1007/s10439-015-1355-y
https://doi.org/10.1007/s10439-016-1602-x
https://doi.org/10.1007/s10439-010-9924-6
https://doi.org/10.1123/jab.27.4.330
https://doi.org/10.1016/0021-9991(72)90065-4
https://doi.org/10.1016/j.jmbbm.2014.02.010
https://doi.org/10.1016/j.jmbbm.2018.11.017
https://doi.org/10.1097/BRS.0000000000002765
https://doi.org/10.1115/1.4038261
https://doi.org/10.1016/j.actbio.2017.12.024
https://doi.org/10.1016/j.actbio.2018.05.045
https://doi.org/10.1213/00000539-199906000-00022
https://doi.org/10.1186/s12987-017-0085-y
https://doi.org/10.1093/bja/83.6.943
https://doi.org/10.1016/j.jmbbm.2014.02.014
https://doi.org/10.1016/j.jbiomech.2005.04.023


71 | P a g e  
 

[Smith et al. 2013] Smith, J.S., Lafage, V., Ryan, D.J., Shaffrey, C.I., Schwab, F.J., Patel, A.A., Brodke, D.S., Arnold, P.M., Riew, K.D., Traynelis, V.C., 
Radcliff, K., Vaccaro, A.R., Fehlings, M.G., Ames, C.P., 2013. Association of myelopathy scores with cervical sagittal balance and normalized 
spinal cord volume: analysis of 56 preoperative cases from the AOSpine North America Myelopathy study. SPINE 38. 

[Sweetman and Linninger 2011] Sweetman, B., Linninger, A.A., 2011. Cerebrospinal Fluid Flow Dynamics in the Central Nervous System. Ann 
Biomed Eng 39, 484–496. https://doi.org/10.1007/s10439-010-0141-0 

[Tamura et al. 2018] Tamura, A., Sakaya, M., 2018. Dynamic Tensile Behavior of Fiber Bundles Isolated From Spinal Neve Roots: Effects of 
Anatomical Site and Loading Rate on Mechanical Strength. ASME J of Medical Diagnostics 1, 031001-031001–6. 
https://doi.org/10.1115/1.4039560 

[Tangen et al. 2015] Tangen, K.M., Hsu, Y., Zhu, D.C., Linninger, A.A., 2015. CNS wide simulation of flow resistance and drug transport due to 
spinal microanatomy. Journal of Biomechanics 48, 2144–2154. https://doi.org/10.1016/j.jbiomech.2015.02.018 

[Tierney et al. 2002] Tierney, R.T., Maldjian, C., Mattacola, C.G., Straub, S.J., Sitler, M.R., 2002. Cervical Spine Stenosis Measures in Normal 
Subjects. J Athl Train 37, 190–193. 

[Toma and Nguyen 2018] Toma, M., Nguyen, P.D.H., 2018. Fluid–structure interaction analysis of cerebrospinal fluid with a comprehensive 

head model subject to a rapid acceleration and deceleration. Brain Injury 32, 1576–1584. https://doi.org/10.1080/02699052.2018.1502470 

 [Wilcox et al. 2003] Wilcox, R.K., Bilston, L.E., Barton, D.C., Hall, R.M., 2003. Mathematical model for the viscoelastic properties of dura 

mater. Journal of Orthopaedic Science 8, 432–434. https://doi.org/10.1007/s10776-003-0644-9 

[Wolf et al. 2018] Wolf, K., Hupp, M., Friedl, S., Sutter, R., Klarhöfer, M., Grabher, P., Freund, P., Curt, A., 2018. In cervical spondylotic 

myelopathy spinal cord motion is focally increased at the level of stenosis: a controlled cross-sectional study. Spinal Cord 56, 769–776. 

https://doi.org/10.1038/s41393-018-0075-1 

[Xie et al 2019] Xie, Y.M., Zheng, Y.C., Qiu, S.J., Gong, K.Q., Duan, Y., 2019. The appropriate hybrid surgical strategy in three-level cervical 
degenerative disc disease: a finite element analysis. J Orthop Surg Res 14, 444. https://doi.org/10.1186/s13018-019-1502-5 

[Yang et al. 2019] Yang, C., Yang, X., Lan, X., Zhang, H., Wang, M., Zhang, Y., Xu, Y., Zhen, P., 2019. [Structure and mechanical characteristics of 
spinal dura mater in different segments of sheep’s spine]. Zhongguo Xiu Fu Chong Jian Wai Ke Za Zhi 33, 232–238. 
https://doi.org/10.7507/1002-1892.201807085 

[Yiallourou et al. 2012] Yiallourou, T.I., Kröger, J.R., Stergiopulos, N., Maintz, D., Martin, B.A., Bunck, A.C., 2012. Comparison of 4D Phase-
Contrast MRI Flow Measurements to Computational Fluid Dynamics Simulations of Cerebrospinal Fluid Motion in the Cervical Spine. PLoS One 
7. https://doi.org/10.1371/journal.pone.0052284 

[Yuan et al. 1998] Yuan, Q., Dougherty, L., Margulies, S.S., 1998. In vivo human cervical spinal cord deformation and displacement in flexion. 

SPINE 23, 1677–1683. https://doi.org/10.1097/00007632-199808010-00012 

[Zaaroor et al. 2006] Zaaroor, M., Kósa, G., Peri-Eran, A., Maharil, I., Shoham, M., Goldsher, D., 2006. Morphological Study of the Spinal Canal 

Content for Subarachnoid Endoscopy. Minim Invasive Neurosurg 49, 220–226. https://doi.org/10.1055/s-2006-948000 

[Zarzur et al. 1996] Zarzur, E., 1996. Mechanical properties of the human lumbar dura mater. Arquivos de Neuro-Psiquiatria 54, 455–460. 
https://doi.org/10.1590/S0004-282X1996000300015 

[Zhang et al. 1996] Zhang, C., Goto, N., Suzuki, M., Ke, M., 1996. Age-related Reductions in Number and Size of Anterior Horn Cells at C6 Level 

of the Human Spinal Cord. Okajimas Folia Anatomica Japonica 73, 171–177. https://doi.org/10.2535/ofaj1936.73.4_171 

[Zhang et al. 2016] Zhang, H., Falkner, P., Cai, C., 2016. In-Vivo Indentation Testing of Sheep Spinal Cord with Meninges, in: Tekalur, S.A., 

Zavattieri, P., Korach, C.S. (Eds.), Mechanics of Biological Systems and Materials, Volume 6, Conference Proceedings of the Society for 

Experimental Mechanics Series. Springer International Publishing, Cham, pp. 99–103. https://doi.org/10.1007/978-3-319-21455-9_11 

https://doi.org/10.1007/s10439-010-0141-0
https://doi.org/10.1115/1.4039560
https://doi.org/10.1016/j.jbiomech.2015.02.018
https://doi.org/10.1080/02699052.2018.1502470
https://doi.org/10.1007/s10776-003-0644-9
https://doi.org/10.1038/s41393-018-0075-1
https://doi.org/10.1186/s13018-019-1502-5
https://doi.org/10.7507/1002-1892.201807085
https://doi.org/10.1371/journal.pone.0052284
https://doi.org/10.1097/00007632-199808010-00012
https://doi.org/10.1055/s-2006-948000
https://doi.org/10.1590/S0004-282X1996000300015
https://doi.org/10.2535/ofaj1936.73.4_171
https://doi.org/10.1007/978-3-319-21455-9_11


72 | P a g e  
 

-------------------------------------------------------------------------------------------------------------------------------------- 

Chapter summary 

Section 1 summary 
In a context of cervical canal alteration, a state-of-the-art of morphometrical analysis highlighted that 

MRI and 2D time-consuming and operator-dependent manual morphometric analysis remain the gold 

standard to quantify geometrical changes in the cervical canal. Then, the main morphological metrics in 

clinical research are the cross-sectional areas of the spinal cord (SC) and the cerebrospinal fluid, the 

occupational ratio, the diameter of the SC and the cervical canal in axial and sagittal planes, the Torg-

Pavlov ratio derived from sagittal diameters of the canal and the vertebral body, and the compression 

ratio. Finally, the “DCM” term was preferred to the “cervical spondylosis degenerative” term. 

Section 2 summary 
In this PhD context of biomechanical modelling, the necessity to understand and measure the 

mechanical properties of the CSF and the central nervous structures is crucial. The main descriptions of 

the different anatomical elements presented in the section 2 are: 

• the CSF is similar to water, acting as shock absorber and protecting the spinal cord. 

• the SC was demonstrated incompressible, non-linear elastic (hyperelastic) and viscoelastic, 

anisotropic with significant differences between white and gray matter properties. 

• various studies showed different properties of the spinal meninges: elastic, non-linear elastic 

(hyperelastic), anisotropic, viscoelastic in different conditions (quasi-static to dynamic) and in 

various animal species. 

• the nerve, nerve roots were only studied from an elastic point of view in quasi-static and in 

dynamic conditions. 

• the denticulate ligaments were only studied from an elastic point of view in quasi-static 

condition. 

Section 3 summary 
To model the cerebrospinal fluid flow, two main branches in computer science were presented: the 

computational fluid dynamics (CFD) and the fluid-structure interactions (FSI) modellings. The CFD 

approach is a robust and accurate way to model a 3D velocity field conditioned by coherent bio-reliable 

fluid initial and boundaries conditions as well as fluid assumptions. The main drawback is that the walls 

(i.e. the geometrical boundary conditions) are considered as rigid. The fluid-structure interaction (FSI) 

approach allows to model the deformation of the solid boundaries induced by the fluid flow and 

conversely. Among them, partitioned approach are dependent to the algorithm modelling the 

exchanges at the fluid-structure boundaries between two numerical solvers  while the monolithic 

approach necessitates a special pre-processing approach on only one solver. Both techniques are highly 

time-consuming. 

-------------------------------------------------------------------------------------------------------------------------------------- 
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The aims of this chapter were : 

1) to provide a methodology allowing to measure as accurately as possible the morphometry of 

the cervical canal of a healthy population for further clinical and numerical applications. 

2) To study the morphometrics link between the neutral and the neck-flexion effects on the canal 

morphometry. 

3) To apply the previous methodology to study three pathological cases of cervical myelopathy in 

order to provide a new morphometrical description in a clinical point of view.
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Abbreviations 

AP : antero-posterior 
AVD VERT : spatial averaged value (over the whole vertebra) 
CP : compression ratio 
CSA : cross-sectional area 
CSM : cervical spondylotic myelopathy 
CSS : cervical subarachnoïd space 
LAC : length of anterior column 
LPC : length of posterior column 
LR : left-right 
LSC : length of spinal cord 
MID-IVD : spatial value for cross-sectional plane located at the middle of the intervertebral disc 
MID-VERT : spatial value for a cross-sectional plane mid-vertebra 
MRI : magnetic resonance imaging 
kMRI : kinematic magnetic resonance imaging 
OR : occupational ratio 
SC : spinal cord 
 

Keywords :  
cervical ; subarachnoid space ; spinal cord ; kinematical ; magnetic resonance imaging ; morphology ; 
anatomy ; spine ; absolute metrics ; cross-sectional area ; neck-flexion ; 3D reconstruction ; continuous 
description. 
 

1.1.Introduction 

Magnetic Resonance Imaging (MRI) has become a gold standard to understand different physiological 

mechanisms of the spine. In the context of degenerative process, Kinematic MRI (kMRI), or postural 

MRI, which refers to imaging of the spine at different neck positions, is largely used to diagnosis position-

dependent alterations that could not be detected in normal posture. It is mostly applied qualitatively to 

visualize cervical canal narrowing, however little is known concerning the changes occurring at the level 

of the healthy cervical subarachnoid space(CSS) and spinal cord (SC) tissues for both positions. 
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 Considering the limited spatial resolution that could be reached on conventional MR system (1.5 or 3T),  

the subarachnoid space is often simplified as a dural tube or the space in the sagittal plane between the 

spinal cord and the anterior and posterior parts of the canal. Using this assumption, large database of 

in vivo morphological measurements was proposed and showing the influence of the age and the gender 

on the occupation rate of the spinal cord in the dural tube [Kato et al. 2012]. Dahlan et al. [2014] 

established normal values of cervical canal diameters for young military subjects. Others studies focused 

on the SC location in the canal based on two-dimensional (2D) visualization analysis for heathy subjects 

[Fradet et al. 2014] and for symptomatic subjects [Kar et al.2017]. CSS and SC characterizations at 

specific locations (mid-vertebrae, discs) can also be found, with different parameters such as 

compression ratio, cross-sectional area or spinal cord displacement that have been used in clinical 

research [Malzac et al. 2002, Tykocki et al. 2018 a, b]. In patients with Cervical Spondylotic Myelopathy 

(CSM), area of the SC, as well as antero-posterior and left-right diameters were described [Stoner et al . 

2019, Yuan et al. 2018] so as to evaluate the cord compression. 

When characterizing changes in posture, some articles considered a quantification of the strain of cord 

while others considered displacement measurements. Indeed, longitudinal strain of human cervical 

cord can reach a magnitude of 5% and 20% for, respectively, flexion and extension [Smith et al. 2013, 

Hu et al. 2019, Bilston and Thibault 1997, Bilston 1994], respectively.  

In this study, based on 3D MR acquisitions in healthy subjects in both neutral supine and flexion, we 

propose a new methodology to characterize and to quantify the morphology of the CSS and the cervical 

SC in 3D for healthy subjects in both neutral supine and flexion. This approach aims at providing accurate 

and detailed morphological data (cross-sectional area, eccentricity indices, and displacements of the 

cord and canal) in order to quantify the impact of the flexion in the cervical canal. 

1.2.Material and methods 

1.2.1.MRI acquisition 

Eleven european healthy subjects (5 females and 6 males, mean age : 30 +/- 6y, BMI : 23.86 +/- 1.78 

kg/m²) were scanned using a 3T MR system (Siemens Healthineers, Erlangen, France) equipped with 

head, neck and spine coils. Subjects were first examined with the neck in neutral and flexion positions, 

using a dedicated homemade device (device flexion up to 40°). Images were acquired using a sagittal 

3D T2-SPACE sequence (Sampling Perfection with Application optimized Contrasts using different flip 

angle Evolution) with the following parameters: voxel size (1x1x1 mm3), field-of-view (256x256 mm2), 

echo time (TE : 124 ms), repetition time (TR : 1500 ms,) , total acquisition time (6 min). The MR protocol 

was approved by the institutional ethics committee and all subjects signed the informed consents. The 

cohort was chosen excluding history,  presence of cervical pathologies or deformations.  

1.2.2.Segmentation and anatomical markers 

The SC was first segmented in 3D by a semi-automatic approach using the Spinal Cord Toolbox (SCT,   

3.1.1) [De Leener et al. 2017] and providing SC centerline. The outer canal border, assumed as the dura 

mater, was then segmented by a semi-automatic approach from ITK-SNAP software [Yushkevich et al. 

2006]. The 3D CSS was defined as the space between the canal segmentation and the SC segmentation 

[Fig. 21-a,b]. Eleven landmarks [Fig. 21-b] were selected, by one operator on the middle slice of the 

sagittal view, using 3DSlicer 4.8.1 [Kikinis et al. 2014] for the delimitation of the segment of interest:  
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1) “Reference landmarks”: at the top of the dens of C2 (axis) and at the posterior extremity of C7 

inferior endplate. 

2) “Cervical vertebral landmarks”, at the posterior extremities of each endplate (superior and 

inferior, C2 to C6). 

1.2.3.Data preparation, indices and lengths computation 

The post-processing steps performed using in-house Matlab codes (R2018a version,  

Matlab®MathWorks,1984) are summarized in [Fig.21] and were performed for both neutral and flexion  

positions. Both 3D segmentations (dural tube and SC raw surface meshes) were smoothed using (λ : 1, 

σ : 0) [Desbrun et al. 1999]. Morphological parameters were computed from anatomical markers and 

centerline coordinates in less than 10 s per subject (Dell Latitude 7480, Intel® Core™ i7-7600U CPU – 

2.80GHz/2.90GHz, RAM : 8Go). The boundaries of the SC and the canal were interpolated as the 

intersection [Tropp and al. 2006] of the surface meshes and meshed planes orthogonal to the centerline 

[Fig.21-c] using 3D splines. Then, the CSA of the SC, canal and CSS (𝐶𝑆𝐴𝑆𝐶, 𝐶𝑆𝐴𝑐𝑎𝑛𝑎𝑙, 𝐶𝑆𝐴𝐶𝑆𝑆, 

respectively) were computed. Seven others absolute metrics were also computed (𝐴𝑃𝑒𝑐𝑐𝑒𝑛𝑡𝑖𝑐𝑖𝑡𝑦, 

𝐿𝑅𝑒𝑐𝑐𝑒𝑛𝑡𝑖𝑐𝑖𝑡𝑦, CR, OR, LSC, LAC, LPC) (Text – Supplemental Digital Content 1, describing the all metrics).  

 

Figure 21. a) Sagittal view with superimposed 3D reconstruction of the SC (gold color) and the CSS (blue color) in 
flexion (left), and neutral (right) neck positions. The red dotted lines indicates the delimitation of the cervical 
segment (C1-C7) considered in this study. b) Main postprocessing steps, 3D reconstruction and 3D landmarks (left), 
orthogonal planes to the centerline all along the cervical segment (middle), boundaries points (zoom x5) extracted 
from the intersection between 3D reconstruction and the plane, with distance representations of eccentricity 
indices (A, P, L, R, ØAP, ØT) (right). c) As in Jha et al. 20, main steps to compute the length of the cervical spinal cord 
(LSC) attached to the caudal side of the pons in red, length of the cervical spinal anterior column (LAC) in yellow 
and length of the cervical spinal posterior column (LPC) in green (top : manual inputs, bottom : 3D-spline 
interpolation.  

1.2.4.Inter-operator variability, intra-operator variability and 

statistical analyses process   

The intra-operator variability was quantified in 5 subjects randomly selected to assess the accuracy of 

the semi-automatic segmentation [Table 8]. Additional information on the reliability of the SC 
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segmentation can be found in literature [De Leener et al. 2017]. Inter(by 2 raters) and intra-operator (at 

2 different time points by operator 1) variabilities of 3D reconstruction and landmarks positioning were 

also assessed reporting the Euclidian distance [Table 10], mean relative error of the CSA (CSS, SC) and 

of the eccentricity indices (AP, LR) [Table 9]. A summary table describing three sub-metrics by absolute 

metrics statistically analyzed was provided [Text - Supplemental Digital Content 2, describing the sub-

metrics, Table 12 - Supplemental Digital Content 3]. 

Statistical comparisons between neutral and flexion measurements were performed using RStudio (© 

2009-2018 RStudio, Inc. – Version 1.1.463). Due to the small number of samples, paired samples 

Wilcoxon tests (non-parametric test) were used. Significative differences were defined for p-

values<0.05. 

1.3.Results 

1.3.1.Segmentation and inter-operator reliability  

The maximum error value between manual and automatic canal CSA measurements was found for the 

C2 dens reaching 25.06% while for the others cervical levels, the canal CSA relative errors reminded 

lower than 18% [Table 8]. 

The maximal distance, when considering inter-operator differences, was found of 2.29 mm (ie. 2 voxels) 

in neutral position and 4.29 mm (ie. 4 voxels) in neutral position and 3.62 mm (ie. 4 voxels) in flexion. 

Consequences of inter/intra-operator differences in landmarks positioning show for the first tenth of 

the cervical segment (C1-C2 functional unit) high variability (gray zone [Table 9]), whereas mean 

differences were less than 5% of the measured values otherwise, except for the 𝐶𝑆𝐴𝐶𝑆𝑆 (relative error 

of 7.5%). 

Vertebral level CSA relative error 
(manual VS automatic) 

[%]      
 [Mean ± STD] 

C1 (odontoid) 25.06 ± 15.06 

C2 inferior 
endplate 

14.69 ± 17.37 

C3 middle 
vertebra 

15.7 ± 16.81 

C4 middle 
vertebra 

14.12 ± 15.85 

C5 middle 
vertebra 

15.42 ± 16.51 

C6 middle 
vertebra 

13.32 ± 17.18 

C7 middle 
vertebra 

17.43 ± 14.46 

Table 8. CSA relative error between manual and automatic CSA measurements for 5 subjects randomly selected. 
Mean and standard deviation were computed by averaging all subjects for seven levels along the cervical spine. 
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Table 9. Intra-operator relative errors for spinal cord ( SC) and Cervical Subarachnoid Space (CSS) CSA and Antero-
posterior (AP) and Left – Right (LR) eccentricity indices, due to the positioning of landmarks by the same operator. 
The averaged value, standard deviation, minimum and maximum averaged value on the 5 subjects randomly 
selected are described as : [Mean ± STD ; Min/Max]. The grey zones represent the first tenth of the measures along 
the cervical cord and the white zones represent the rest. 

1.3.2.Cervical subarachnoid space (CSS) and spinal cord (SC) in the 

canal 

Cross-sectional areas and occupational ratio 
The mean 𝐶𝑆𝐴𝐶𝑆𝑆 evolution along the canal after normalization in abscissa is depicted [Fig.22-Top]. The  
abscissa represents the averaged distances of each “cervical vertebral landmarks” from the top 
“reference landmarks” projected on the centerline for all the subjects normalized as (1) : 
 

                                                              𝒀 =  
𝑿−𝒎𝒊𝒏(𝑿)

𝒎𝒂𝒙(𝑿)−𝒎𝒊𝒏(𝑿)
                                                                                (1)      

 
with Y : the normalized vector of the abscissa.X : the vector of mean values of the distances on the 
centerline from the top projected “reference landmark” to the projected “cervical vertebral landmarks”. 
 
𝐶𝑆𝐴𝐶𝑆𝑆 rapidly decreased from C2 dens to C2 inferior endplate (from 481.6 mm2 to 177.5 mm2 in 
neutral position ; 379.8 mm2 to 157.9 mm2 in flexion), with minimal values around C3. Oscillations can 
be observed along the segment [Fig.22–Top].  
In flexion, the mean of 𝐶𝑆𝐴𝑆𝐶  [Fig. 25 – Supplemental Digital Content 4] was systematically lower than 
in neutral position. 
After the superior C3 endplate (0.33 – neutral ; 0.35 – flexion), the flexion OR decreases faster than in 
neutral position with an oscillating behavior until the C7 inferior vertebrate endplate (0.31 – neutral ; 
0.22 - flexion). Large standard deviations could be noticed (± 8-30% - neutral ; ± 13-45% - flexion) [Fig.22-
Bottom].   
 
Eccentricity indices and compression ratio. 
The first tenth of the presented curves (0 to 0.1 in abscissa) will not be considered in further analysis 
because of the difficulty of the post-processing algorithm to be efficient with the small complex 
geometry of the subarachnoid space (cisterna magna/pontis/interpeduncularis, medulla oblongata) 
between the foramen magnum and the C2 dens.  
After the C3 superior endplate, mean 𝐴𝑃𝑒𝑐𝑐𝑒𝑛𝑡𝑖𝑐𝑖𝑡𝑦 index in neutral was systematically lower than in 

flexion position. [Fig.23-Top].  
The 𝐿𝑅𝑒𝑐𝑐𝑒𝑛𝑡𝑖𝑐𝑖𝑡𝑦 index constantly oscillated around 0% and 8% respectively in neutral and flexion neck  

postures respectively [Fig.23-Middle].  

 

Intra-operator 
differences 

CSA SC 
[mm2] 

CSA CSS    
[mm2] 

AP Eccentricity 
[%] 

LR Eccentricity 
[%] 

Neutral 1.36±0.85 ; 
0/2.69 

16.42±7.32 ; 
0.01/29.98 

3.13±2.02 ; 
0/6.56 

3.85±4.66 ; 
0.01/18.18 

  2.36±0.97 ; 
0.5/4.57 

2.26±2.17 ; 
0.02/11.27 

2.11±2.15 ; 
0.01/10.08 

2.15±2.03 ; 
0.02/11.58 

Flexion 3.49±1.79 ; 
0/6.92 

32.28±22.38 ; 
0.06/72.69 

6.62±3 ; 
0.05/11.79 

3.58±2.42 ; 
0.12/8.98 

  1.1±1.26 ; 
0.01/11.35 

4.81±4.56 ; 
0.03/24.68 

3.54±3.11 ; 
0.03/15.13 

2.93±2.78 ; 
0.01/14.53 
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 The CR for the flexion case was systematically lower than in neutral position, except along the C3 
vertebra [Fig.23-Bottom].  
 
Anterior/Posterior columns and of the spinal cord length 
The mean length values were measured equal to 118 ± 5 mm and 120.3±7.6 mm for LAC, 107±6 and 
120.4±6.4 mm for LPC, 142±7 mm and 159.4 ± 11.5 mm for LSC in neutral and flexion neck postures, 
respectively [Fig.24]. 
Statistical differences were found between both postures for 𝐶𝑆𝐴𝐶𝑆𝑆, OR, 𝐴𝑃𝑒𝑐𝑐𝑒𝑛𝑡𝑖𝑐𝑖𝑡𝑦 (p<0.05) for C1-

C2, C5, C6, C7, and were found for all local locations for 𝐶𝑆𝐴𝑆𝐶  . No significant difference in 𝐿𝑅𝑒𝑐𝑐𝑒𝑛𝑡𝑖𝑐𝑖𝑡𝑦 

index between the postures was found (0.08 < p <0.97 ) except for the vertebral level C1-C2. Statistical 
differences for the CR index between neutral and flexion neck postures were found (p<0.05) locally for 
the vertebral levels C4, C5, C6 and for the mid-levels of intervertebral discs values of C4/C5 to C6/C7. 
Statistical differences between both the postures were found for each characteristic lengths (p<0.05) 
[Table 12 - Supplemental Digital Content 3]. 
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Figure 22. (Top) Mean Cross-Sectional Area of the cervical subarachnoid space (mm2) along the normalized cervical spinal normalized (formula 1 for normalization process) segment of interest 
length, (bottom) Mean Occupation Ratio (% defined as SC CSA over total canal CSA (SC CSA + CSS CSA)). For each subplot figure, the mean value of the neutral (blue continuous curve) and flexion 
(red continuous curve) cases are indicated with their standard deviations (dot curve). Mean normalized positions of the vertebral endplates (computed as the mean position of each vertebral 
endplates between all the subjects) are indicated with color boxes and as vertical lines (small dots in flexion and bigger dots in neutral). 
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Figure 23. AP (top) and LR (middle) eccentricity indices along the normalized cervical cord, together with the Compression Ratio index (bottom). For each subplot figure, the mean 
value of the neutral (blue continuous curve) and flexion (red continuous curve) cases are indicated with their standard deviations (dotted curves). Mean normalized positions of 
the vertebral endplates are indicated as well, standard deviations are not indicated on the figure for a sake of clarity. 
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Figure 24. Boxplots of characteristics lengths in the cervical segment, a) Length of the Anterior Column (LAC), b) 
Length of the Posterior Column (LPC) c) Length of the Spinal Cord (LSC). On each box, the central mark indicates 
the median (red line), and the bottom and top edges of the box indicate the 25th and 75th percentiles (horizontal 
blue lines), respectively. The whiskers extend to the most extreme data points not considered outliers, and the 
outliers are plotted individually using the red '+' symbol (*p<0.05). 

 

 

Table 10. Distance errors (L2-norm in mm) per vertebra landmarks between operator 1 and the operator 2 (inter-
operator variability), as well as between 2-measurements sessions by operator 1(intra-operator variability). For 
each cell, the results are presented as follow : [Mean ; Min/Max]. 

 

 

 

  Inter-operator Intra-operator 

  Neutral Flexion Neutral Flexion 

C1 odontoid     
(ref pt) 

1.72 ; 0.52/4.26 4.29 ; 1.47/6.19 2.12 ; 0.56/4.02 3.62 ; 2.36/6.22 

C2 inf 2.03 ; 0.31/3.51 6.4 ; 1.27/29.75 1.44 ; 0.36/3.2 2.64 ; 1.13/6.09 

C3 sup 2.29 ; 1.13/3.82 2.37 ; 0.37/3.37 1.53 ; 0.87/3.83 2.51 ; 0.86/5.67 

C3 inf 2.05 ; 0.98/4.07 2.61 ; 1.33/4.87 2.02 ; 1/3.61 2.49 ; 1.01/5.58 

C4 sup 1.62 ; 0.27/3.01 2.77 ; 1.77/3.4 1.29 ; 0.42/2.37 2.65 ; 1.36/5.07 

C4 inf 2.03 ; 0.36/3.73 2.61 ; 1.3/3.51 1.63 ; 0.32/2.53 2.6 ; 1.12/5.08 

C5 sup 1.96 ; 0.74/3.52 3.69 ; 1.32/12.06 1.43 ; 0.72/2.77 2.43 ; 1.2/5.01 

C5 inf 2.12 ; 0.89/4.25 2.99 ; 1.26/5.35 1.29 ; 0.08/2.57 2.85 ; 1.53/6.31 

C6 sup 1.69 ; 0.9/2.73 3.84 ; 1.54/14.01 1.65 ; 1.03/2.4 2.44 ; 0.73/5.02 

C6 inf 1.61 ; 0.4/3.43 2.84 ; 1.27/5.13 1.31 ; 0.29/2.5 2.49 ; 0.17/6.75 

C7 sup 1.32 ; 0.38/2.39 3.76 ; 1.3/14.49 1.42 ; 0.5/2.62 2.19 ; 0.67/5.05 

C7 inf (ref pt) 1.32 ; 0.11/2.72 2.51 ; 1.01/4.81 1.47 ; 0.71/2.28 2.43 ; 1.43/5.44 
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1.4.Discussion 

Table 11. Summary table of the main results for each index. 

Using MRI segmented 3D geometrical reconstructions, it was possible to investigate the morphological 
changes induced by the neck-flexion. Different geometrical metrics (CSA, eccentricity, indices, ratios) 
related to the SC and the CSS could be derived. The most noticeable results are summarized in [Table 
11]. 
 
Cord and CSS kinematical description  
Firstly, the low oscillating behavior of 𝐶𝑆𝐴𝐶𝑆𝑆 and OR indices in [Fig.22]  describes the geometry of dura 
mater at each spine level : nerve root funnel-shaped lateral extensions of sheaths leave the dura mater 
as spinal ganglions toward the peripheral nervous system [ Polak-Krasna et al. 2019]. 
 
Secondly, the kinematic of the cord is not only induced by the flexion itself but also by the surrounding  
structures. The spinal cord being fixed to the superior anatomical structures (pons, medulla) on one 
hand and to the filum terminale on the other hand, it is subject to tensile forces applied in both cranio-
caudal and antero-posterior directions when flexed. Here a “stretching” phenomenon occurs while the 
SC is pull through the anterior side of the spine column, as reflected by the 𝐴𝑃𝑒𝑐𝑐𝑒𝑛𝑡𝑖𝑐𝑖𝑡𝑦 and 

𝐿𝑅𝑒𝑐𝑐𝑒𝑛𝑡𝑖𝑐𝑖𝑡𝑦 [Fig.23]. The nerve roots attached in the dural sheaths could be limiting the longitudinal 

motion and allow an elongation that follows the spinal motion. The SC lateral position stays globally 
centered (slight shift on the left : 2-3% from the center of the canal), in line with the literature [Fradet 
et al. 2014], and similar in neutral and in flexion. Indeed, both denticulate ligaments [Nightingale et al. 
2002, Johnson et al. 1975] between the arachnoid (assumed to be stick to the dura mater) and the pia 
mater, and nerve roots leaving the SC dorsal and ventral side by pairs and exiting the CSS by the dural 
sheath, insure coronal stabilization of the SC. 
 
Thirdly, the high reduction of 𝐶𝑆𝐴𝐶𝑆𝑆 from C2 dens to C3 vertebra in flexion position compared to the 
neutral one appears to be induced by the high mobility of the upper cervical segment [Holmes et al. 
1996]. After the C3 vertebra, the 𝐶𝑆𝐴𝑆𝐶  was globally steady while the 𝐶𝑆𝐴𝐶𝑆𝑆 decreased. In addition, 

Morphological parameters Main position-dependent evolution 

 
CSS CSA 

Significant decrease from C1 to C3 superior endplate. 
From C3 to C7, low variation and oscillating phase 
around 157 mm2 in neutral and 162 mm2 in flexion 
positions. 

SC CSA 
Significantly lower in flexion than in neutral supine 
position. 

 
OR 

After the superior C3 endplate (0.33 – neutral ; 0.35 - 
flexion), the flexion OR decreases faster than in 
neutral position. 

CR 
The CR index decreased steadily between C2 dens 
and to C7 inferior endplate for both posture. The CR 
for the flexion case is systematically lower. 

 
AP eccentricity index 

 
 

Same location for the both postures before C3 
vertebra. After C3, in flexion the SC is more anteriorly 
positioned with respect to the center of the canal. 

LR eccentricity index 
Spinal cord centered (shift of 3% from the center of 
the canal) in the canal for the both postures. 

 
Characteristics lengths 

Significantly different in neck flexion than in neutral 
supine position (+2 mm, 13mm and 18mm for the 
anterior column (LAC), posterior column (LPC) and 
spinal cord, respectively). 
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the action of the yellow and posterior longitudinal ligaments inside the vertebral should be noticed 
[Kuwazawa et al. 2006] while explaining the CSS modification [Endo et al. 2014]. 
 
Toward cord and spine biomechanical description  
The geometrical evolution described by the CR index was intrinsically linked to the mechanical 
properties of the spinal cord. Indeed, the decrease of the CR from C4 to C6 observed in flexion depicts 
a significant strain of the SC from 3% to 7%. Such results underline the “stretching” phenomenon 
previously mentioned. This is further confirmed by the 13% increase of the LSC in flexion, in line with 
literature [Bilston 1994, Bilston and Thibault 1997, Jha et al. 2018, Ceylan et al. 2012].  
 
The “stretching” phenomenon results from the Poisson effect described as the amount of lateral 
contraction against the amount of axial elongation experienced by a material under the action of a force. 
The three OR, CP, and LSC metrics could overcome the current lack of mechanical characterization and 
could be used for biomechanical modeling validation. Such Poisson effect can induce some local stresses 
or damages in the structure near the zone where the cord is attached, namely nerve roots and 
denticulate ligaments [Frykholm et al. 1947]. 
 
The LAC and LPC values (respectively +2% and +12% in flexion) are also in line with literature [Jha et al. 
2018, Bilston 1994]. The LSC metric in comparison to LAC and LPC ones shows that the SC follows the 
motion of the canal in freeing more space posteriorly in flexion (-22% < 𝐴𝑃𝑒𝑐𝑐𝑒𝑛𝑡𝑖𝑐𝑖𝑡𝑦 < 47%) than in 

neutral position (-22% < 𝐴𝑃𝑒𝑐𝑐𝑒𝑛𝑡𝑖𝑐𝑖𝑡𝑦 < 7%) after C2 vertebra. Validation and further use of finite 

element spine models require advanced knowledges as spinal cord deformation and length variations. 
Hence the data related to the location of the cord and its space distribution obtained in this study could 
provide a strong added value for model design. Altogether, our study provide the necessary 
measurements in a healthy adult population in physiologically conditions for such validation. 
 
Clinical aspects 
In this study, we presented nine morphological parameters were used to describe the postural 
modifications occurring in the canal. These parameters were chosen in relation to their use in a clinical 
research context. Indeed, transverse area criteria corresponding to our 𝐶𝑆𝐴𝑆𝐶, 𝐶𝑆𝐴𝐶𝑆𝑆, 𝐶𝑆𝐴𝐶𝑎𝑛𝑎𝑙, 
ØT𝑆𝐶, ØAP𝑆𝐶  and CR, are used for CSM description [Yuan et al. 2018, Stoner et al . 2019]. CSM, disc 
herniation, osteophytes can also cause reduction of the canal and an occupation ratio (sagittal 
diameters ratio of spinal cord over canal, or ratio of spinal cord over canal area corresponding to our 
OR index) could be useful to quantify the degree of compression [Pratali et al. 2019, Sun et al. 2019]. 
Moreover, additional parameters related to the location of the spinal cord in the canal (𝐴𝑃𝑒𝑐𝑐𝑒𝑛𝑡𝑖𝑐𝑖𝑡𝑦 

and 𝐿𝑅𝑒𝑐𝑐𝑒𝑛𝑡𝑖𝑐𝑖𝑡𝑦 indices) and the characteristic lengths (LSC, LAC, LPC) complete this physiological 

database of healthy subjects that could now be used to compare with injured or symptomatic subjects. 
This methodology and database open the perspective of more accurate clinical indices. 
 
 Limitations 
The first limitation of our methodology is that the MR acquisitions were performed in supine position, 
which is not a position corresponding to the active phase of a day as working. A previous study showed 
no significant difference of the spinal cord length between erect and supine position [Kuwazawa et al. 
2006]. However, with cervical lordosis changes, a slight difference between erect and supine position is 
expected for SC position in the CSS and eccentricity indices. Nonetheless, as the cerebrospinal fluid 
mechanical properties are similar to water properties [Schiffer et al.1999, Bloomfield et al. 1998] 
(incompressibility), the fluid limits the effect of gravity in supine position.  
 
The second limitation is the ambiguous difference between displacements and elongation of the SC in 
the CSS, which will be confirmed in the future by refine MR acquisition of head neck at 7T in order to 
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enable a more precise localization of the nerve roots along the CSS, in complement to description 
already provided at 3T [Cadotte et al. 2015].  
The last limitation of our methodological work is the small amount of subjects currently included and 
the lack of symptomatic subjects. Future investigations and multicentric studies could complete this 
work to turn it into normative database adapted to a clinical routine. 

1.5.Conclusion 

A new methodology allowing a detailed description of the vertebral canal morphology thanks to high 

resolution 3T-kMRI was developed. Reference values in healthy population allowing to characterize the 

CSS behavior with nine absolute metrics are provided. The mechanical roles of the different structures 

inside the vertebral canal in flexion were also confirmed through geometric measurements changes : 1) 

left-right stability (described by the LR eccentricity index) ensured by the denticulate ligaments and the 

nerve roots attached to the dural sheaths, 2) a Poisson effect of the SC was partially notified through its 

axial (AP diameter, OR, CR) and its longitudinal geometrical description (LSC). Such morphological data 

can be useful for geometrical finite element modeling of the canal ( boundaries or initial conditions) or 

for an optimization of the mechanical properties by geometrical sensitivity analysis. Confronting this 

methodology and these results in a further study with a pathological cohort (CSM, post-traumatic 

population) is crucial to refine these clinical criteria in the medico-surgical management. 
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1.6.Appendices 

 

 

Supplemental Digital Content 3 - Table 12. Statistical summary [Mean ± std (min/max)] of each measured parameter (SC and CSS CSA, OR, AP/LR eccentricity and CR) for both 
position (neutral in white, flexion in gray). For each one, three sub-values are given, corresponding to a spatial vertebral average of measures (AVD VERT, with C1 and C2 vertebrae 
merged : the C2 dens passing through the ring of C1 vertebra), value picked up at the middle of the vertebra in the middle sagittal plan (MID VERT) and value picked up at the 
middle of the intervertebral disc in the middle sagittal plan (MID IVD) , considering the disc below the mentioned vertebral level). The LAC, LPC and LSC parameters correspond 
to the lengths of the anterior canal, posterior canal and the spinal cord, along the whole cervical segment, respectively. *indicates p<0.05 (Paired samples Wilcoxon test). 

 

 

 

 

Posture Level

 AVD VERT  MID VERT MID IVD  AVD VERT  MID VERT MID IVD  AVD VERT  MID VERT MID IVD  AVD VERT  MID VERT MID IVD  AVD VERT  MID VERT MID IVD  AVD VERT  MID VERT MID IVD

Neutral C1C2
83.2±7.46                        

( 71.46/91.32)*

81.82±6.85                     

( 71.62/89.88)*

78.55±8.42                    

( 66.02/91.41)*

247.28±70.37                    

( 164.11/398.1)*

249.43±91.46                     

( 156.11/473.57)*

157.83±55.75                         

( 107.84/297.66)*

0.27±0.05              

( 0.18/0.35)*

0.26±0.06                  

( 0.15/0.36)*

0.34±0.06                   

( 0.21/0.42) 

7.27±9.92                             

( -10.25/20.78)*

4.67±15.07                         

( -24/24.53) 

-28.47±16.68                     

( -49.5/-1.13) 

4.92±7.96                        

( -5.94/19.11)*

-0.15±5.54                       

( -8.51/9.25)*

4.01±8.71                           

( -10.77/18.58) 

0.72±0.05                   

( 0.63/0.82) 

0.71±0.06                   

( 0.6/0.8)*

0.63±0.05                                  ( 

0.55/0.7) 

Neutral C3
80.22±9.54                    

( 64.31/95.33)*

79.73±9.11                       

( 63.72/93.83)*

82.26±10.15                    

( 64.86/98.11)*

131.9±33.67                        

( 91.18/205.42) 

133.43±30.97                        

( 96.61/195.41) 

118.67±33.16                      

( 84.76/193.89)*

0.38±0.04                      

( 0.28/0.44) 

0.38±0.04                     

( 0.29/0.43) 

0.42±0.06                   

( 0.3/0.49)*

-20.44±13.77                     

( -39/9.23) 

-19.53±14.95                    

( -32.89/20.77) 

-6.19±14.68                        

( -29.94/14.92)*

5.01±6.52                     

( -4.69/17.91) 

2.91±8.46                        

( -9.25/19.65) 

6.68±8.78                       

( -4.81/23.43) 

0.62±0.04                 

( 0.54/0.67) 

0.62±0.04                 

( 0.53/0.65) 

0.6±0.05                                     ( 

0.52/0.68) 

Neutral C4
85.2±10.83                     

( 68.34/102.14)*

85.92±9.89                    

( 70.7/100.74)*

83.13±11.89                    

( 68.05/99.92)*

132.87±31.44                    

( 99.82/198.25) 

137.5±29.2                             

( 105.16/193.52) 

127.81±40.29                       

( 81.78/207.08)*

0.4±0.04                    

( 0.31/0.44)*

0.39±0.03                 

( 0.31/0.42) 

0.4±0.06                      

( 0.32/0.51)*

-6.99±16.99                   

( -37.58/16.84)*

-7.26±20.2                           

( -43.71/17.87)*

6.66±20.87                       

( -28.44/34.33)*

3.02±10.62                   

( -13.5/24.34) 

1.64±10.87                         

( -15.51/22.15) 

2.9±12.2                      

( -14.54/19.8) 

0.6±0.05                   

( 0.5/0.66)*

0.61±0.06                  

( 0.5/0.69)*

0.57±0.05                                  ( 

0.46/0.64)*

Neutral C5
83.75±9.98                      

( 71.93/98.73)*

84.24±9.45                    

( 73.82/98.66)*

79.76±9.84                       

( 66.72/94.56)*

142.32±33.28                     

( 105.32/203.7)*

147.76±30.18                            

( 108.62/206.87)*

129.3±36.48                           

( 81.49/195.56)*

0.38±0.04                    

( 0.3/0.42)*

0.37±0.03                     

( 0.31/0.4)*

0.39±0.05                   

( 0.31/0.46)*

-3.56±17.92                       

( -29.47/21.63)*

-5.3±17.64                           

( -31.63/17.15)*

-10.01±19.63                      

( -38.2/16.21)*

1.64±8.79                     

( -10.57/18.92) 

2.5±11.05                       

( -11.28/23.11) 

1.04±14.62                     

( -20.91/23) 

0.58±0.05              

( 0.48/0.63)*

0.58±0.06                  

( 0.46/0.65)*

0.57±0.05                                  ( 

0.49/0.63)*

Neutral C6
76.17±8.57                      

( 65.1/88.25)*

76.35±8.32                      

( 64.69/89.35)*

69.91±7.63                     

( 60.3/80.45)*

141.92±30.82                     

( 106.79/206.64)*

147.02±30.32                         

( 114.26/213.4)*

132.89±38.69                       

( 84.99/199.08)*

0.35±0.04                    

( 0.29/0.39)*

0.35±0.03                       

( 0.29/0.38)*

0.35±0.05                 

( 0.28/0.44)*

-16.27±18.66                   

( -51.95/4.25)*

-13.63±16.38                     

( -38.6/3.86)*

-21.22±23.35                     

( -53.18/26.03)*

2.95±10.82               ( -

17.59/19.47) 

2.74±10.96                  

( -18.04/20.83) 

6.32±15.28                      

( -10.96/34.75) 

0.57±0.04              

( 0.49/0.61)*

0.57±0.04                  

( 0.5/0.62)*

0.56±0.05                                    ( 

0.45/0.6)*

Neutral C7
65.16±6.71                      

( 56.21/74.7)*

65.88±6.67                     

( 56.19/76.15)*

146.6±32.78                          

( 103.87/213.71)*

148.47±30.67                        

( 109.67/209.99)*

0.31±0.04                    

( 0.25/0.38)*

0.31±0.03                       

( 0.26/0.36)*

-23.01±21.82              ( 

-44.37/31.53)*

-23.33±21.84                     

( -49.96/30.57)*

3.14±12.05               ( -

10.44/31.16) 

2.28±13.35                      

( -13.94/27.36) 

0.6±0.03                    

( 0.51/0.63) 

0.6±0.04                   

( 0.52/0.66) 

Flexion C1C2
75.5±10.51                      

( 63.17/93.22)*

76.67±10.25                   

( 63.92/92.03)*

71.8±8.83                       

( 59.58/85.17)*

215.46±64.37                       

( 140.69/351.29)*

208.65±73.66                        

( 130.57/394.59)*

152.6±52.21                        

( 99.14/269.91)*

0.28±0.05                  

( 0.19/0.35)*

0.28±0.05                   

( 0.17/0.36)*

0.33±0.06                    

( 0.22/0.41) 

10.42±20.08                    

( -21.01/40.63)*

5.12±19.76                           

( -19.36/31.8) 

-23.8±23.73                       

( -60.5/12.77) 

8.2±9.88                          

( -1.72/30.81)*

8.61±11.57                         

( -2.97/30.66)*

2.59±7.11                         

( -9.78/14.45) 

0.68±0.06                   

( 0.54/0.74) 

0.68±0.04                  

( 0.61/0.75)*

0.63±0.06                                      ( 

0.56/0.73) 

Flexion C3
71.61±9.14                      

( 56.48/82.39)*

70.75±9.44                      

( 56.05/81.98)*

72.28±10.1                          

( 55.53/83.27)*

133.6±35.89                      

( 94.75/192.99) 

133.38±38.12                         

( 92.48/219.92) 

131.29±32.63                          

( 95.12/186.04)*

0.36±0.06                 

( 0.24/0.44) 

0.36±0.06                     

( 0.21/0.45) 

0.36±0.06                   

( 0.24/0.44)*

-7.86±24.5                      

( -48.97/26.37) 

-9.75±20.69                      

( -37.29/25.93) 

18.42±25.36                         

( -24.29/63.84)*

0.9±9.14                     ( -

7.87/24.63) 

2.96±9.25                          

( -5.16/25.5) 

2.72±14.94                       

( -19.27/32.55) 

0.62±0.04                  

( 0.58/0.68) 

0.62±0.04                      

( 0.56/0.68) 

0.59±0.06                                   ( 

0.47/0.72) 

Flexion C4
74.02±11.46                   

( 49.76/84.29)*

74.03±12.1                      

( 48.35/86.21)*

72.65±12.73                       

( 47.11/83.23)*

142.67±32.09                     

( 101.21/202.18) 

142.91±30.85                           

( 99.48/202.03) 

149.26±38.44                       

( 89.44/200.56)*

0.35±0.07                    

( 0.22/0.44)*

0.35±0.07                     

( 0.22/0.46) 

0.34±0.08                   

( 0.19/0.47)*

27.12±22.34                   

( -22.78/55.21)*

24.53±20.77                        

( -23.44/52.22)*

44.7±21.39                          

( 3.8/82.09)*

4.1±10.48                  ( -

6.83/31) 

4.77±12.22                        

( -9.49/34.42) 

3.22±13.56                       

( -18.59/29.29) 

0.57±0.05                   

( 0.48/0.65)*

0.57±0.06                       

( 0.47/0.67)*

0.52±0.05                                         ( 

0.44/0.6)*

Flexion C5
72.81±9.47                      

( 55.22/81.5)*

72.97±8.9                        

( 58.61/83.33)*

70.18±10.05                      

( 51.92/83.89)*

163.95±35.95                    

( 112.6/223.36)*

166.03±33.87                         

( 109.13/218.74)*

166.91±36.67                        

( 102.72/227.6)*

0.31±0.05                     

( 0.22/0.41)*

0.31±0.05                     

( 0.23/0.43)*

0.3±0.04                       

( 0.25/0.4)*

40.68±20.41                     

( -9.04/61.23)*

39.02±16.71                      

( 3.29/58.23)*

41.84±25.88                         

( -26.86/65.44)*

3.9±9.51                             

( -6.35/18.87) 

4.11±8.3                               

( -5.14/18.56) 

6.93±16.66                      

( -7.86/49.85) 

0.53±0.05                    

( 0.44/0.61)*

0.53±0.05                  

( 0.45/0.62)*

0.52±0.06                                        ( 

0.41/0.62)*

Flexion C6
67.24±10.31                   

( 48.83/79.04)*

67.35±10.36                    

( 48.84/79.56)*

60.86±10.81                      

( 42.06/73.15)*

181.04±34.25                    

( 116.39/233.92)*

181.87±34.9                            

( 121.32/238.34)*

175.28±36.37                       

( 115.31/217.69)*

0.28±0.04                    

( 0.22/0.34)*

0.27±0.04                      

( 0.22/0.33)*

0.26±0.05                

( 0.19/0.33)*

35.77±24.29                ( 

-28.79/55.98)*

33.96±23.7                             

( -28.01/52.79)*

34±34.23                                   

( -37.91/75.26)*

3.64±8.66                       

( -12.58/17) 

5.39±8.88                        

( -10.39/18.99) 

-0.09±12.24                                               

( -26.49/15.44) 

0.53±0.05                   

( 0.46/0.61)*

0.52±0.05                   

( 0.44/0.61)*

0.52±0.06                                       ( 

0.41/0.64)*

Flexion C7
54.99±10.54                  

( 39.35/69.53)*

55.54±10.52                    

( 40.19/71.33)*

185.41±37.42                     

( 121.2/245.82)*

187.96±40.73                         

( 117.55/245.38)*

0.23±0.05                   

( 0.15/0.3)*

0.23±0.05                   

( 0.16/0.3)*

27.85±29.27                   

( -21.65/57.9)*

26.95±30.1                           

( -26.32/54.33)*

2.11±9.26                      

( -13.17/14.24) 

1.98±11.13                         

( -15.84/19.58) 

0.57±0.05                    

( 0.48/0.68) 

0.58±0.04                  

( 0.49/0.66) 

Neutral Flexion

118.01±5.21                  

( 110.81/127.25)*

120.29±7.61                  

( 110.87/133.65)*

107.6±5.57                     

( 99.74/127.25)*

120.35±6.38                   

( 113.65/133.65)*

141.56±6.77                  

( 129.1/151.7)*

159.35±11.48               

( 145.11/176.6)*

Canal lengths [mm]

LAC

LPC

LSC

Cross-Sectional Area - SC [mm2] Cross-Sectional Area - CSS [mm2] Occupational Ratio (OR) Eccentricity Indices - Anterior/Posterior (AP) [%] Eccentricity Indices - Left/Right  (LR)  [%] Eccentricity Indices - Compression Ratio (CR)
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Supplemental Digital Content 4 - Figure 25. Spinal cord cross-sectional area (SC CSA) mean along the cervical. The mean value of the neutral (blue continuous curve) and flexion 
(red continuous curve) cases are indicated with their standard deviations (dotted curves). Mean normalized positions of the vertebral endplates are indicated as well standard 
deviations are not indicated on the figure for a sake of clarity
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Supplemental Digital Content 1 

Description of absolute metrics  
The cord transverse and antero-posterior diameters (ØT𝑆𝐶, ØAP𝑆𝐶  respectively), as well as distance 

between the SC and the canal in anterior (A), posterior (P), right (R) and left (L) directions were 

computed from the most eccentrical points in AP (4) and LR (5) directions. Compression (CR – (2)) and 

occupation (OR – (3)) ratios, as well as eccentricity indices were then derived from these metrics7 (see 

(2) to (5)). 

                                                           𝐶𝑆𝐴𝐶𝑆𝑆 = 𝐶𝑆𝐴𝑐𝑎𝑛𝑎𝑙 − 𝐶𝑆𝐴𝑆𝐶                                                                  (1) 

                                                                   𝐶𝑅 =  
ØAP𝑆𝐶

ØT𝑆𝐶
                                                                                        (2) 

                                                                   𝑂𝑅 =  
𝐶𝑆𝐴𝑆𝐶

𝐶𝑆𝐴𝑐𝑎𝑛𝑎𝑙
                                                                                    (3) 

                                                  𝐴𝑃𝑒𝑐𝑐𝑒𝑛𝑡𝑖𝑐𝑖𝑡𝑦 = (
𝑃−𝐴

𝑃+𝐴
) ∗ 100                                                                            (4)                          

                                                  𝐿𝑅𝑒𝑐𝑐𝑒𝑛𝑡𝑖𝑐𝑖𝑡𝑦 = (
𝐿−𝑅

𝐿+𝑅
) ∗ 100                                                                            (5) 

An 𝐴𝑃𝑒𝑐𝑐𝑒𝑛𝑡𝑖𝑐𝑖𝑡𝑦 > 0 (<0) indicates that the SC is anteriorly (posteriorly) positioned. Similarly, a 

𝐿𝑅𝑒𝑐𝑐𝑒𝑛𝑡𝑖𝑐𝑖𝑡𝑦 > 0 (<0) indicates that the SC is located on the right (left) side of the canal. Three specific 

lengths were also computed in both positions20, 21: the length of the cervical spinal cord (LSC), length of 

the cervical spinal anterior column (LAC) and length of the cervical spinal posterior column (LPC). They 

were respectively delimited by the caudal side of the pons to C7 inferior endplate, the C2 dens process 

to C7 inferior endplate, and the top of C1 posterior arch to C7 inferior endplate. Three 3D splines passing 

through the points positioned manually by an operator to define each curvature were computed to get 

more accurate lengths.  

Supplemental Digital Content 2 

Description of summary table : absolute and sub metrics 
Three sub-metric values were calculated at each vertebral level : spatial averaged value (over the whole 
vertebra) (AVD VERT), spatial value for a cross-sectional plane mid-vertebra (MID-VERT) and spatial 
value for cross-sectional plane located at the middle of the intervertebral disc (MID-IVD) (vertebral 
levels defined as the “cervical vertebral landmarks” projected onto the centerline). For both postures 
(neutral and flexion), all values are reported as averaged value with standard deviation by vertebra and 
disc on all subjects. Mean vertebral level positions across all subjects were computed from : the position 
of each vertebra according to the “Reference landmarks” and “Cervical vertebral points” positions 
projected to the centerline. 
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2. Degenerative cervical myelopathy morphology : 

effects of decompressive surgery by laminectomy -

New elements for patient follow-up 
Patrice Sudres (1,5), Guillaume Frébourg (1,5), , Pierre-Jean Arnoux (1,5), Guillaume Baucher 

(4,5), Pierre-Hugues Roche(4,5), Virginie Callot (2,3,5), Morgane Evin (1,5) 
1. Laboratoire de Biomécanique Appliquée, UMRT24 AMU/IFSTTAR, Marseille, France 

2. Aix-Marseille Université, CNRS, CRMBM, Marseille, France 

3. APHM, Hôpital Universitaire Timone, CEMEREM, Marseille, France 

4. Neurosurgery Department, APHM, Hopital Nord, Marseille, France 

5. iLab-Spine – Laboratoire International en Imagerie et Biomécanique du Rachis, Marseille, France & 

Montréal, Canada 

 

In this second subchapter, an improved methodology of the morphometrical measurement was 

proposed and a preliminary application to three clinical cases was performed.  

Abbreviations 

DCM: degenerative cervical myelopathy 
SCI: spinal cord injury 
IVD: inter-vertebral disc 
IVJ: inter-vertebral joint 
SC: spinal cord 
CSF: cerebrospinal fluid 
OR: occupational ratio 
CR: compression ratio 
QAS: quasi-automatic segmentation 
SMS: semi-automatic segmentation 
CSS: cervical subarachnoid space 
SPL: spondylosis 
CSM: cervical spondylosis myelopathy 
ROI: region of interest 
GVF: ground vector field 
CSA: cross-sectional area 
HSD: Hausdorff Distance 
MSD: mean surface distance 
 

Keywords 

degenerative cervical myelopathy, morphometry, MRI, 3D visualization, cervical canal 

2.1.Introduction 

Degenerative cervical myelopathy (DCM) is a chronic degenerative disease occurring in the cervical 

vertebral canal. The rapid or slow degenerative process of stenosis development may lead to a 

compression of the spinal cord with a risk of damaging the neuronal pathway. It remains challenging to 

establish a complete and non-equivocal diagnosis before surgery. This disease is a common cause of SCI 
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for elderly population aged over 55 years. Northover et al. [2012] showed a correlation between the 

age and the number of affected cervical levels and between age and the degree of antero-posterior 

stenosis. Moreover, women are affected earlier than men (57.0 y against 66.5 y) but with less affected 

levels (2 against 3) and a degree of stenosis inferior in the antero-posterior direction. Abnormalities in 

the cervical canal were detected in 14%, and disk herniation in 28% of people under 40 years. These 

percentage doubled for people over 40 years. Spatially, the C5/C6 IVD is the most common impacted 

level, followed by the C6/C7 and the C4/C5 levels. Then, single-level DCM represents 92.5 % of cases 

while multi-level disease represents 80.5% of cases [Northover et al. 2012]. 

All previously described difficulties inherent to DCM diagnosis lead to a problematic delay in diagnosis 

[Hilton et al. 2018]. A mean time delay in diagnosis of DCM was estimated at 2.2 ± 2.3 years [Behrbalk 

et al. 2013] while an older study highlighted anaverage time delay of 6.3 years with a decrease up to the 

4th Nurick grade (assistance for walking) [Sadasivan et al. 1993]. 

Local 2D analysis is a gold standard for the scientific and clinical community [Table 13]. Briefly, most 

used indices in literature were: the cross-sectional area (perpendicular to the centerline of the canal) of 

the canal, the SC and the CSF. The occupational ratio (OR) is derived from the ratio of these areas. 

Diameters of the canal, the CSF and the SC are also largely used in sagittal or axial planes. The 

compression ratio (CR) is derived from the large and small axial diameters of the canal or of the spinal 

cord are commonly used to quantify the level of flatness. Another common index used to quantify the 

canal stenosis is the Torg-Pavlov ratio (the sagittal spinal canal diameter divided by the sagittal vertebral 

body diameter). In most of the studies in Table 13, an operator has to manually perform the different 

measurements in a discretize way, i.e. plotting the segments or delineating the areas. The 

measurements are done at mid-vertebra as reference and mid-intervertebral discs because of structural 

changes appear at the discs levels called spondylosis or hernia and at vertebral plates such as 

osteophytes. To the best of our knowledge, only one study developed a 3D analysis of the spinal cord 

based on semi-manual 3D reconstruction of the cervical spinal cord. The 3D analysis allows to compute 

new metrics such as volume correlated to the cross-sectional area and the cord length. [Smith et al. 

2013]. 

It remains difficult to establish pathological criteria to detect a potential narrowing of the canal due to 

the inter-individual variability as well as the posture-dependent diagnosis. Indeed, some narrowed canal 

can be detected in neutral, in flexion or in extension neck position in terms of morphometrical changes 

but also neuro-senso motor scores. 

The aim of the study is to propose a quasi-automatic morphometric tool which provide detailed 

description and visualization of the cervical canal based on clinical research and routine indices to 

measure the effect of a decompressive surgery on patients with degenerative cervical myelopathy. 
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Authors/Year Journal Population studied Anatomical parts Measured parameters 
Measurement 

tool 
Type of 
analysis 

Kawakami et al. 
2002 

Journal of Spinal 
Disorders and 

Techniques 
113 patients with CSM spinal cord C2 - T1 Cobb angle, convex index MRI 2D 

Zaaroor et al. 
2006 

Minimally Invasive 
Neurosurgery 

42 patients                                                   
Spinal cord, 

subarachnoid space,  
dural sac C1 - L2 

Sagital + Transversal dimensions 0.5T MRI 2D 

Miura et al. 
2009 

Journal of Spinal 
Disorders and 

Techniques 

20 patients with CSM + 20 healthy 
control subjects 

C3 - C7 
the segmental forward-backward  
movement of the spinal cord, JOA 

score 
1.5T MRI 2D 

Morishita et al. 
2009 

European Spine Journal 295 symptomatic patients 
Spinal cord and canal C3 - 

C7  
Angle, sagittal diameters, 

compression 
0.6T MRI 2D 

Smith et al. 
2013 

Spine 56 preoparative subjects C2 - C7 
Spinal cord (CSA, volume, length) and 
spine dimensions (Cobb angle, SVA, 

C2-C7 plumbline) 

MRI + 
radiography 

2D+3D 

Endo et al. 2014 Asian Spine Journal 62 asymptomatic subjects 
spinal cord and canal C1 - 

C7 
Length of cervical cord, anterior and 

posterior cervical canal lengths 
MRI 2D 

Kar et al 2017 
Journal of Clinical and 
Diagnostic Research 

71 symptomatics subjects :                                            
neck pain, radiating, paresthesia neck 

+ upper limb 

Spinal cord and canal C3 - 
C7  

Sagittal diameter of spinl cord and 
canal, Torg ratio 

1.5T MRI 2D 

Wolf et al. 2018 Spinal cord 
12 gender-matched healthy control          

+ 12 patients with cervical spondylotic 
myelopahy 

Spinal cord and canal (C2 
and C5) 

CSF and SC displacement 3T MRI 2D 

Kong et al. 2018 
Therapeutics and 

Clinical Risk 
Management 

317 patients with CSM 
 Spinal cord C4-C7 and  

spine C2 - C7 
Anteroposterior diamter of canal, 

narrowed ratio, cobb angle 
  2D 

Tykocki et al. 
2018 

Acta Neurochirurgica 
63 patients (radiculopathy, 

myelopathy or myeloradiculopathy) 
Spinal cord and canal C3 - 

C7 
Length of cervical cord, spinal cord 

and canal (area, angles)  
1.5T MRI 2D 

Tykocki et al. 
2018 

World Neurosurgery 55 patients with CSM 
Spinal cord, CSF              

(C3 - C7) 
Spinal cord area, CSF area, CSF ratio) 1.5T MRI 2D 

Pratali et al. 
2019 

Spine 18 patients with CSM Spinal cord and canal 
 spinal canal diameter and the spinal 

cord width, the anterior and 
posterior length of the spinal cord 

1.5T MRI 2D 

Table 13. Review table of morphological studies of DCM patients. CSM : cervical spondylosis myelopathy. 
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Patient State of patient              Gender Size [m] Age [y] Masse [kg] BMI Symptoms Follow-up time Surgery solution 

1 

Pre-operative 

Male 

1.79 37 86 26.84 

Tetra pyramidal 
syndrome ; 

Positive 
Hoffman  

    

Post-operative 1 1.79 38 86 26.84  + 6 months 
Decompressive surgery 

(Laminectomy) 

Post-operative 2 1.79 38 83 25.90   + 5.5 months   

2 

Pre-operative 

Male 

1.69 72 80 28.01 

Sensorimotor 
symptomatology 

of 4 limbs ; 
Positive 

Hoffman ; 
Myelopathy 

  

Post-operative 1 1.69 72 80 28.01  + 3 months 
Decompressive surgery 

(Laminectomy) 

Post-operative 2 1.69 73 80 28.01   + 8.5 months   

3 

Pre-operative 

Female 

1.60 69 63 24.61 
Narrowed 

cervical canal 
(C4-C6) 

  

Post-operative 1 1.60 70 66 25.78  + 4 months 
Decompressive surgery 

(Laminectomy) 

Post-operative 2 1.60 70 65 25.39   + 8 months 

C6-C7 canal recalibration 
supplement on restenosis 

at a level not initially 
affected  

Table 14. Demographic characteristics of suspicious DCM population (N=3)
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2.2.Material and methods 

2.2.1.MRI acquisition 

The cohort composed of three european patients with three follow-up cases by patient [Table 14]. They 
were scanned using a 3T MR system (Siemens Healthineers, Erlangen, France). The pathological study 
sample here consisted of a retrospective cohort of subjects who had been referred to the ”Hôpital 
Timone and Hôpital Nord, Neurosurgery service (Marseille, France)” between April 2017 and December 
2019 with clinical signs [Table 15]. 
Each subject was equipped with head, neck and spine coils. Images were acquired using a sagittal 3D T2-

SPACE sequence (Sampling Perfection with Application optimized Contrasts using different flip angle 

Evolution) with the following parameters: voxel size (1x1x1 mm3), field-of-view (256x256 mm2), echo 

time (TE : 124 ms), repetition time (TR : 1500 ms,) , total acquisition time (6 min). The MR protocol was 

approved by the institutional ethics committee and all subjects signed the informed consents. The 

control cohort was chosen excluding history, presence of cervical pathologies or deformations.  

2.2.2.Clinical scores 

For each patient, clinical scores were computed which have been set by a neurosurgeon. The types of 

scores are:  

- the overall stenosis score (OSS), sum of the single stenosis scores, from 0 to 3, for each discal 

level from C2-C3 to C6-C7.  

- modified Japanese Orthopaedic Association (mJOA) score 

In addition, the type of compression had established for each discal level according to the classification 

proposed by Lévy et al. [2020], Fig. 26. 

 

Figure 26. Classification of main compression types observed in DCM [Lévy et al. 2020]. 

Patient Compression type Onset 
Radiologic mJOA(/17) 

DCM type OSS [0-15] M0 Pass1 Pass2 

1 
C4-C5 : left lateral ;         C5-
C6 : right lateral ;          C6-
C7 : left lateral 

Chronic SPL 9 (moderate) 14 15 15/16 

2 
C4-C5 : circumferential ;         
C5-C6 : left lateral ;          C6-
C7 : median diffuse 

Chronic SPL 7 (moderate) 13   13 

3 

C3-C4 : median diffuse;    
C4-C5 : circumferential ;         
C5-C6 : circumferential ;          
C6-C7 :circumferential 

Chronic SPL 12 (severe) 13 14 14 

Table 15. Clinical scores and compression type classification of each patient. SPL: Spondylosis 
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2.2.3.Segmentation and anatomical landmarks positioning 

The global methodology was based on a previous study [Sudres et al. 2020] with specific improvements. 

Briefly, the SC was first segmented in 3D by a quasi-automatic deep-learning approach using the Spinal 

Cord Toolbox (“deepseg” function; SCT ver 4.1.1) [De Leener et al. 2017] with manual corrections done 

on ITK SNAP ver 3.8.0 [Yushkevich et al. 2006]. The outer canal border, assumed as the dura mater, was 

then segmented by a quasi-automatic approach from an in-house Matlab (R2018a version, 

Matlab®MathWorks,1984 – Image Processing Toolbox) pipeline [Fig.27]. 

The quasi-automatic segmentation (QAS) of the cervical spinal canal (CSS) and the landmarks positioning 

through the entire MR volume, composed of 𝑛 MR images (𝐼𝑖, 𝑖 ∈ [1, 𝑛]) were performed in six steps 

using an active contour approach [Xu and Prince 1998]:  

- Step 1. Cervical canal cropping by setting up a rectangle on the mid-sagittal MRI slice with the 

maximum and minimum height given by two morphometric landmarks: the odontoid process 

of C1 and C7 inferior endplate [Fig.27-2-A]. Then the smallest rectangular ROI containing the 

cervical canal is set to extract the mask of the canal contour by a threshold from the axial view 

of 𝐼1 [Fig.27-2-C].  

- Step 2. Two reference and ten complementary anatomical landmarks are positioned on the 

same mid-sagittal MRI slice [Fig.27-2-B]. The two reference landmarks (odontoid and posterior 

corner of the inferior C7 endplate) were used to delimit the ROI once the 3D reconstruction 

done for further post-processing. The complementary landmarks were positioned on the 

posterior corners of each vertebra from the odontoid to C7 inferior endplate and used to 

identify the vertebrae location with respect to morphometrical measurements. 

- Step 3. To obtain a refined segmentation of the canal contour of 𝐼1, the parametric active 

contour GVF snake [Xu and Prince 1997] is initialized as the contour of the mask find in step 1, 

fixing α=0.09, β=1 and µ=0.2, where α and β specify the flexibility and smoothness of the 

contour and µ is a regularization parameter. The snake moves under the influence of two main 

constraints. The internal constraint tries to keep the smoothness of the contour whereas the 

external one attracts contour to edges of the object to be segmented. 

- Step 4. A pre-processing of  𝐼𝑖+1 is performed, the brightest pixels inside the contour of  𝐼𝑖 is 

retained to threshold  𝐼𝑖+1.The centroid of the contour of  𝐼𝑖  is retained and the anteroposterior 

axis of symmetry of  𝐼𝑖+1 is determined in order to align the contour𝑖 along left-right axis on 

 𝐼𝑖+1. Maximum similarity between the ROI of  𝐼𝑖 and the image  𝐼𝑖+1 along the axis found is 

determined to set the  contour𝑖 along right-left axis on  𝐼𝑖+1to determine  contour𝑖+1 . 

Gaussian filter with standard deviation of 𝜎=1 is applied to homogenize pixel values around the 

ROI [Fig.27-2-D]. 

- Step 5. Steps 2 and 3 are repeated (𝑛 − 1) times. 

- Step 6. The point cloud of SC and CSS MRI-based segmentations were interpolated by 3D splines 

and surfaces are meshed by Delaunay triangulation to provide a 3D meshed surface canal 

[Fig.27-3].  
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Figure 27. Global schema of the 3D reconstruction methodology. 2-Active contouring methodology, A-ROI selection 
by the operator on the mid-sagittal view (rectangle) with the spinal cord segmentation from SCT (blue), B-
anatomical landmarks (red) positioning, C-ROI selection by the operator on the first chosen axial image, contour 
detection and thresholding and final contour, D-active contour iterations. 3-Contour interpolation along the canal 
and mesh reconstruction with a surface mesh of the CSS. 

2.2.4.Evaluation of the segmentation 

To evaluate the performance of the CSS segmentation method, segmentations derived from the GVF 

QAS approach were compared to reference segmentations obtained with the semi-automatic 

segmentation (SMS) method [Sudres and al. 2020] using two overlap-based and two distance-based 

metrics.  Dice (1), Jaccard (2), Mean Surface Distance (3) and Hausdorff Distance (4) were thus calculated 

for each axial slice of the MR volume:  

                                                             𝐷𝑖𝑐𝑒 = 2 ×
𝑄𝐴𝑆∩𝑆𝑀𝑆

𝑄𝐴𝑆+𝑆𝑀𝑆
                                                                               (1) 

                                           𝐽𝑎𝑐𝑐𝑎𝑟𝑑 𝑖𝑛𝑑𝑒𝑥 =
𝐴𝑆∩𝑀𝑆

𝐴𝑆+𝑀𝑆−(𝐴𝑆∩𝑀𝑆)
                                                                          (2) 

                                                              𝑀𝑆𝐷 =  
1

2
(𝑑𝑚𝑒𝑎𝑛

𝑀𝑆→𝐴𝑆 + 𝑑𝑚𝑒𝑎𝑛
𝐴𝑆→𝑀𝑆)                                         (3) 

                                                               𝐻𝑆𝐷 = max (max(𝑑𝑆𝑀𝑆→𝑄𝐴𝑆) , max(𝑑𝑄𝐴𝑆→𝑆𝑀𝑆))                        (4) 

Where d is the Euclidian distance between QAS and SMS. 

2.2.5.Data preparation and metrics computation 

The post-processing steps was based on a previous study [Sudres et al. 2020]. The boundaries of the SC 

and the canal were interpolated using 3D splines as the intersection of the surface meshes and meshed 

planes orthogonal to the centerline. Then, 15 metrics were computed : 
𝑆𝐶_𝑟𝑎𝑑𝑖𝑢𝑠

𝐶𝑎𝑛𝑎𝑙_𝑟𝑎𝑑𝑖𝑢𝑠
 which was plotted 

in 3D map representing the patient’s canal. The red regions (close to 1) means that the CSF radius tends 

to zero (meaning the fluid is absent) compared to the blue regions meaning that the fluid is present. 

Others metrics which are AP and LR eccentricity indices, compression ratio, occupational ration and 

cross-sectional area of the canal and the SC called global CSA were defined in [Fradet et al. 2014]. New 

local metrics were also proposed. Each cross-sectional slice considered along the centerline were 

virtually divided in 8 zones in which the CSA was computed for the canal.  
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 All the calculation were performed on Dell Latitude 7480, Intel® Core™ i7-7600U CPU – 

2.80GHz/2.90GHz, RAM : 8Go. 

2.2.6.Statistical analysis 

Statistical comparisons between pre-operative, post-operative 1 and post-operative 2 measurements 

were not performed due to the limited size of population. 

2.3.Results 

The methodology (segmentation, reconstruction and post-processing) is performed less than 30 min. 

Morphological parameters were computed from anatomical markers and centerline coordinates in less 

than 5 min. The QAS segmentation of the CSS were evaluated on a healthy population and compared to 

the semi-manual segmentation with a mean dice value of 0.935 ± 0.007 and a mean HSD value of 1.690 

± 0.1.57 mm. The QAS segmentations of DCM population were evaluated between a semi-manual 

segmentation performed by an operator. A mean dice value of 0.934 ± 0.008 and a mean HSD value of 

1.305 mm were measured [Table 16]. 

Similarity 
indices 

Healthy population 
(n=11) 

DCM population 
(n=9) 

Dice 0.935 ± 0.007 0.934 ± 0.008 

Jaccard 0.878 ± 0.012 0.877 ± 0.014 

HSD (mm) 1.690 ± 0.308 1.305 ± 0.157 

MSD (mm) 1.073 ± 0.036 1.033 ± 0.022 

Table 16. Similarity indices evaluating the quality of the QAS segmentation of the healthy population (neutral neck 
position) [Sudres et al. 2020] and the DCM population. 

2.3.1.Segmentation evaluation 

The measurement of the similarity indices by patient were depicted in Supplementary data.  

Patient 1. A decrease of the Dice and Jaccard indices were observed at the C4/C5 IVJ (0.82 and 0.7 

respectively) for the pre-operative MR images whereas an increase of the Hausdorff distance (HD) and 

of the MSD (2 and 1.2 mm respectively) were measured. The same observations were done for the post-

operative 1 and 2 MR images at the C6/C7 IVJ (Dice: 0.89 and 0.91, Jaccard: 0.89, HSD: 2.8 mm and 1.8, 

MSD: 1.2 and 1.08 mm). 

Patient 2. A decrease of the Dice and Jaccard indices (0.87 and 0.78) at the C4/C5 IVJ and an increase of 

the HSD and MSD indices (1.5 and 1.08 mm) at the C4/C5 IVJ and at the C5/C6 IVJ (1.5 and 1.08 mm) 

were measured for the pre-operative case. A slight increase of the mean HD and mean MSD indices 

associated with high variation of the SD at the C2/C3 IVJ and C5/C6 IVJ  whereas a slight decrease of the 

Dice and Jaccard indices (0.93 and 0.87, respectively) were measured at the C4/C5 IVJ, C4, C6 vertebral 

levels for the post-operative 1 case. A slight decrease of the Dice and Jaccard indices and an increase of 

the HD and MSD were measured at the C6/C7 IVJ (Dice: 0.91, Jaccard: 0.83, HSD: 1.8 mm, MSD: 1.08 

mm) for the post-operative 2 case. 

Patient 3. A decrease of the Dice and Jaccard indices were measured at the C4/C5 and C5/C6 IVJ (Dice : 

0.92 and 0.89, Jaccard: 0.86 and 0.8) whereas an increase of the HD and MSD were observed at the 

C4/C5 IVJ (1.4 and1.05 mm) for the pre-operative case. 
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2.3.2.Patient 1 

Common clinical research morphometrical metrics. 
The CR of the pre-operative case is inferior (flatter) to the CR of the post-operative 2 case at the first 
half of C3 vertebra (0.5 and 0.6, respectively) and the second half of C4 vertebra (0.4 and 0.55, 
respectively). The AP index of the pre-operative case is superior (more antero-posteriorly central) to the 
AP value of the post-operative 2 case at the second half of C4 vertebra (-5% against -25% respectively) 
and inferior (less anterior) at the C6/C7 IVJ (41% against 62% respectively). The LR index of the pre-
operative case is inferior (more on the right of the center) to the LR index of the post-operative 2 case 
at the C4/C5 IVJ (-12% against -2%) and C5/C6 IVJ (-29% against -4.5%). This index for the pre-operative 
case is superior (more on the left) at the C6 vertebra and inferior (close to the center) at the C7 cervical 
compared to the post-operative 2 case one (C6: 40% against 2%; C7: 4% against 43%). The OR for the 
pre-operative case is superior to the post-operative 2 at the first half of C5 vertebra and the superior 
endplate of C5/C6 IVJ (0.5 against 0.35 respectively between the cases). Finally, the global SC CSA of the 
pre-operative case is superior to this index for the post-operative 1 and 2 at the end of C5 vertebra (53 
mm², 22 mm², 40 mm² respectively) [Fig. 29]. 
 
New local morphometrical metrics. 
The CSA of the Z2 pre-operative case is superior to the CSA of the post-operative 1,2 cases at the C5 
vertebral level (51 mm² and 28 mm² respectively) and at the C7 vertebra level (43 mm² and 30 mm²). 
The CSA of the Z7 pre-operative case is inferior to the CSA of the post-operative 1,2 cases at the C5 
vertebral level (18 mm² and 34 mm² respectively) as well as for the CSA of Z8 at the C3 vertebral level 
(14 mm² and 21 mm² respectively) and at the C5 vertebral level (7 mm² and 13 mm2 respectively) [Fig. 
30]. 
 
3D visualization and volume quantification. 
The volume from the superior C3 endplate to the superior C7 endplate of the SC, the CSF and the canal 
increase of -6%, 3% and 0% respectively between the pre-operative and the post-operative 2 cases. The 
SC over canal radius ratio is close to 1 (in red) on the dorsal left side from the C3 vertebral level to the 
C6 vertebra for the pre-operative case. This index is close to 1 with spatial attenuations compared to 
the pre-operative case 2 on the dorsal sides from the C4 vertebra the C5 vertebra for the post-operative 
1 and 2 cases [Fig. 28]. 

2.3.3.Patient 2 

Common clinical research morphometrical metrics. 
The CR of the pre-operative case is inferior (flatter) to the CR of the post-operative 2 case between the 
C2/C3 IVJ and the end of C5/C6 IVJ with a peak at the C4/C5 IVJ (0.56 against 0.85, respectively). The AP 
index of the pre-operative case is superior (more posterior) to the AP value of the post-operative 2 case 
between the end of C2 vertebra and the C5 vertebra (approximatively +25%) and two peaks occur at 
C5/C6 IVJ (61% against -10% respectively) and at the C6/C7 IVJ (46% against 15% respectively). Two 
peaks were observed for the LR index of the pre-operative case compared to the index of the post-
operative 2 case at the C5 vertebra (-31% against 9% respectively) and the C5/C6 IVJ (57% against 11% 
respectively. The OR for the pre-operative case increase between the C3/C4 IVJ and the C6 vertebra 
compared to the post-operative 2, with two peaks at the C4/C5 IVJ (0.56 against 0.28 respectively) and 
the C5/C6 IVJ (0.53 against 0.28 respectively). Finally, two peaks of the global canal CSA were observed 
for the pre-operative case compared to the post-operative 2 case at C4/C5 (81 mm² against 201 mm², 
respectively) and at the C5/C6 IVJ (90 mm² against 180 mm², respectively) [Fig. 32]. 
 
New local morphometrical metrics. 
The CSA of Z1 and Z8 of the pre-operative case were strongly inferior to those of the post-operative 1 
and 2 cases between the end of C2 vertebra and C6 vertebra (Z1 maximum peak: 7 mm² and 36 mm² 
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respectively at 0.5 for abscissa ; Z8 maximum peak: 6.8 mm² and 30 mm² respectively at 0.6 for abscissa) 
[Fig. 33]. 
 
3D visualization and volume quantification. 
The volume from the superior C3 endplate to the superior C7 endplate of the SC, the CSF and the canal 
increase of -5%, 43% and 25% respectively between the pre-operative and the post-operative 2 cases. 
The SC over canal radius ratio is close to 1 (in red) on the dorsal left side of the C2/C3, C5/C6 and C6/C7 
IVJ as well as the C4 vertebra for the pre-operative case. This index is close to 1 on the lateral sides from 
the C2/C3 IVJ to the C7 vertebra for the post-operative 1 and 2 cases with an attenuation for this latter 
[Fig. 31]. 
 

2.3.4.Patient 3 

Common clinical research morphometrical metrics. 
The CR of the pre-operative case is close to 0.4 (flatter than the post-operative cases) between the C4 
vertebra and the beginning of the C7 vertebra. Four peaks were observed for the AP index between the 
pre-operative and the post-operative 2 cases at the beginning of the C4 vertebra (44.6% against 4.6% 
respectively), at the end of the C4/C5 IVJ (41.9% against -3.3% respectively), at the C5/C6 IVJ (54.1% 
against 9.1% respectively) and the C6/C7 IVJ (51.3% against 9.1%). A peak was observed for the LR index 
of the pre-operative case compared to the index of the post-operative 2 case at the beginning of C6 
vertebra (40% against 1%). The OR for the pre-operative case is superior to those of the post-operative 
2 between the C3/C4 IVJ and the C7 vertebra (a gap between +0.1 and +0.2 compared to the post-
operative 2 case). Finally, a decrease of the global SC CSA up to 60mm² (around 0.75 of abscissa) and 
the global canal CSA up to 21 mm² (0.72 of abscissa) of the pre-operative case compared to those of  
the post-operative 2 were measured [Fig. 35]. 
 
New local morphometrical metrics. 
The CSA of Z1 and Z8 of the pre-operative case were strongly inferior to those of the post-operative 1 
and 2 cases between the end of C3 vertebra and the end of C7 vertebra (Z1 maximum peak: 7.5 mm² 
and 36.2 mm² respectively at 0.8 for abscissa ; Z8 maximum peak:  4.9 mm² and 36.0 mm² respectively 
at 0.8 for abscissa) [Fig. 36]. 
 
3D visualization and volume quantification. 
The volume from the superior C3 endplate to the superior C7 endplate of the SC, the CSF and the canal 
increase of 13%, 77% and 54% respectively between the pre-operative and the post-operative 2 cases. 
The SC over canal radius ratio is close to 1 (in red) on the dorsal left side of the C4/C5 IVJ and the C6 
vertebra whereas it is the C5/C6 IVJ and the C6/C7 IVJ for the ventral side of the pre-operative case. This 
index is close to 1 on the left lateral side (ventral view) from the C3/C4 IVJ to the C5/C6 IVJ for the post-
operative 1 and 2 cases with an attenuation for this latter [Fig. 34]. 
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Figure 28. Patient 1. Quantification of morphometrics metrics along the normalized centerline of the SC. CR: Compression Ratio, AP: Antero-Posterior eccentricity, LR : Left-Right 
eccentricity, OR : Occupational Ratio, Global canal CSA : canal area of each slice, Global SC CSA : spinal cord area. All the indices were computed along the normalized centerline. 
On each subplot, the pre-surgery case (in red), the post-surgery 1 (in blue) and the post-surgery 2 (in green). The vertical dashed lines represent the mean location of the vertebral 
endplates with the standard deviations associated (error bars). On the CR subplot, the horizontal dotted and dash-dot lines represent pathological threshold identified by the 
literature: [1] Kovalova et al. 2015 (0.4), [2] Kadanka et al. 2017 (0.4), [3] Abudouaini et al. 2020 (0.5), [4] Chen et al. 2016 (0.5), [5] Nagai et al. 2018 (0.5).
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Figure 29. Patient 1. Quantification of a local canal area by slice along the normalized spinal cord centerline. Each local zone Zi is represented by a schema next to the associated 
subplot. The axial slices where the canal is the most narrowed are depicted under the subplot. Cx-Cy represents the intervertebral level. The vertical dashed lines represent the 
mean location of the vertebral endplates with the standard deviations associated (error bars). 
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Figure 30. Patient 1. 3D cartography of the SC radius over canal radius ratio computed for each point of slice along the spinal cord centerline. The textbox in upper left describes 
the volume of each anatomical part (CS, CSF and canal) in pre-surgery phase (in red), in post-surgery phase 1 (in blue) and in post-surgery phase 2 (in green). In the left, the 
volume gains (in black) before each phase were computed in percentage. For each phase, the 3D cartography is displayed in the right lateral dorsal orientation (Dorsal) and in 
the left lateral ventral orientation (Ventral).
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Figure 31. Patient 2. Quantification of morphometrics metrics along the normalized centerline of the SC. CR: Compression Ratio, AP: Antero-Posterior eccentricity, LR : Left-Right 
eccentricity, OR : Occupational Ratio, Global canal CSA : canal area of each slice, Global SC CSA : spinal cord area. All the indices were computed along the normalized centerline. 
On each subplot, the pre-surgery case (in red), the post-surgery 1 (in blue) and the post-surgery 2 (in green). The vertical  dashed lines represent the mean location of the vertebral 
endplates with the standard deviations associated (error bars).  On the CR subplot, the horizontal dotted and dash-dot lines represent pathological threshold identified by the 
literature : [1]: Kovalova et al. 2015, [2]: Kadanka et al. 2017, [3]: Abudouaini et al. 2020, [4]: Chen et al. 2016, [5]: Nagai et al. 2018.
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Figure 32. Patient 2. Quantification of a local canal area by slice along the normalized spinal cord centerline. Each local zone Zi is represented by a schema next to the associated 
subplot. The axial slices where the canal is the most narrowed are depicted under the subplot. Cx-Cy represents the intervertebral level. The vertical dashed lines represent the 
mean location of the vertebral endplates with the standard deviations associated (error bars). 
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Figure 33. Patient 2. 3D cartography of the SC radius over canal radius ratio computed for each point of slice along the spinal cord centerline. The textbox in upper left describes 
the volume (from the C3 superior endplate to the C7 inferior endplate) of each anatomical part (CS, CSF and canal) in pre-surgery phase (in red), in post-surgery phase 1 (in blue) 
and in post-surgery phase 2 (in green). In the left, the volume gains (in black) before each phase were computed in percentage. For each phase, the 3D cartography is displayed 
in the right lateral dorsal orientation (Dorsal) and in the left lateral ventral orientation (Ventral). 
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Figure 34. Patient 3. Quantification of morphometrics metrics along the normalized centerline of the SC. CR: Compression Ratio, AP: Antero-Posterior eccentricity, LR : Left-Right 
eccentricity, OR : Occupational Ratio, Global canal CSA : canal area of each slice, Global SC CSA : spinal cord area. All the indices were computed along the normalized centerline. 
On each subplot, the pre-surgery case (in red), the post-surgery 1 (in blue) and the post-surgery 2 (in green). The vertical dashed lines represent the mean location of the vertebral 
endplates with the standard deviations associated (error bars).  On the CR subplot, the horizontal dotted and dash-dot lines represent pathological threshold identified by the 
literature : [1]: Kovalova et al. 2015, [2]: Kadanka et al. 2017, [3]: Abudouaini et al. 2020, [4]: Chen et al. 2016, [5]: Nagai et al. 2018 . 
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Figure 35. Patient 3. Quantification of a local canal area by slice along the normalized spinal cord centerline. Each local zone Zi is represented by a schema next to the associated 
subplot. The axial slices where the canal is the most narrowed are depicted under the subplot. Cx-Cy represents the intervertebral level. The vertical dashed lines represent the 
mean location of the vertebral endplates with the standard deviations associated (error bars) 
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Figure 36. Patient 3. 3D cartography of the SC radius over canal radius ratio computed for each point of slice along the spinal cord centerline. The textbox in upper left describes 
the volume of each anatomical part (CS, CSF and canal) in pre-surgery phase (in red), in post-surgery phase 1 (in blue) and in post-surgery phase 2 (in green). In the left, the 
volume gains (in black) before each phase were computed in percentage. For each phase, the 3D cartography is displayed in the right lateral dorsal orientation (Dorsal) and in 
the left lateral ventral orientation (Ventral). 
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2.4.Discussion 

The segmentation evaluation of the healthy population by the dice index was superior and in coherence 
with the literature : 0.70 ± 0.05 [Koh et al. 2010], 0.85 ± 0.03 [Chen et al. 2013] and 0.91 ± 0.02 [De 
Leener et al. 2015].  
Using segmented MRI 3D geometrical reconstructions, it was possible to describe the morphological 
changes induced by decompressive surgical procedures for myelopathy cases. Common clinical research 
indices (CR, AP and LR eccentricities, OR and global CSA of the spinal cord and canal) as well as new local 
morphological indices divided in axial zones (from 1 to 8) and a 3D visualization of the spinal cord radius 
over canal radius ratio were provided in this study for each case (pre-operative, post-operative 1 and 
post-operative 2) of each subject (from 1 to 3). Thresholds of 0.4 and 0.5 for the compression ratio (CR) 
(plotted on the Fig. 3, 6 and 9) were considered as pathological thresholds in case of cervical stenosis. 
The SC volumes provided in the Fig. 2, 5 and 8 were in coherence with Smith et al. [2013] using a similar 
methodology of computation. 
 
Patient1. 
This patient suffered from chronic spondylosis with longitudinal spatial canal narrowing at the C4/C5, 
C5/C6 and C6/C7 IVJ while the canal compression was located on the left, the right and the left lateral 
sides in the axial spatiality. The spinal cord is flatter at these spinal levels [axial MRI – Fig. 30] and the 
CR ratio of the three cases were measured below 0.5 and below 0.4 for the pre-operative cases. This 
index allows to show that the spinal cord is also flatter around the more impacted spinal level (from C3 
to C7 vertebra). The OR index shows that decompressive surgery (post-surgery 1 and 2) of the dorsal 
side (consisting in the C3, C4 and C5 spinous processes resection) release more the canal CSA and more 
specifically the CSF CSA than the SC CSA [Fig. 29]. The observation was supported by the increase of 
volume gain of CSF (1->2: 31%; 1->3: 43%) and canal (1->2: 17% ; 1->3: 25%) compared to the SC volume 
(1->2: -7% ; 1->3: -5%) [Fig. 28]. The negative volume gains of the spinal cord can be explained by an 
inter-session variation of the subject during the MRI acquisition. It is probable that the neck position 
changed having a displacement effect on the spinal cord. Thus, the segment of spinal cord on each case 
seems to not be exactly the same leading to negative volume variation not physiological. However the 
spinal cord volume variation should be found closed to 0% between the cases.  
The spatial axial compression were quantified with the local canal area zones [Fig. 30]. The surgery 
released the more canal space at the C5 vertebra level on the left and right ventral side where the spinal 
cord moved posteriorly [LR index – Fig. 29]. This local apparent difference has to be taken with caution 
because assessment of the segmentation in this specific area shows a decrease of the HD and MSD ( 
Supplementary data - Fig. 37). Nevertheless, the oscillations in the canal zones Z1, Z2, Z7 and Z8 
corresponding to the axial compressions were identified at the corresponding IVJ [Fig. 30]. 
Clinical aspects 
The 3D visualization of the SC over canal radius ratio (a local form of the OR) [Fig. 29] shows more 
variations on the dorsal side than the ventral side even if the ventral compression observed on the axial 
MRI slices [Fig. 30] were identified.  
 
Patient2. 
The thresholds on CR index seem to visually identify the compressions at the C4/C5, C5/C6 and the 
C6/C7 IVJ. Indeed, the index values of the three cases are above the thresholds. However, an increase 
of the index value can be observed between the pre-operative and the two others post-operative cases 
between the C2/C3 IVJ and the end of C5/C6 IVJ. The AP index shows that the spinal cord is more antero-
posteriorly centered for the pre-operative case than the spinal cords of post-operative 1 and 2 with 
twos peaks at the C4 vertebra and at the C5/C6 IVJ where the spinal cord of the pre-operative case is 
more posterior positioned. On one side this observation can be corroborated with the values of the OR 
of the pre-operative case at the same locations. Indeed, two superior peaks observed for the pre-
operative case at the C4/C5 IVJ and at the C5/C6 IVJ mean that these superior values are induced by the 
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superior decrease of the global canal CSA compared to the decrease of the global SC CSA. In regard of 
the AP eccentricity inferior values (more posterior position compared to the post-operative cases) 
between the C2/C3 IVJ and the C6/C7 IVJ for the pre-operative case, the local canal CSA of Z1, Z8 
(anterior zones) shows a superior decrease of the areas compared to the decrease of the local canal 
CSA of Z4, Z5, and Z7 (posterior and lateral zones). These spatial variations could be explained by the 
local displacement of the cerebrospinal fluid from the anterior side of the canal to the posterior side 
and possibly to the cranio-caudal directions .This local ventral shunt would lead to a decrease of velocity 
on the opposite sides of C5/C6 left lateral and C6/C7 median diffuse compressions locations [Bae et al. 
2017, Im et al. 2014, Watabe et al. 1999] and creating a spatial wall shear stress gradient increasing 
from the level stenosis to the around regions [Ahmed et al. 1984]. 
The 3D visualization of the spinal cord over canal radius ratio of the pre-operative highlights the 
decrease of the spatial locations of the compressions in the ventral and dorsal side. The red regions 
(close to 1) means that the CSF radius tends to zero (meaning the fluid is absent) compared to the blue 
regions meaning that the fluid is present. Thus, the C4/C5 circumferential compression is represented 
by red patches all around this  IVJ level. The left lateral compression (on the ventral side on the Figure 
31 and on the axial MRI slices Fig. 33) is also identifiable as well as the lateral median diffuse 
compression on the dorsal view [Fig. 31] for the pre-operative case. The remaining lateral compression 
from the C3/C4 IVJ to the C7 vertebra (in red) is in coherence with the absence of CSF (in white) on the 
MRI axial slices on the Figure 31 for the post-operative 1 and 2 cases. The release of space due to the 
decompressive surgery is represented by the blue regions due to the increase of the CSF space. The red 
zone which appears at the C3/C4 IVJ for the post-operative case 2 would show a pinch effect induced 
by the resection of the spinous process and creating a spatial post-stenosis increase of CSF space. Thus, 
during neck extension, this morphological variation leads to a shunt effect. A biomechanical modeling 
of this case could be identified if this pinch effect leads to a local stress increase. 
 
Patient3. 
This subject shows a comparable case with a ventral median diffuse compression at the C3/C4 IVJ 
whereas the compressions are circumferential at the C4/C5, C5/C6 and C6/C7 IVJ. The decrease of the 
global and local (from Z1 to Z8) canal CSA as well as the increase of the OR at the same levels are 
corroborated with the red patches displayed on the dorsal and ventral sides. In addition, the dorsal 
pinch effect already observed for the subject 2 for the post-operative 1 and 2 is also present for the 
post-operative 1 and largely attenuated for the post-operative 2 case. This observation is validated by 
the sagittal MRI slice in Fig. 39 (Supplementary data). The variation of pinch effect could be due to the 
variation of the neck flexion between the sessions. As discussed above, it could also lead to replicate 
stress concentration along daily activities. 
 
Several limitations were reported. Firstly, vertebral endplate location variations were observed for the 
three subjects (horizontal error bars on each graph). Strong variations of location between each case 
were measured for the patient 2. No error concerning the landmarks positioning were noticed. An inter-
session variability could be explained these variations. Indeed, the neck position of the subject at each 
acquisition could enough change enough to create a variation of vertebra location regarding the spinal 
cord location. In addition, the spinal cord could also move between each session. These potential 
displacements of the spinal cord could explain the negative volume gain measured for the patient 1. 
Inter-sessions error will be quantified in future work in comparing the morphometrics indices between 
two MR acquisitions. 
Secondly, potential error associated with segmentation could be reported at the stenosis level due to a 
strong decrease of contrast ratio signal between the cerebrospinal fluid (in white) and the spinal cord 
(in gray). These particular regions required a specific reading by a clinician on both MR images and 3D 
reconstructed surfaces in order to validate the new quasi-automatic segmentation process. In addition, 
the effect of smoothing should be furtherly investigated to provide a complete validation of the 
segmentation process and to quantify the biomechanical effects on the cerebrospinal fluid flow. 
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To finish, I would highlight the fact that MR system has a strong potential in future years to investigate 
in vivo properties of the body. However, such imaging modality do not provide an absolute anatomical 
description of the body structure. Indeed, the accuracy of all the metrics proposed in literature is directly 
linked to multiple MRI-driven factors such as the MRI magnet power (1.5T vs 3T vs 7T), the resolution 
of the images, motion of the subject in the machine, position and uniformity of the radio frequency field 
between receptors and transmitter leading to an alteration of the image contrast are factors which 
could lead to an increase of the error of segmentation and of the metrics quantification. Indeed, all 
these residual errors could have high effect in biomechanical modelling, in particular in fluid mechanics 
considering a potential correlation between variation of topology/morphology of the structures in which 
flows the cerebrospinal fluid and the temporal and spatial wall shear stress distributions. A 
quantification of these errors and of their effects on the segmentation and the metrics should be studied 
in measuring the propagation of uncertainties by a Monte-Carlo methodology [JCGM 101:2008] as used 
in the Chapter 4, section 1.6. 

2.5.Conclusion 

A detailed semi-automatic subject-specific morphological description of Degenerative Cervical 

Myelopathy canal of three cases were provided. Not only common clinical indices were presented but 

also new local area indices as well as a 3D visualizations of the SC over canal radius ration showing 

preliminary high visual relationship with the MRI spatial identification of the compressive regions. 

Finally, the 3D segmented surfaces as well as the morphological data could be used to further 

biomechanical quantification of the stress effects due to the post-operative pinch effect at the C3/C4 

IVJ and the wall sear stress quantification into and around the stenosis regions.
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2.6.Appendices 

Supplementary data – Similarity quantification by vertebral and IVJ 

level along the CSS  

 

 

Figure 37. Patient 1. Evaluation of the 4 similarity indices (Dice, Jaccard, Hausdorff and MSD) along the canal. Each 
value (square markers) corresponds to a mean (in red) with the associated standard deviation (in blue). 
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Figure 38. Patient 2. Evaluation of the 4 similarity indices (Dice, Jaccard, Hausdorff and MSD) along the canal. Each 
value (square markers) corresponds to a mean (in red) with the associated standard deviation (in blue). 
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Figure 39. Patient 3. Evaluation of the 4 similarity indices (Dice, Jaccard, Hausdorff and MSD) along the canal. Each 
value (square markers) corresponds to a mean (in red) with the associated standard deviation (in blue). 
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-------------------------------------------------------------------------------------------------------------------------------------- 

Chapter summary 

Section 1 summary 
A first published study on the development of a methodology allowing the quantification of 
morphometrical indices along the cervical canal was performed. This approach aimed at providing 
accurate and detailed morphological data (cross-sectional area, eccentricity indices, and displacements 
of the cord and canal) in order to quantify the impact of the flexion in the cervical canal. Indeed, absolute 
morphological indices describing the spinal cord (cross-sectional area, compression ratio, position in the 
canal, length) and of the cervical subarachnoid canal (cross section, occupational ratio, lengths) were 
calculated from semi-automatic reconstructions of in vivo high resolution MRI (3D T2-SPACE sequence, 
on 11 healthy volunteers, for two postures: neutral position and flexion of the neck). The two main 
results of this study are: (1) the left-right stability described by the left-right eccentricity index and is 
ensured by the denticulate ligaments and nerve roots attached to the dural sheaths, (2) an effect of 
Poisson (decrease in axial section and lengthening of the cord in flexion) of the spinal cord has been 
partially shown in the axial plane (anteroposterior diameter, occupational ratio, compression ratio) and 
by its longitudinal geometric descriptions (length of the cord spinal). This methodology can now be used 
for comparison with patients affected by degenerative cervical myelopathy (DCM), as well as in the 
context of biomechanical modeling. 
 

Section 2 summary 
In the study described in this section, we are interested in the morphology of the cervical canal for 3 
DCM patients, treated surgically (1 preoperative and 2 postoperative follow-ups). Indeed, 
decompression surgery strongly modifies the morphology of the patient's cervical canal. Then, it 
remains difficult to establish pathological morphological criteria for detecting potential canal narrowing 
both for the diagnostic stage and for the follow-up or even prognostic stage. In this context, we propose 
a methodology based on our previous work described above to morphologically quantify these 
modifications and provide additional information to neurosurgeons in the follow-up of the DCM patient. 
Not only common clinical indices were presented but also new local area indices as well as a 3D 
visualization of the SC over canal radius ration showing preliminary high visual relationship with the MRI 
spatial identification of the compressed regions. Finally, the 3D segmented surfaces as well as the 
morphological data could be used to further biomechanical quantification of the stress effects induced 
by the post-operative pinch effect at the C3/C4 IVJ and the wall sear stress quantification into and 
around the stenosis regions before surgery. 
 
--------------------------------------------------------------------------------------------------------------------------------------
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In the previous chapter, the morphometry of a healthy and a pathological population was provided and 

reconstructed in 3D for the purpose of future simulation in FSI. However, as explained in the chapter 2, 

the accurate definition of the solid domain is equally important as the fluid domain. In this context, the 

study and the quantification of the material properties of tissue in contact with the CSF is required.  

The aims of this chapter were : 

1) to provide a preliminary hyperelastic as well as a detailed elastic description of the uniaxial 

tensile properties of the spinal porcine meninges in a moderate condition. 

2) to provide a characterization of biaxial tensile properties of the spinal porcine meninges. 

3) based on the 2nd objective, to propose an isotropic and anisotropic hyper-elastic description of 

the spinal porcine meninges. 
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1.1.Introduction 

The spinal meninges composed of the dura mater, the arachnoid mater and the pia mater, play a 

mechanical protective role for the spinal cord [Sakka et al. 2016]. The dura mater is a fibrous, white, 

thick, and resistant membrane formed by a dense connective tissue poorly vascularized with a ratio of 

collagen I fibers to elastin fibers varying radially. The arachnoid mater can be described as an outer layer, 

consisting of a thin transparent membrane mainly composed of collagen and elastin fibers, attached to 

the dura mater by thin strands of collagen. The pia mater is mainly composed of predominantly 

longitudinally orientated collagen fibers, which carry larger branches of the spinal vasculature [Reina et 

al. 1997, 2020].  
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As any biological soft tissue, meningeal mechanical properties are altered post mortem due to drying 

and the interruption of blood supply, thus leading to tissue degeneration [Garo et al. 2007, Fountoulakis 

et al. 2001]. In consequence, the experimental testing methodology needs an thorough management 

of time and manipulation to provide reliable mechanical measurements in order to highlight the 

specificities of such biological soft tissues. Better knowledge of the mechanical behavior of these tissues 

wrapping the cord is required to accurately model the stress and strain fields of the spinal cord during 

physiological or traumatic motions [Bertram and Heil 2016, Fradet et al. 2016a, Sparrey and Keaveny 

2009, Kimpara et al.2006, Khuyagbaatar et al. 2014]. Such modeling tools allowed the correlation of the 

stresses fields in the spinal cord with clinical analyses [Lévy et al. 2020, Czyż et al. 2012], and the 

assessment of the effect of a specific surgery on these tissues [Henao et al. 2016]. 

The spinal dura mater was mainly tested in tension at different locations of the spine. A porcine cervical 

cartography of the mechanical properties showed differences between the dorsal and the ventral side 

of the dura mater [Mazgajczyk et al. 2012]. A significant variability of properties was found between 

species, such as rats [Maikos et al . 2008], dogs [Patin et al. 1993], sheeps [Shetye et al. 2014], swines 

[Mazgajczyk et al. 2012], cattle [Runza et al. 1999] and humans [Runza et al. 1999, Chauvet et al. 2010]. 

Due to ethical and logistical complications related to human species, the high similarity of porcine model 

to the human species on the genetic, anatomical, physiological, pathophysiological [Schomberg et al. 

2017], and biomechanical [Wilke et al. 2011] levels, the swine model appears as the best transversal 

human models, next to non-human primates [Schomberg et al. 2017], and is increasingly used in spine 

research [Kim et al.2019, Ramo et al. 2018b, Brummund et al. 2017, Fradet et al. 2016b, Swnindel et al. 

2013]. In addition, similarities between human and porcine models were highlighted histologically for 

the dura mater (3 dural layers structure) [Kinaci et al. 2020]. 

An anisotropic behavior (in longitudinal or cranio-caudal direction and in circumferential direction) was 

also reported in most of the species except for the dog. One biaxial study confirmed this difference 

between these two mechanical orientations on ovine samples [Shetye et al. 2014]. The anisotropic 

behavior was corroborated by histological studies describing, in particular, the longitudinal direction of 

fibers along the cord [Maikos et al. 2008, Chauvet et al. 2010]. Among these studies, the spinal arachnoid 

mater was considered as a part of the spinal dura mater, excepted for two of them which assumed its 

adherence to the spinal pia mater [Fabris et al. 2019, Ramo et al. 2018c]. The spinal arachnoid-dura 

tissue continuity assumption was validated by others histological quantification, showing the arachnoid 

mater to be the inner layer of the dura mater. The relative thickness of dura-to-arachnoid mater 

however suggested a limited role of the arachnoid to the mechanical properties of the dura mater 

[Vandenabeele et al . 1996, Reina et al. 1997]. Then, quantification of the mechanical properties of pia 

and dura-arachnoid mater complex (DAC) mechanical properties is not fully described along the whole 

spinal cord in the literature. One study compared biomechanical properties of the ovine dura mater at 

six spinal levels (C6, C7, T11, T12, L4, and L5). No significant difference of elastic moduli values between 

longitudinal and circumferential directions at the cervical levels were notified, but this study showed 

that the ratio between the longitudinal and circumferential elastic moduli were significantly smaller at 

the cervical and thoracic levels [Yang et al. 2019]. In addition, Mazgajczyk et al. [2012] highlighted a 

significative variability of DAC mechanical properties along the porcine cervical segment between the 

dorsal and the ventral sides on porcine models. Our hypothesis is that the elastic mechanical properties, 

which vary between the ventral and dorsal sides, could also vary along the whole longitudinal spinal 

cord from the spinal cervical to the spinal lumbar levels.  

The effect of conservation methods on mechanical characteristics is not systematically quantified. 

Freezing method at -4°C was shown to modify the mechanical properties variability of the human dura 
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mater through time, while the mechanical properties of the bovine dura mater decreases independently 

of the time [Runza et al. 1999].  

Concerning the spinal pia mater, two studies provided indirect measurements of the cervical 

compressive and tensile mechanical properties on rabbits [Ozawa et al. 2004] and on human spinal cord 

[Mazuchowski and Thibault 2003]. More recently, quasi-static tensile tests and a dynamics mechanical 

analysis were performed on cervical ewe pia mater assumed as an integrally laminated structure 

composed of the arachnoid and the pia maters. This study highlighted the non-linear viscoelasticity of 

the ewe pia-arachnoid structure [Ramo et al. 2018c].  

The aim of this study is to quantify the elastic meningeal mechanical properties along the porcine spinal 

cord in the longitudinal (cranio-caudal) direction and in the circumferential (surrounding the spinal cord) 

directions for the DAC, and solely in longitudinal direction for the PM. A quasi-static loading close to 

physiological solicitations was considered. In addition, the effect of the conservation method effect was 

assessed by comparing flash frozen (at -80°C) [Sparrey and Keaveny 2009] (different from a classical 

freezing at -4°C) and fresh samples properties. 

1.2.Material and methods 

1.2.1.Sample preparation 

Two tissue structures were characterized in this study: the dura-arachnoid mater complex (DAC) and 

the pia mater (PM). Six complete spines (C0 – L5) were harvested from pigs (race: crossbreeding 

Yorkshire x Landrace, age: 2-3 months, weight: 43 +/- 13 kg, gender: 4 males and 2 females) one to two 

hours following euthanasia. The animals were euthanatized for reasons unrelated to this study. The 

spine was firstly extracted by a dissection on the dorsal side using scalpels and oscillating saw. This step 

was performed less than 35 minutes after euthanasia. The spine was then sectioned in three levels: 

cervical level (from the foramen magnum to the T1-T2 joint), thoracic level (from the T1-T2 joint to the 

T13-T14 joint, and lumbar level (from the T13-T14 joint to the L6-S1 joint). The spinal cord-meningeal 

complex, including the DAC, was carefully removed from the spinal canal through fine dissection with 

scalpels and gouge clamps, and small clamps (duration of 1 hour). The nerve roots and the denticulate 

ligaments were resected along the DAC. The spinal cord-meningeal complex from two spinal levels over 

three were stored in PBS at 4°C. The DAC and PM samples were prepared and tested within a 12 hours 

and 30 minutes after euthanasia. The remaining one third of spinal cord-meningeal complex was saved 

using flash-freezing (FF) method at -80°C [Sparrey and Keaveny 2009] and thawed at 4°C and prepared 

and tested at 20°C. For all samples, the DAC was longitudinally incised on the lateral side of the spinal 

cord-meningeal complex and was removed from the cord. The same operation was done for the PM, 

which was also taken apart from the white and grey matters. All the fresh and FF samples were stored 

in PBS at 20°C to keep them moist after preparation and tested at room laboratory temperature of 

20°C.The samples were placed between two pieces of sandpaper into which a window was cut, and a 

stochastic pattern of dots was applied using an oil-based black paint spray (Ptouch 2x + sspr 6pk flat 

black, Rust-Oleum Corporation, USA), [Fig 40 – A]. This step was used to measure the length and the 

width of the sample as well as to perform strain and stress fields analyses. The support was then inserted 

and fastened into the clamps of the testing machine (GRIP ASST, T/C, 3200, Bose Corporation, 

Framingham, Massachusetts, US). The lateral side of the sandpaper support was cut before testing to 

allow traction with the clamps [Fig 40 – B]. Two different orientations of clamping were used, leading 

to 2 different loading directions for the DAC: longitudinal and circumferential. PM samples were only 

tested in the longitudinal direction.  
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The length (𝐿0) of the samples was defined as the minimum distance between the clamps at the initial 

position before testing. The width (w) was defined as the lateral distance of the clamped sample at the 

initial time position before the mechanical test. Samples not fully attached samples to the clamps [Fig. 

C.4] or with a visible deterioration after attachment were excluded from the study. The reference 

thicknesses (t) of the DAC and PM were measured at 3 spinal levels (cervical, thoracic and lumbar) on 

an additional porcine subject to avoid damaging the samples due to supplementary manipulations. The 

DAC and PM samples were sectioned to a width of 1mm and a length corresponding to the longitudinal 

distance between two nerves roots. They were positioned on a black 120g paper. The samples’ side with 

the largest area were glued on with the black paper by a transparent agar substrate. Then, the samples 

were positioned on the edge on a graph paper. A Micro C110 camera (Vision Research, 8GB) with a 105 

macro lens (Nikon F2.8), as well as two light systems (LED EFFILUX) were used to acquire high resolution 

images of the samples’ thickness. Three samples were sectioned in three sub-samples at each spinal 

level as defined in the first paragraph of this section. Calibration of the camera was performed using 

three measurements of the graph paper. Ten measurements were performed on each sub-sample. A 

total of 30 measurements by tissue (DAC and PM) and by spinal level (cervical, thoracic and lumbar) 

were performed. The cross-section area (CSA) of the sample was assumed to be rectangular and defined 

as the product of the width (w) by the thickness (t). 

1.2.2.Tensile testing 

Both types of sample were submitted to the same testing protocol with specific preload and threshold 

values for the pre-cycling phase [Fig. 41]. A preload of 0.5 N was applied for the pia mater and of 2 N for 

the DAC samples followed by 30 preconditioning cycles (frequency varies with the time to reach the 

preload, the magnitude: 1 N). They were performed to compensate the retraction of the sample and 

remove any buckling of the sample before testing. The amplitude of preloading was based in the 

literature [Shetye et al. 2014, Ramo et al. 2018a,b,c]. A moderate tensile ramp at 0.2 mm/s was chosen 

in accordance with in vivo experiment of porcine spinal-cord-pia-arachnoid construct [Ramo et al. 

2018b] and reported by the literature for ex vivo ovine dura mater and pia-arachnoid complex [Ramo 

et al. 2018a, c].  

The tests were stopped at failure or when the maximum displacement was reached [Fig. 46, Table 23 - 

Appendix B].  
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Figure 40. Mechanical testing set up: A/ (1) Sandpaper support with (2) fastened sample (left), with stochastic 
pattern (right) ; B/ Ramp test to-failure. (3) Clamps, (4) load cell ; C/ Lateral view of the setup with (5) a spotlight, 
(6) a white filter for indirect lightening of the sample ; D/ Front view including the (7) mechanical testing machine, 
(8) a high-definition camera, (9) a sliding support to adjust the location of the camera and (10) a computer to 
control and to record the measurement. 

 

 

Figure 41. Typical imposed displacement over time for each mechanical tensile test. 1) Initial pre-load, 2) 30 
preconditioning cycles, 3) ramp to failure. 

1.2.3.Data acquisition 

A testing machine Bose© ElectroForce 3200 Series (Bose Corporation, Framingham, Massachusetts, US)  

was used to perform tensile tests [Fig.40].The loads data were acquired with a 22 N load cell (reliability 

manufacturer error of 0.11 % and a repeatability error of 0.19 %) at a sampling rate of 100 Hz. 

Dimensions (length and width) as well as the displacements of the samples. Complementary 

displacement and strain fields were measured by 2D digital image correlation (DIC) (ARAMIS 5 M, GOM 

mbH, Germany) at 15 frames per second.  

1.2.4.Data analysis 

Linear elasticity 

The force/displacement curves were zeroed for comparison by subtracting the minimum measured 

displacement to the initial measured displacement. Each engineering stress-strain curve was computed 

from the measured force/displacement curves as follows:  

                                                                                 𝜎 = 𝐹/𝐶𝑆𝐴                                                                          (1) 

                                                                            𝐶𝑆𝐴 = 𝑡 ∗ 𝑤                                                                              (2) 

                                                                                 𝜀 =  Δ𝐿/𝐿0                                                                           (3) 

where equation (1) defines the engineering stress (𝜎) as the ratio of the tensile force (𝐹) over the initial 

the cross-sectional area (𝐶𝑆𝐴) on which the force is applied. The initial cross-sectional area (2) of the 

sample is the product of its thickness (𝑡) by its width (𝑤) in his undeformed state. Equation (3) allows 

computing the engineering strain (𝜀) as the ratio of the measured displacement (Δ𝐿) over the initial 

length (𝐿0) of the sample.  
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Figure 42. Identification of the linear elastic region of interest. A- force/displacement responses with two elastic 
limits delimiting the three regions (1 - toe region ending by the toe force and the toe displacement, 2 – linear elastic 
region, 3 – failure region starting by the failure force and the failure displacement) and the linear regression, B) 2nd 
derivative of the force/displacement curve identifying the elastic limits points. 

 

Three regions of interest (ROI) were identified on force/displacement curves to performed the post-

processing of the stress/strain curves. The toe region (ROI 1 in Fig. 42) corresponds to a non-linear 

region before the linear region (region 2 in Fig. 42). The elastic limit is defined as the maximum stress 

point in the linear region. The third region follows the elastic limit and corresponds to a non-linear region 

called damage region (ROI 2 in Fig. 42). The beginning of the damage region was defined by the first 

observed macroscopic drop in the force-displacement curve even if fiber ruptures could be present 

before this non-linear ROI. Several others local damage sub-regions describing a progressive, in stages, 

load loss linked with the progressive in stages rupture. To determine the range of the linear region, the 

second derivative of each force/displacement curve was computed and the maximum and the minimum 

inflection points were identified. The maximum and the minimum values of the second derivative were 

found and projected on the force/displacement curves to establish the elasticity region by two points 

corresponding to the stress/strain curve as follows. The toe stress (𝜎𝑡𝑜𝑒) and strain (𝜀𝑡𝑜𝑒) represent the 

values of the first elastic limit point and the damage stress (𝜎𝑑𝑎𝑚𝑎𝑔𝑒) and strain (𝜀𝑑𝑎𝑚𝑎𝑔𝑒) represent 

the values of the second elastic limit point [Fig. 42]. A linear regression was computed between the 

elastic limits (R²>0.99 for 111 over 119 fresh samples, and 21 over 22 flash freezing samples). The elastic 

moduli were computed from the linear regression defining equations (1), (2) and (3). A comparison of 

elastic moduli between the fresh and flash-frozen samples was performed only for the thoracic spinal 

samples. This choice was made to avoid the inter-level spinal variability of the samples. 

Hyperelasticity 

A isotropic hyperelastic one-degree Ogden model was fitted on each experimental curve depicted on 

Fig. 43. The uniaxial stress-stretch Ogden function (4) is expressed as : 

                                                                     𝜎 =
2𝜇

𝑏
(𝜆𝑏−1 + 𝜆

−𝑏

2
−1)                                                                  (4) 
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Where µ is the shear modulus and b is a material constant and the stretch ratio defined as λ = ε + 1. 

The curve fitting was performed with the nonlinear least squares method using the fit function in Matlab 

R2018b (MatWorks, Natick, MA, USA) and evaluated evaluated by a R² and RMSE (Root Mean Square 

Error). 

1.2.5.Statistical analysis 

The uncertainty of samples’ CSA, and its effect on the linear modulus, due to the use of a sample 

thickness estimated from a different animal, was evaluated. This uncertainty evaluation was based on 

the ISO 98:1995 Guide to the Expression of Uncertainty in Measurement (GUM) [ISO 98:1995 GUM] and 

used the Monte-Carlo simulation approach described in the GUM supplement 1 [JCGM 101:2008].  

The model of surface uncertainty is defined as presented in equation (5), where 𝑢𝑆 is the uncertainty of 

the surface value, 𝑢𝑤𝑟𝑒𝑝
 is the uncertainty induced by the repeatability of width measurements, 

𝑢𝑤𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 is the uncertainty induced by the DIC resolution to measure the width, and 𝑢𝑡ℎ_𝑟𝑒𝑝 is the 

uncertainty induced by the repeatability of thickness measurement. 

                                                         𝑢𝑆 = (𝑢𝑤𝑟𝑒𝑝
 + 𝑢𝑤𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

) ∗ 𝑢𝑡ℎ_𝑟𝑒𝑝                                                    (5) 

An algorithm [Solaguren-Beascoa Fernandez et al. 2009] was used with the following input distributions:  
𝑢𝑤𝑟𝑒𝑝

 was defined as a normal distribution from the mean of and the standard deviation (SD) of 

𝑤𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑠. 
𝑢𝑤𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

 was defined as a uniform distribution from -𝐷𝐼𝐶𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 to +𝐷𝐼𝐶𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛. 

𝑢𝑡ℎ_𝑟𝑒𝑝 was defined as a normal distribution from the mean of and the standard deviation (SD) of 

𝑡ℎ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑠. 
𝑤𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑠 represents all the width measurements by type of tissue and by spinal level, 𝑤𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 

represents the resolution of the DIC, and 𝑡ℎ𝑟𝑒𝑝 represents all the thickness measurements by type of 

tissue and by spinal level. 

Then, a probabilistic range of linear modulus is provided based on the 32th and the 68th percentile values 

of the measurement CSA distribution for each sample, corresponding to the most likely physical 

confidence interval. Then the 32th and the 68th probabilistic value of elastic modulus were calculated 

from the 32th and the 68th probabilistic value of the CSA. The Monte-Carlo GUM methodology is 

described in appendix A.  

All data were statistically analyzed as follows. The normality of each distribution was verified using 

Shapiro-Wilk normality tests. Due to the heterogeneity of normal distribution and the unequal 

distribution size, Wilcoxon rank sum test was performed to quantify the significant difference of all 

variables (force, stress, displacement, strain, elastic modulus) with respect to the spinal levels, the 

orientation of loading for the DAC as well as the conservation methods. The significance level was set 

to p<0.05. Data analysis was performed using Matlab software (R2018a version, 

Matlab®MathWorks,1984). Additionally, Bayesian linear mixed models (blme package - 

https://github.com/vdorie/blme) were fitted with R [R Core Team 2018] to assess the dependency of 

our result to the subjects and computed the standard errors (SE) of the elastic modulus taking into 

account the between-subjects and within-subjects variabilities [Tirrell et al. 2018]. 
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1.3.Results 

 

 

Figure 43. Mechanical of the tissue samples (shaded and curves): A - longitudinal DAC ; B - circumferential DAC ; C 
- longitudinal PM). Dotted lines represent the maximum and the minimum stress/strain curves delineating the 
experimental corridor (shaded area) and the continuous lines represent the typical stress/strain curves for A, B and 
C. 

The description of fresh and flash-frozen samples which were tested, excluded and analyzed is 

summarized in Table 17. The exclusion criteria are the following: sample damaged before being fastened 

into the clamps, sample not well fastened in the clamps, issue due to an operator error with the control 

command of the computer. Ten fresh samples (0 from longitudinal DAC, 6 from circumferential DAC, 4 

from longitudinal pia mater) and 3 flash-frozen samples (0 from longitudinal DAC, 2 from circumferential 

DAC, 1 from longitudinal pia mater) tore at the middle of their length. All experimental tests were 

completed less than 12 hours and 30 min after euthanasia of the animal (mean: 7 h 26 min; max: 12 h 

23 min).  

The dimension of samples from the experimental measured are depicted in Table 18. The samples’ 

range of length is between 8.33 mm and 15.49 mm for the longitudinal DAC while it is between 6.36 

mm and 18.51 mm for the circumferential DAC. The range of length is between 6.23 mm and 13.91 mm 

for the longitudinal PM samples. The DAC sample harvested at the thoracic level are the thickest (0.28 

mm) while it is the cervical level for the PM (0.22 mm). The sample’s CSA is the greatest at the thoracic 

levels for the longitudinal and circumferential DAC and the longitudinal PM (with a mean value of 3.77 

mm², 4.84 mm² and 2.44 mm² respectively). 

Figure 43 reports the corridor of mechanical properties of the fresh samples: the DAC and the PM 

behavior in longitudinal direction and the DAC behavior in the circumferential direction. The lower and 

upper curves describe the experimental corridor (shaded area) defining the range from minimum and 

maximum engineering stress/strain curves. Solid curves represent the typical stress/strain curve. 

The elastic modulus of DAC in the longitudinal direction was found to be significantly different between 

the cervical level (22.35 ± 10.0 MPa) and the two others levels, thoracic (38.1 ± 12.6 MPa) and lumbar 

(36.6 ± 12.6 MPa). The elastic limit or damage stress/strain point of the cervical samples (0.25 ± 0.09) is 
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1.7 times superior when compared to the thoracic samples (0.15 ± 0.09), and 1.4 times inferior than the 

lumbar samples (0.18 ± 0.09). The elastic limit (damage strain) of the circumferential lumbar samples 

(0.32 ± 0.14) is 1.5 times superior than for the thoracic samples (0.21 ± 0.08) and 1.4 times superior 

than the cervical samples (0.23 ± 0.1). Elastic modulus of the thoracic samples (21.2 ± 3.0 MPa) is 1.7 

times superior than lumbar samples (12.2 ± 4.4 MPa) and slightly superior than cervical samples (20.6 ± 

8.1 MPa). Significant differences were found between longitudinal and circumferential elastic moduli 

between the thoracic (38.1 ± 12.6 MPa against 21.2 ± 3.0 MPa respectively) and lumbar spine (36.6 ± 

12.6 MPa against 12.2 ± 4.4 respectively) samples, but not with the cervical samples [Table 19]. No 

significant difference was found between the fresh samples and the flash frozen samples for the DAC 

[Table 19].  

No significant difference was noticed between the levels for the elastic modulus. The elastic modulus of 

longitudinal PM was significantly different between fresh and flash frozen samples (17.2 ± 9 MPa against 

21.3 ± 9.1 MPa respectively) [Table 19]. 

The CSA were used to choose the most likely CSA of tested samples from the probabilistic distribution 

computed from a Monte-Carlo approach of uncertainties quantification. Then the probabilistic range of 

elastic moduli computed from the 38th (E_38) and 62th (E_62) percentile probabilistic values of CSA is 

depicted in the Table 19. The range of probabilistic values of elastic modulus differ from the standard 

deviation range. Indeed, the probabilistic elastic moduli range (E_32 – E_68) was greater than the range 

of SD experimental elastic moduli (E) for DAC samples in circumferential direction. In longitudinal 

direction, the inferior value of probabilistic range (E_62) was greater than the SD inferior value of DAC 

samples. For the PM samples in longitudinal direction, E_38 and E_62 values were respectively always 

greater to the superior and the inferior SD values. 

Ogden coefficient presented in Table 23 were computed for curves (min, max and typical) of the Fig. 4 

and were represented in Figure 46 [Appendix B]. 

Typical stress and strain fields were depicted in Figure 47, 48 and 49 (Appendix C) as well as the 

maximum deformations to failure in Table 23 [Appendix B]. The maximum stresses and strains are not 

located in the same part of the sample describing the heterogeneous behavior of the DAC and PM 

tissues.  
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    Fresh samples Flash Frozen samples 

Level Tissue 
Nb of 
tested 

samples 

Nb of 
excluded 

Nb of 
analyzed  

Nb of 
tested 

samples 

Nb of 
excluded 

Nb of 
analyzed  

Cervical 

LONG DAC 15 1 14 X 

CIRC DAC 20 3 17 X 

LONG PM 14 0 14 X 

Thoracic 

LONG DAC 15 3 12 9 3 6 

CIRC DAC 8 0 8 11 0 11 

LONG PM 18 1 17 13 5 8 

Lumbar 

LONG DAC 10 0 10 X 

CIRC DAC 12 1 11 X 

LONG PM 16 0 16 X 

Total 

LONG DAC 40 4 36 9 3 6 

CIRC DAC 40 4 36 11 0 11 

LONG PM 48 1 47 13 5 8 

Total 128 9 119 33 8 25 

Table 17. Summarized description of number of samples 

Level Tissue Length [mm] Width [mm] Thickness [mm] 
Cross-sectional area 

[mm²] 

 

Cervical 

LONG DAC 9.65 (0.96) [8.33-12.06] 11.35 (2.22) [8.1-15.73] 0.28 (0.05) [0.22-0.37] 3.18 (0.62) [2.27-4.40]  

CIRC DAC 10.61 (1.95) [8.19-15.92] 11.16 (2.75) [7.2-15.02] 0.28 (0.05) [0.22-0.37] 3.12 (0.77) [2.02-4.21] 
 

LONG PM 9.1 (1.7) [6.99-12.7] 8.09 (1.93) [3.96-10.92] 0.22 (0.04) [0.16-0.28] 1.78 (0.42) [0.87-2.40] 
 

Thoracic 

LONG DAC 11.7 (1.81) [9.23-15.36] 11.79 (4.6) [7.66-22.44] 0.32 (0.05) [0.19-0.49] 3.77 (1.47) [2.45-7.18] 
 

CIRC DAC 11.18 (2.22) [9.14-15.6] 15.12 (3.62) [9.34-20.98] 0.32 (0.05) [0.19-0.49] 4.84 (1.16) [2.99-6.71] 
 

LONG PM 10.65 (1.61) [8.1-13.75] 12.13 (3.75) [4.5-16.21] 0.2 (0.05) [0.11-0.29] 2.44 (0.76) [0.90-3.24] 
 

Lumbar 

LONG DAC 12.35 (1.92) [10.08-15.49] 9.64 (1.69) [7.94-12.57] 0.28 (0.05) [0.21-0.37] 2.7 (0.47) [2.22-3.52] 
 

CIRC DAC 11.36 (3.44) [6.36-18.51] 12.03 (3.01) [6.88-6.69] 0.28 (0.05) [0.21-0.37] 3.37 (0.84) [1.93-4.67] 
 

LONG PM 11.13 (2.14) [6.23-13.91] 8.88 (2.35) [4.79-12.55] 0.2 (0.04) [0.14-0.28] 1.78 (0.47) [0.96-2.51] 
 

Table 18. Summary of sample dimensions. Each quantity is described as the mean value, the standard deviation 
between parenthesis and the min and max respectively, between brackets. 

 

Level Tissue 
Elastic Modulus [MPa] 

Fresh samples Flash Frozen samples 

Thoracic 

LONG DAC 38.1 (12.6) n=12 39.3 (19.3) n=6 

CIRC DAC  21.2 (3) n=8 17.4 (4.4) n=11 

LONG PM  17.2 (9) n=17 21.3 (9.1) n=5 

 Table 19. Comparison table of samples’s elastic modulus between fresh and flash-freezing conservation methods. 
Bold* stands for a significant difference between the fresh and the flash-freezing samples for the thoracic level and 
a given tissue (p<0.05). 
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Level Tissue 
Toe strain                                     

(ε toe) 

Toe stress                                 
(σ toe)                                       
[MPa] 

Failure strain                                     
(ε failure) 

Failure stress                                 
(σ failure)                                     

[MPa] 

Elastic modulus 
(E)                 

[MPa]  

E_0.32                                     
[MPa] 

E_0.68                         
[MPa] 

Cervical  

LONG DAC (n=14) 0.04 (0,03)*T 0.5 (0.21) 0.25 (0.09)*T,L 5.08 (2.97) 
22.3 (10.0)*T,L 

(SE: 23.0) 
30.3 17.4 

CIRC DAC (n=17) 0.04 (0.02) 0.49 (0.37) 0.23 (0.1)*L 4.1 (2.23) 
20.6 (8.1)*L 

(SE: 6.6) 
49.5 25.8 

LONG PM (n=14) 0.03 (0.01)*T,L 0.64 (0.27)*T,L 0.23 (0.08) 3.85 (1.88) 
18.4 (8.0) 
(SE: 14.4) 

30.4 16.0 

Thoracic 

LONG DAC (n=12) 0.02 (0.01)*C 0.49 (0.33) 0.15 (0.09)*C 4.98 (2.7) 
38.1 (12.6)*C,§ 

(SE: 23.3) 
69.1 27.4 

CIRC DAC (n=8) 0.03 (0.01) 0.27 (0.07) 0.21 (0.08)*L 3.94 (1.38)*L 
21.2 (3.0)*L,§ 

(SE: 6.7) 
30.4 16.6 

LONG PM (n=17) 0.02 (0.02)*C 0.34 (0.18)*C 0.2 (0.05) 3.07 (1.73) 
17.2 (9) 

(SE: 13.7) 
28.4 11.6 

Lumbar 

LONG DAC (n=10) 0.03 (0.01) 0.73 (0.41) 0.18 (0.09)*C 5.3 (1.62) 
36.6 (12.6)*C,§ 

(SE: 23.8) 
45.2 26.8 

CIRC DAC (n=11) 0.03 (0.01) 0.3 (0.11) 0.32 (0.14)*C,T 3.26 (0.89)*T 
12.2 (4.4)*C,T,§ 

(SE: 6.6)  
17.2 8.9 

LONG PM (n=16) 0.02 (0.01)*C 0.43 (0.2)*C 0.18 (0.03) 3.17 (0.91) 
19.6 (6.8) 
(SE: 13.5) 

31.1 15.2 

Total  

LONG DAC (n=36) 0.03 (0,02) 0.56 (0.32) 0.2 (0.1) 5.11 (2.5) 
32.3 (13.5) 
(SE: 21.7) 

    

 CIRC DAC (n=36) 0.03 (0,02) 0.38 (0.28) 0.25 (0.12) 3.81 (1.74) 
18.0 (7.3) 
(SE: 6.53) 

    

LONG PM (n=47) 0.02 (0,01) 0.46 (0.25) 0.2 (0.06) 3.34 (1.56) 
18.4 (7.9) 
(SE: 10.2) 

    

Table 20. Summary of post-processed quantities by spinal segment (stress, strain, elastic moduli and probabilistic elastic moduli) for toe region, quasi-linear region and damage 
region. Mean with standard deviation in parenthesis values as well as reported standard error (SE). 
Bold*C,T,L stand for a significant difference between the spinal level and the level given by the letters C (cervical),T (thoracic) or L (lumbar) for a given tissue and a given variable 
(p<0.05). Bold § stands for a significant difference between the DAC longitudinal and circumferential for a given spinal level (p<0.05). 
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Authors Journal 

Number of 
specimen ; 

samples 
Specie Tissue Spinal level Type of test 

Strain 
rates 

Conservation 
method 

Elastic modulus 

 Longitudinal Transverse 

Patin et al. 
1993 

Anesthesia & 
Analgesia 

9 
specimens 
; 7 samples 
by specie  

human                
dog  

dura 
mater 

lumbar  
uniaxial 
tension 

1.67 
mm/s  

Refrigerated 
in saline 
solution 

human : 138 - 265 MPa     
dog : 58.8 - 73.5 MPa    

human : 7.8 - 76.4 MPa     
dog : 54.9 - 58.8 MPa    

Runza et 
al. 1999 

Anesthesia & 
Analgesia 

 
 

6 cadavers  human             
bovin 

dura 
mater 

T12 - L4/L5 
uniaxial 
tension 

10 
mm/min 

In saline 
solution , 

frozen at 4°C 
for 24h and 

120h 

human : 65 - 102 MPa                   
bovin : 25 - 80 MPa      

human : 5 MPa                        

Maikos et 
al. 2008 

Journal of 
Neurotrauma 

 
 

23 spinal 
samples 

rat 
dura 

mater 
C1 - L1 

uniaxial 
tension 

19.4       
sec-1; 
0.0014          
sec-1 

2h after 
sacrifice 

    

Mazgajczyk 
et al. 2012 

Acta of 
bioengineering 

and 
biomechanic 

 
9 

specimens 
; 250 

samples 

porcine 
dura 

mater 
C1 - C7 

uniaxial 
tension 

2 
mm/min 

Frozen 

    

Chauvet et 
al. 2010 

Neurosurgical 
Review 

10 
specimens; 

22 
samples 

human  
dura 

mater 
Craniocervical 

junction 
uniaxial 
tension 

  
Fresh 

cadaver 
entire dura  : 44 - 91 MPa                                    
split dura : 19 - 25 MPa 

  

Yang et al. 
2019 

Zhongguo Xiu 
Fu Chong Jian 
Wai Ke Za Zhi 

 
5 

specimens  sheep 
dura 

mater 

C6, C7, T11, 
T12, L4, and 

L5 

uniaxial 
tension 

0.016 
mm/s 

in saline 
solution 

cervical  : 15.97±2.52 MPa    
thoracic : 12.39±1.88 MPa  
lumbar   : 8.33  ±3.10 MPa 

cervical  : 14.38±2.68 
MPa    thoracic :   
8.78±1.01 MPa  lumbar   :   
3.46±1.24 MPa 

Ozawa et 
al. 2011 

Journal of 
Neurosurgery 

9 
specimens rabbit pia mater C5 - C6 

uniaxial 
tension and 
compression 

0.02 N/s  
In saline 
solution 

2.4 MPa 

  

Ramo et al. 
2018c 

Acta 
Biomaterialia 

8 
specimens  ewe 

pia-
arachnoid 
complex 

C0 - C7 
uniaxial 
tension 

0.05sec-
1 

fresh after 
sacrifice 

17 MPa 

  

Table 21. Comparative literature table of mechanical characterization of spinal meninges 
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Loading direction/ Tissue mu b R² RMSE 

Longitudinal DAC 

Curve 1 (superior limit of the 
corridor) 

6.619  (6.452, 6.787) 11.8  (11.36, 12.24) 0.9974 0.0739 

Curve 2 (typical curve) 5.02  (4.882, 5.158) 11.93  (11.45, 12.41) 0.9966 0.0613 

Curve 3 (inferior limit of the 
corridor) 

3.286  (2.966, 3.606) -7.291  (-16.47, 1.888) 0.9916 0.0292 

Circumferential DAC 

Curve 1 (superior limit of the 
corridor) 

4.684  (4.562, 4.806)  6.955  (6.379, 7.531) 0.9973 0.0396 

Curve 2 (typical curve) 2.499  (2.397, 2.6) 10.5  (9.761, 11.24) 0.9942 0.0377 

Curve 3 (inferior limit of the 
corridor) 

0.765  (0.74, 0.79) 10.77  (10.18, 11.36) 0.9946 0.0109 

Longitudinal PM 

Curve 1 (superior limit of the 
corridor) 

14.12  (13.88, 14.36) 7.342  (6.972, 7.712) 0.9984 0.0885 

Curve 2 (typical curve) 4.184  (4.04, 4.329) 9.01  (8.338, 9.683) 0.9966 0.0437 

Curve 3 (inferior limit of the 
corridor) 

3.763  (3.684, 3.842) 2.549  (1.927, 3.172) 0.9977 0.0235 

Table 22. One degree Ogden model material constants b and mu the shear modulus  of the curves depicted in Fig. 4 and Fig. B (Appendix B). A 95% confidence interval is provided 
between parenthesis for each couple of the material constants. 
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1.4.Discussion 

The elastic mechanical properties of meninges along the porcine spinal cord were quantified and tested 

in the longitudinal and the circumferential directions. While assuming a linear elastic behavior only 

provides a macroscopic mechanical description of only the linear part of the stress/stress curve. The 

results showed that the cervical DAC linear modulus is the lowest in longitudinal loading direction while 

the lumbar DAC linear modulus is the highest in circumferential loading direction. The effect of 

conservation method between fresh and flash frozen (at-80°C) samples at the thoracic level showed 

suggest the reliability of the flash frozen conservative approach for DAC tissues. To the best of our 

knowledge, such comparison of mechanical properties between the cervical, thoracic and lumbar spinal 

levels as well as of the behavior of flash frozen with fresh samples is an addition to the current literature. 

A probabilistic quantification of CSA was performed to estimate the effect of measurement variabilities 

reported for the thickness and the width, resulting in a probabilistic elastic moduli per tissue and loading 

direction.  

For the next paragraphs, the literature comparisons were solely focused on spinal meninges mechanical 

properties, without any comparison with the brain meninges properties. This choice was done due to 

the difference of structural tissue alignments.  

1.4.1.Spinal levels  

Dura-Arachnoid Complex (DAC). 

The significant mechanical difference between the porcine DAC elastic moduli tested in longitudinal and 

circumferential loading directions matched the mechanical spinal dura mater behavior previously 

reported in literature. However, the magnitude of our elastic moduli was lower. Our mean longitudinal 

elastic modulus of DAC was 1.8 times significantly superior to the circumferential elastic modulus at the 

thoracic spinal level while the longitudinal elastic modulus was three times significantly superior to the 

circumferential elastic modulus at the lumbar spinal level which is lower than literature measurements. 

The longitudinal over circumferential elastic moduli ratio is still coherent [Patin et al. 1996, Zarzur 1996, 

Runza et al. 1999, Yang et al. 2019]. Then, our results in terms of elastic modulus support a longitudinal 

fiber alignment for the pigs, in accordance with the literature for the rat [Maikos et al. 2008], the dog 

[Patin et al. 1996], for the pig [Kinaci et al. 2020] and for the human [Chauvet et al. 2010]. We showed 

elasticity variations along the canal for the DAC in longitudinal and in circumferential loading directions. 

The greatest elasticity in longitudinal loading direction was measured at the cervical spinal level whereas 

the greatest elasticity in the circumferential loading direction was measured at the lumbar level.  

In longitudinal loading direction for DAC samples, significant differences were highlighted in our study 

between each spinal level of elastic moduli. The reported longitudinal elastic modulus at the lumbar 

level of human cadavers varied between 65 and 102 MPa for fresh samples [Runza et al. 1999] whereas 

it was 36.6±12.6 MPa in our study in similar testing conditions. A similar difference is observed between 

the frozen samples of human cadavers varying between 42 and 142 MPa [Runza et al. 1999] whereas it 

was 39.3±19.3 MPa for flash frozen samples in our study. In circumferential loading direction, the DAC 

elastic modulus was found significantly lower at the lumbar level in this study when compared to cervical 

and thoracic levels. These differences of elasticity could be due to local structural changes at the cervical 

and lumbar levels in order to respectively support the longitudinal and the circumferential loading. 

Indeed, the particular local geometry around the foramen magnum and around the cauda equina would 

induce these local structural changes, locally modifying the mechanical properties. A loss of a 

longitudinal alignment at the cervical and the lumbar spinal levels could explain a loss of cervical 

longitudinal and lumbar circumferential elasticity.  
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Firstly, a potential link between the tissue stiffness variation and the range of motion of each spinal 

segment could explain such findings. Indeed, the absence of significant difference between the 

longitudinal and the circumferential loading orientation at the cervical level of DAC could be explained 

by the variation of range of motion (ROM) between the spinal segments (cervical, thoracic, lumbar). 

Indeed, the ROM in flexion/extension, lateral bending angles are greater at the cervical level [Wilke et 

al. 2011, Persson et al. 2010]. The capacity to flex and to bend of the neck do not induce any significant 

difference of elastic mechanical properties in longitudinal and in circumferential directions. Then, the 

lower ROM in the thoracic and lumbar spinal levels bringing a greater stability [Wilke et al. 2011] limits 

the circumferential the stresses and the strains in the canal. For the dura mater, this could result in a 

higher capacity to be stressed in the longitudinal orientation.  

Secondly, the higher values of circumferential stiffness of the DAC were found at the cervical and 

thoracic levels. The high or reasonable presence of cerebrospinal fluid (CSF) vortices and the higher CSF 

pulsatile pressure in the canal of the cervical and thoracic segments compared to the lumbar segment 

[Tangen et al. 2015, Khani et al. 2018] could explain such observations. Indeed, these potential stresses 

applied by the fluid vortices (orthogonally to the longitudinal flow direction) on the DAC in the upper 

spinal levels could create a tissue densification driving to a greater circumferential rigidity. This 

assumption takes its source from the Davis ‘law (the corollary of Wolff’s law for soft tissue) [Davis 1867] 

and from others mechanobiological theories [Liedekerke et al. 2019, Cyron and Humphrey 2017].  

Pia mater 

In PM samples, no significant difference was observed between the elastic moduli of each spinal level. 

There is a limited number of studies on the PM tissue material properties compared to the dura mater. 

Accordingly, no comparative data was found. However, two studies investigating pia mater properties 

performed on ewe and rabbit model were used as partial comparative data. Our results show a 

significantly higher value of elastic modulus (18.4 ± 8 MPa) compared to the elastic modulus of cervical 

rabbit (2.4 MPa) tested with a ramp of 0.02 N/s [Ozawa et al. 2004]. This difference can be explain by 

the inter-specie ROM, the motion strategy and the morphology between the rabbit and the porcine 

model. However, our values are coherent with the modulus (17 MPa) of the cervical ewe PM samples 

tested at strain rate of 0.05/s [Ramo et al. 2018c]. Ozawa et al. [2004] showed that the rabbit pia mater 

increased the stiffness of the spinal cord and enhanced its shape recovery after releasing the 

compression on the spinal cord. The porcine PM sheath seems also maintain the oval spinal cord shape 

with a similar elasticity. Then the Poisson’s effect of the human spinal cord [Breig and Braxton 1960, 

Sudres et al. 2020] could be limited by the PM mechanical properties. The PM would mitigate the 

stresses and strains into the spinal cord during posture changes. 

1.4.2.Protocol aspects 

Testing model 

Due to morphological, feasibility, housing, ethical in term of accessibility to human cadavers, histological 

[Kinaci et al. 2020] and biomechanical considerations in term of the cervical and thoracic ROM in lateral 

bending and in flexion/extension [Wilke et al. 2011], this quadruped makes the most appropriate 

transversal models human, next to non-human primates [Schomberg et al. 2017].   

Failure pattern aspects 

One of the limitations of our protocol is the method used to cut our samples. That could generate high 

damaging risks, making it difficult to homogenize the dimensions of each samples. The consequence of 

that is a random control of the failure location with failures located at the level of clamps in a majority 
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of samples, induced by stress concentration by the jaws [Figure 51 - Appendix C]. When the failure 

occurred in the center of samples [Figure 52 -Appendix C], we observed a difference of failure pattern 

between the DAC in circumferential loading and the PM in longitudinal loading. Indeed, PM appeared 

to be more heterogeneous with vessels more apparent while the DAC appeared more homogeneous 

macroscopically with an assumed longitudinal fiber organization.  

Additional stress and strain fields analyses were proposed on typical samples [Fig. 47, 48 and 49]. Two 

solutions could solve this protocol issue: cutting using the sample with a steel mechanical cutting piece 

[Chauvet et al. 2010] and the fastening of the sample to the clamps with a pressure sensor, thus ensuring 

symmetrical boundary conditions. In addition, working in an environmental chamber with CSF-like fluid 

could maintain moisture conditions of the sample and reproduce a more biofidelic test environment. 

However, those solutions would certainly induce longer protocols, worsening the post mortem 

degradation of tissues. 

Conservative approaches 

Regarding conservative method aspect, our value of elastic moduli as well as our values of damage 

stresses are lower than the mechanical properties provided in the literature [Runza et al. 1999]. This 

difference could be due to the time and the choice of conservation (mean time after euthanasia: mean 

of 7h26 against between less than 24h and 120h of low temperature freezing). The classical freezing at 

-4°C seems to result in a drying of the sample and to finally increase the stiffness of the samples. 

Mazgajczyk et al. [2012] showed cervical stress and strain values greater than our measurements. The 

difference of damage or maximum stresses could be explained by the porcine species used (Yorkshire X 

Landrace against no detailed porcine animals), the maximum time used to perform the experiments 

(12h23 against 24h) and the conservation method (flash freezing at -80°C against a classical freezing 

method below 0°C without detail).   

No significant difference was mechanically observed between the fresh and flash-frozen DAC samples’ 

elastic moduli. This could be explained by a denser fiber of the DAC structure compared to the PM 

structure [Reina et al. 2020]. This higher density of fibers could limit the effect of freezing at very low 

temperature, in limiting the shrinkage of the matter caused by H2O presence and in limiting the quantity 

of fluid available in the tissue. The flash-freezing conservative approach allowed to reduce the 

importance of the time variable in an experimental protocol, as well as to mitigate the mechanical 

behavior between the flash frozen and the fresh samples. In addition, both tissues have viscoelastic 

properties due to their direct contact with the cerebrospinal fluid. A further study investigating the 

viscoelastic properties differences between fresh and flash frozen samples could highlight the effect of 

fluids with respect to the tissue structure in the mechanical behavior of spinal meninges. Then, the flash 

freezing increased the stiffness of PM samples with respect to the fresh samples. A further study could 

investigate this effect potentially induced by a limited number of flash-frozen PM thoracic samples. 

Thickness uncertainty analysis 

The measurements of force/displacement of the samples remain a challenge, particularly due to 

uncertainty errors induced by the protocol. The thickness measurements were not performed on the 

tested samples but on one specific porcine subject not included in the mechanical testing protocol due 

to the high damaging risk induces by tissue manipulation. Measurement errors from the tools as well as 

the difference of sample thickness measurement (with a different pig to avoid damaging the sample) 

could lead to non-linear result uncertainties [Fig. 45- Appendix A]. A propagation uncertainty analysis is 

not frequently used for soft tissue characterization, but it brings a more complete and comparable range 

of mechanical properties. The GUM uncertainty analysis [ISO 98:1995 GUM] provided the uncertainty 

distribution [Fig. 44- Appendix A] of CSA as an output and from input uncertainty distributions of 
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thickness and width repeatability and width resolution. Such output CSA uncertainty distribution is then 

used to the probabilistic elastic moduli calculations. The more the input uncertainty is clearly defined, 

the more the output uncertainty distribution will be accurate. As depicted in Table 19, differences 

between the probabilistic moduli (E_32 and E_68) and the experimental elastic modulus (E) varied with 

respect to the type of tissue (DAC and PM) and with respect to the loading direction (longitudinal or 

circumferential). When focusing on the existing available elastic moduli values in the literature, no 

uncertainties are provided and the provided SD ranges of experimental elastic moduli should then be 

taken carefully.  

To experimentally face the thickness measurement challenge, the implementation of a non-contact 

measurement method (laser) during the tensile test could be investigated. Otherwise, a combined 

approach between geometrical and biomechanical experiments would allow to establish potential 

correlation between geometrical and biomechanical behavior of the meninges as proposed by 

Yoganandan et al. [2000] for the cervical human ligaments. 

Strain rate and elasticity approximation  

Only one moderate strain rate (0.2 mm/s) was used to describe the mechanical properties of the spinal 

meninges along the spinal cord which would correspond to a value lower than those occurring during 

injury [Ramo et al. 2018b]. 

Previously reported uniaxial tensile tests showed no significant strain rate dependency at low strain rate 

and moderate strain rates (0.01s-1, 0.1s-1 and 1s-1) for dura mater [Persson et al.2010]. The same 

finding was reported for the pia-arachnoid complex at 0.016 and 0.16 s-1 [Ramo et al. 2018c]. However, 

strain dependency of the meninges should be investigated more in details in future work. In addition, 

the elastic properties are easily comparable with the existing literature [Zwirner et al. 2019, Runza et al. 

1999, Ramo et al. 2018c, Ozawa et al. 2004]. A potential correlation between “the higher nonlinearity 

observed in the circumferential direction as compared to longitudinal direction” due to the deformation 

of the toe region and the low deformations of the spinal cord in physiological conditions. gradual to 

region due to the toe region during physiological motion of the spinal cord was discussed in literature 

[Shetye et al. 2014]. We assumed the linear part would be a transitional phase (between the 

physiological behavior of the tissue and a beginning failure phase) in which the tissue is not yet injured. 

We additionally provided a range of isotropic hyperelastic (one term Ogden model) coefficients to 

provide a better description of the tissue behavior in all test loadings direction for the first 15% of strain 

[Table 22]. 

The µ Ogden coefficients of the typical curves were found superior to those provided for spinal bovine 

dura mater at 0.01 s-1 (5.0 MPa against almost null in the longitudinal direction and 2.4 MPa against 2.2 

MPa in the circumferential direction respectively). The b Ogden coefficients were found inferior to those 

provided in the same study (11.9 against almost 24.0 in the longitudinal direction and 10.5 against 18.0 

in the circumferential direction respectively) [Persson et al. 2010]. No equivalent data was found to 

compare the Ogden coefficients of PM. 

Trends reported in inter-segmental spinal level variation (cervical, thoracic and lumbar) of elastic 

properties in DAC and PM need to be confirmed due to high standard error induced by within-subject 

and between-subject variability. Thus a larger population of samples by levels and by subject will be 

tested. Anisotropic hyperelastic models [De Kegel et al. 2018, Shetye et al. 2014] as well as dorsal and 

ventral locations of samples along the spine [Mazgajczyk et al. 2012] could be investigated in future 

work. Finally, our mechanical properties could be used in spine FE models such as stenotic scenarios 

[Bailly et al. 2020] or post-surgery analysis [Stoner et al. 2020] for a better description of tissues in 

longitudinal and circumferential loading direction of DAC and in longitudinal PM.
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1.5.Conclusion 

The porcine model is an appropriate alternative to study the mechanical properties of meninges 

compared to human cadavers. In addition, this study provided isotropic hyperelastic properties and 

showed the negligible effect of a flash freezing conservative method to provide comparable results on 

DAC tissues, thus limiting the effect of the time factor in such experimental protocol.  

The following mean values were proposed for the elastic moduli of the spinal meninges :  

- Longitudinal DAC elastic moduli : 22.4 MPa (SE: 23.0) in cervical, 38.1 MPa (SE: 23.3) in thoracic 

and 36.6 MPa (SE: 23.81) in lumbar spinal levels. 

- Circumferential DAC elastic moduli : 20.6 MPa (SE: 6.6) in cervical, 21.2 MPa (SE: 6.7) in thoracic 

and 12.2 MPa (SE: 6.6) in lumbar spinal levels. 

- Longitudinal PM elastic moduli : 18.4 MPa (SE: 14.4) in cervical, 17.2 MPa (SE: 13.7) in thoracic 

and 19.6 MPa (SE: 13.5) in lumbar spinal levels. 

This variety of mechanical properties of the meninges suggests that it cannot be regarded as a 

homogenous structure along the whole length of the spinal cord. Furthermore, a spatial personalization 

along the spinal cord of this biological soft elastic behavior should be taken into account when building 

a numerical model of the central nervous system. 
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1.6.Appendices 

Appendix A : Monte-Carlo method for the evaluation of measurement 

uncertainties 

In sciences and engineering, the estimation of measurement uncertainties is a fundamental process for 
the quality of every measurement. In order to harmonize this process for every laboratory, the ISO 
98:1995 Guide to the Expression of Uncertainty in Measurement established an analytical approach [ISO 
98:1995 GUM].  
The Monte Carlo methodology (MCM) as presented by the GUM Supplement 1 [JCGM 101:2008] is an 
alternative to the analytical process. The MCM does not require the validation of the next assumptions 
for application : an insignificant non-linearity in the model and the validity of the central limit theorem. 
The propagation of uncertainties through the distributions of the input sources using an uncertainty 
model provides a probabilistic distribution of the estimated quantity called a measurand. The process is 
illustrated in Figure 44.  
 

 

Figure 44. Schema of propagation of distributions, where g(𝑊𝑟𝑒𝑝), g(𝑊𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛) and g(𝑡ℎ𝑟𝑒𝑝) are the distribution 

functions of the input sources and g(𝑢𝐶𝑆𝐴) is the distribution of the measurand, the quantity intended to be 
measured. 

 
Methodology : 
Definition of the measurand and input sources 
The measurand is a final quantity dependent on the measurements. It is denoted Y and it is expressed 
in function input quantities 𝑋𝑖  as:  
 
                                                                      𝑌 = 𝑓(𝑋1, 𝑋2, … , 𝑋𝑛)                                                                    A.1 
 
In the article, the measurand is the surface S expressed as : 
 
                                                                     𝑌 = 𝑓(𝑊𝑟𝑒𝑝, 𝑊𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 , 𝑡ℎ𝑟𝑒𝑝)                                                  A.2 

 
 
Modeling 
In this step, the measurement quantities should be modeled to get the measurand as a result of all the 
input quantities. The modeling can be help by a cause-effect diagram (Fig. 45). Then, each input 
quantities is categorized among two types of uncertainties : type A and type B. The type A represent the 
uncertainties from repeatability measurement, while type B are determined from any other sources of 
data (resolution, calibration or not well known value). 
To model the uncertainty induced by the surface computation, the equation (A.3) was proposed : 
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                                                         𝐶𝑆𝐴 = (𝑤𝑟𝑒𝑝 + 𝑤𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛) ∗ 𝑡ℎ𝑟𝑒𝑝                     A.3 
 

 

Figure 45. Cause-effect diagram for the surface of the sample uncertainty estimation. (A) and (B) represent the 
type of uncertainties 

 

Estimation of the probability density function (PDFs) for the input sources 
This step consists in the choice of the most appropriate probability density function for each input 
sources. Type B uncertainty was modeled as an uniform distribution while the type A uncertainties were 
modeled as Gaussian distribution after a normality test validation. 
 
Setup and running the Monte-Carlo simulation 
At this step, a number of Monte-Carlo has to be fixed, the GUM Supplement 1 recommends the 
selection of a number M of trials : 
 
                                                                        𝑀 > 104/(1 − 𝑝)                                                                       A.4  
 
Where 100 ∗ 𝑝% is the selected coverage probability. In the article, 𝑝 was chose to be equal to 0.68 as 
proposed in the algorithm used [Solaguren-Beascoa Fernandez et al. 2009], to limit the computation 
cost and to guaranty a reliability of the uncertainty estimation. For the simulation, 𝑀 was equal to 2 ∗
107 trials. 
The stabilization criterion for the results was fixed according a numerical tolerance proposed by the 
GUM supplement 1 [JCGM 101:2008]. The numerical tolerance  is defined as the semi-width of the 
shortest interval containing all numbers that can be expressed to a specified number of significant 
decimal digits [Solaguren-Beascoa Fernandez et al. 2009]. The algorithm used proposed a number of 
decimal digits equal to 1 and a numerical tolerance equal to 5. 
 
Computation of the linear modulus range 
To compute a range of linear modulus, two values of the output probabilistic distribution of the surface 
quantity were used, the 32th (𝐶𝑆𝐴32𝑡ℎ_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑖𝑙𝑒) and the 68th percentile (𝐶𝑆𝐴68𝑡ℎ_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑖𝑙𝑒). Then, 

these values were injected in the formula of linear modulus as : 
 

                                                   𝐸32𝑡ℎ_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑖𝑙𝑒 =  
𝑚𝑒𝑎𝑛(∆𝐹𝑖)∗𝑚𝑒𝑎𝑛(𝑙𝑜𝑖)

𝑚𝑒𝑎𝑛(∆𝐿𝑖)∗𝐶𝑆𝐴32𝑡ℎ_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑖𝑙𝑒
                                             A.5 

 

                                                   𝐸68𝑡ℎ_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑖𝑙𝑒 =  
𝑚𝑒𝑎𝑛(∆𝐹𝑖)∗𝑚𝑒𝑎𝑛(𝑙𝑜𝑖)

𝑚𝑒𝑎𝑛(∆𝐿𝑖)∗𝐶𝑆𝐴68𝑡ℎ_𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑖𝑙𝑒
                                             A.6 

Where, 
∆𝐹𝑖 is the difference of each sample between the two force values of the force/displacement curve used 
to compute the mean value of the linear modulus. 
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𝑙𝑜𝑖 is the initial length of each sample used to compute the mean value of the linear modulus. 
∆𝐿𝑖 is the difference of each sample between the two displacement values of the force/displacement 
curve used to compute the mean value of the linear modulus. 
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Appendix B : measurements by spinal segment of force and deformation, Ogden fit comparison with 

experimental curves 

 

 

Level Tissue 
Toe displacement 

[mm] 
Toe force [N] Failure force [N] 

Maximum 
deformation to 

failure [mm] 

Cervical  

LONG DAC  (n=14) 0.36 (0.24) 1.52 (0.63) 15.24 (7.79) 2.8 (0.7) 

CIRC DAC   (n=17) 0.38 (0.18)*T 1.38 (0.79) 13.32 (6.86)*T 3.2 (1.0) 

LONG PM  (n=14) 0.29 (0.08)*L 1.12 (0.53)*L 7.01 (3.68) 2.5 (0.5) 

Thoracic 

LONG DAC  (n=12) 0.28 (0.03)*L 1.64 (0.9) 18.62 (11.62) 2.1 (0.8) 

CIRC DAC  (n=8) 0.28 (0.04)*C 1.28 (0.3) 19.24 (7.35)*C,L 2.5 (0.4) 

LONG PM (n=17) 0.25 (0.2) 0.78 (0.38) 6.78 (2.59) 2.9 (0.5) 

Lumbar 

LONG DAC  (n=10) 0.39 (0.22)*T 1.98 (1.17) 14.3 (5.12) 2.6 (0.7) 

CIRC DAC   (n=11) 0.34 (0.06) 0.97 (0.38) 10.42 (1.67)*T 3.9 (1.0) 

LONG PM (n=16) 0.19 (0.09)*C 0.7 (0.26)*C 5.57 (2.23) 2.3 (0.4) 

Total  

LONG DAC  (n=36) 0.34 (0.19) 1.69 (0.89) 16.11 (8.67) 2.5 (0.8) 

CIRC DAC  (n=36) 0.34 (0.14) 1.23 (0.62) 13.75 (6.6) 3.2 (1.0) 

LONG PM (n=47) 0.24 (0.14) 0.85 (0.43) 6.43 (2.86) 2.6 (0.5) 

      
Table 23. Summary of pre-processed measurements by spinal segment (force, deformation) for toe region, quasi-linear region, damage region and maximum deformation to 
failure. Mean with standard deviation in parenthesis values reported. Bold*C,T,L stand for a significant difference between the spinal level and the level given by the letters C 
(cervical),T (thoracic) or L (lumbar) for a given tissue and a given variable. (p<0.05). 
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Figure 46. Comparison of experimental curves (dashed) with Ogden fitted curves (continuous). RMSE was displayed for each curve. These curves are the same than the curves in 
Fig. 4. 
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Appendix C - Preliminary analysis of digital image correlation and video 
records. 
 

• pia mater sample tested in tensile longitudinal loading direction 
 

 

 

Figure 47. Typical pia mater sample DIC patterns tested in the longitudinal loading direction at time steps 0, 12, 
35, 60 s. Upper image depicted the Y displacement field while the lower image depicted the Y strain. 
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• dura-arachnoid mater complex sample tested in tensile circumferential loading direction 

 

 

Figure 48. Typical DAC sample DIC patterns tested in the circumferential loading direction at time steps 0, 125, 
187.5, 242.5 s. Upper image depicted the Y displacement field while the lower image depicted the Y strain. 
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• dura-arachnoid mater complex sample tested in tensile longitudinal loading direction 
 

 

 

Figure 49. Typical DAC sample DIC patterns tested in the longitudinal loading direction at time steps 0, 75, 150, 304 
s. Upper image depicted the Y displacement field while the lower image depicted the Y strain. 

 



147 | P a g e  
 

 

Figure 50. C.4. Typical example of not fully attached sample by a lack of tissue clamped in the jaws, creating a 
space notified by the white arrow. 

 

 

Figure 51. preliminary analysis of failure location on the samples by type of tissue. A. DAC in longitudinal loading; 
B. DAC in circumferential loading; C. PM in longitudinal loading. “No data” referred an absence of video recording. 

 

Figure 52. Typical failure patterns of samples. A. Failure at the superior clamp induced by stress concentration of 
the jaws (DAC in longitudinal loading). B. Failure at the center of the sample (DAC in circumferential loading). C. 
Failure at the center of the sample (PM in longitudinal loading). 
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2.1.Introduction 

The required understanding of physiopathology mechanisms involving meningeal tissue have been 

previously highlighted. Interest in dura mater mechanical behaviour was risen by the post-subdural and 

epidural anesthesia-puncture headaches as well as in Chiari malformation [Chauvet et al. 2010]. The 

dura mater integrity contributes to cerebro-spinal fluid (CSF) resorption and to the balance of intra-

cranial pressure in human [Protasoni et al. 2011] and daily cranial volume expansion leads to the 

mechanical strain on dura mater growth [Fong et al. 2003]. Additionally, pia mater (PM) and arachnoid 

mater has been reported to change mechanical behaviour of the spinal cord [Ramo et al. 2018c]. Finite 

element modelling has intended to address the question of injured spinal cord in traumatic events and 

more recently included fluid structure interaction modelling of CSF to simulate physiology [Bertram 

2010, Bertram and Heil 2017]. Such modelling requires specific material properties. In addition, 
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prosthetic biomaterial scaffold engineering has also been questioning structure and material properties 

of the meningeal tissues [Sacks and Sun 2003]. However, little is known on the mechanical properties 

of this meningeal tissue. Association between meningeal tissue micro-structure and mechanical 

properties of these tissues under physiological conditions is still unclear. 

2.1.1.Meningeal micro-structure 

The characterization of the micro-structure and collagen fibres of the meningeal tissues requires specific 

imaging technics, including histology [Reina et al. 2004], two photon microscopy or scanning electron 

microscopy stereo images [Reina et al. 2004]. To the best to our knowledge, few studies address the 

relation between structure composition and mechanical properties. The elastic modulus has been 

shown to be influenced by the protein content of the cranial porcine region of the dura mater analysed 

by immunoblot according to its locations [Walsh et al. 2018] . Microstructure of the porcine dura mater 

is reported to be relatively similarly to human dura mater [Kinaci et al. 2020]. 

At its cranial location, human dura mater was shown to be divided into three layers with different fibres 

organization and thickness:  

The bone surface layer: a 2µm thick outermost layer with fibroblast, collagen and elastin fibres. The 

outer part is a structure in which the collagen fibres are disorganized while the collagen fibres are 

organized parallel to each other in the inner part,  

a fibrous dura layer then divided into three layers with their own organisation. The external layer has 

one direction of collagen fibres, the vascular layer has holes and interstitial compartments and the 

internal layer has collagen fibres organized in bundles transversally oriented like the upper layer, and 

then an arachnoid layer with disorganized collagen bundles [Protasoni et al. 2011].  

The arachnoid layer in the subarachnoid canal has been described as inner layer of dura mater [Reina 

et al. 2020] with trabeculae inserted in the pia mater and with similar cells that this latest structure 

[Reina et al. 2004]. It has been previously associated with PM in mechanical testing while no clear 

evidence supported such assumption. In the following work, arachnoid was chosen to be associated 

with dura mater as described in [Reina et al. 2020]. 

Pia structure has been described with fenestration in human cadaver’s lumbar spine using histology and 

microscopy technics. A large amount of collagen fibres as well as few elastin fibres were identified using 

staining. An amorphous intracellular substance, small vessels fibroblasts and macrophages were also 

identified. PM has several layers: subpial tissues with collagen fibre, pial cellular layers from neuroglial 

cells surrounding the spinal cord [Reina et al. 2004, Machés et al. 2015].  

2.1.2.Meningeal mechanical characterization 

To define material properties, the experimental testing of the dura mater reported in the literature 

highly differ depending on the studied species and anatomical segments as well as on the objectives of 

the characterization protocol (description of quasi-static or dynamic behaviours of the tissue). Tensile 

test experimental protocols were mainly quasi-static and uniaxial. They were carried out on both brain 

and spinal dura mater samples in rat [Maikos et al. 2008, Hendersonet al. 2005], canine [Patin et al. 

1993], ovine [Shetye et al. 2014], porcine [ Walsh et al. 2018, Mazgajczyk et al. 2012], bovine [Wilcox et 

al. 2003, Persson et al. 2010, Runza et al. 1999], and human [ Chauvet et al. 2010, Runza et al. 1999, 

Zwirner et al. 2019, Zarzur et al. 1996, van Noort et al. 1981]. More specific studies as retraction of dura 

mater testing [Hendersonet al. 2005], dura mater relaxation [Wilcox et al. 2003] and fatigue ratio 

computation [Walsh et al. 2018] as well as membrane inflation testing should also be reported [Kriewall 
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et al. 1983]. Uni-axial quasi-static characterization of the meningeal tissue fail at predicting mechanical 

behaviour in physiological context as not considering initial loading conditions.  

No clear consensus has been reached on the comparison of the mechanical behaviour of the dura mater 

with respect to the orientation of the tested tissue. Tensile strength and stiffness were found to be 

greater in the longitudinal direction than in the transverse/circumferential or coronal one [Hendersonet 

al. 2005] in human and canine [Patin et al. 1993], in human lumbar dura and bovine [Runza et al. 1999] 

and in human lumbar [Zarzur et al. 1996]. Two other papers reported opposite results but for lower 

strains [ Wilcox et al. 2003, Persson et al. 2010].  

Differences in mechanical behaviour of white and grey matters between the cranial and spinal locations 

have been previously reported [Budday et al. 2017]. Such question has not been addressed for 

meningeal tissues to the best to our knowledge. However, the literature reported differences in dura 

mater elastic modulus at different levels of the spine in ovine [Yang et al. 2019] and porcine samples 

[Mazgajczyk et al. 2012]. Variability along the cervical and between ventral and dorsal sides of the spinal 

cord in this latter study. The influence of age has been reported in rats [Hendersonet al. 2005] and 

cranial human dura mater [Zwirner et al. 2019] (decrease of the tensile strength and elastic modulus 

with age). Comparison of 0.01, 0.1 and 1 s-1 strain rates showed no influence of strain rate [Persson et 

al. 2010].  

Compared to the literature available on the properties of the dura mater, PM tissue has been far less 

characterized. Rabbit spinal PM was tested in situ using tensile test at low strain rate (1.23g.min-1) with 

an emphasis on the comparison between intact and incised PM [Ozawa et al. 2004]. Atomic force 

microscopy was used with indentation and relaxation tests to characterize cortical and cerebellar PM in 

rats [Fabris et al. 2019]. PM associated with brain white and grey matters has been studied in bovine 

model with a strain rate of 10 s-1 and its quasi linear visco-elasticity behaviour has been validated up to 

35% strain level [Laksari et al. 2012]. PM was also tested in bovine brains at three locations and with 

three different strain rates [Jin et al. 2011] using a shear test reproducing the relative motion between 

the inner skull and the brain, during a head impact, resulting in tangential shear loading on PM layer [Jin 

et al. 2011]. Isolated bovine cranial PM was also tested in quasi-static tensile test (0.5mm.min-1) 

[Aimedieu et al. 2004]. Using atomic force microscopy indentation in rat PM and arachnoid complex 

(PAC), lower instantaneous Young Modulus distribution was found in vascularized PAC when compared 

to non-vascularized tissue [Fabris et al. 2019]. Finally, PAC was shown to have a rate-dependant 

behaviour with strain rates of 0.05, 0.5, 5 and 100s-1 in brain bovine [Jin et al. 2006].  

2.1.3.Bi-axial testing protocols 

In the subarachnoid space, spinal cord surrounded by pia mater is attached by its link to brain and along 

the spine by nerves roots and denticulate ligaments. Dural sac surrounds the CSF and the nerves roots. 

Both tissues are then pre-constrained at all time in normal physiological conditions. Bi-axial tensile tests 

provide the two dimensional stress-state that enables constitutive modelling closer to physiological 

condition [Sacks et al. 2000]. the spinal ovine dura mater [Shetye et al. 2014] and human cranial vault 

dura mater [Sacks et al. 2000] have been tested bi-axially.  

Such tests allowed the characterization of anisotropic biomaterials. Test systems and testing protocols 

differ in terms of gripping system, preconditioning definition, loading conditions and data analysis. Rake 

gripping systems were found to be less sensitive to the effects of boundary conditions when compare 

to clamps based methods [Sun et al. 2005]. The tested ratios of the displacements between directions 

were (1:1, 1:0.5 and 0.5:1) at strain rate of 0.05 s-1 , with 10% preconditioning and 60 mN preloading 

condition [De Kegel et al.2018] and (1:1, 2:1 and 1:2) bi-axial tensile test [Shetye et al. 2014]. Depending 



151 | P a g e  
 

on the biological tissues tested, preconditioning methods can be expressed as a percentage of initial 

length, a percentage of maximal strain or stretch or a maximum strain value [Deplano et al. 2016]. 

Preconditioning under 1% in circumferential and 3% in longitudinal of maximum force was shown to not 

change the mechanical behaviour of the tissue but enable a better positioning of the sample on its 

support and stabilized the test [Wilcox et al. 2003]. 

The influence of the method and duration of conservation (frozen, 24h fresh; 120h fresh and dry 

samples comparison) on mechanical properties was reported [Runza et al. 1999]. Conservation of the 

dura mater was reported to be acceptable until 139 h post mortem [Zwirner et al. 2019]. Other 

conservation conditions have been considered, such as storage in formalin [Zarzur et al. 1996], frozen 

conservation [Wilcox et al. 2003], glycerol conservation [van Noort et al. 1981]. An osmotic stress 

protocol for water content adjustment has been proposed [Zwirner et al. 2019].  

2.1.4.Constitutive modelling  

Constitutive modelling includes both phenomenological and structural modelling. It mostly consists in 
fitting stress-strain responses with constitutive strain energy models. Such constitutive model aims to 
describe typical mechanical behaviours such as non-linear elasticity, anisotropy and viscoelasticity of a 
material. The accuracy of the constitutive model used for fitting process strongly depends on the choices 
and assumptions made [Fehervary et al. 2016,38].  

Several constitutive models have been used to fit experimental behaviour of the dura mater. Among 
the simplest models, one can cite the reduced relaxation function and elastic response as in Haut et 
Little 1972 for collagen fibre [Wilcox et al. 2003], the Yeoh model that depends only on the first invariant 
of the Cauchy Green deformation tensor, or the Neo-Hookean [De Kegel et al.2018], the incompressible 
Ogden model (isotropic one-term hyperelastic model with no viscous term dependant to strain rate ) 
[Maikos et al. 2008, Persson et al. 2010, De Kegel et al.2018] or Mooney Rivlin and Skalak, Tozeren, 
Zarda and Chien (STZC) models [Kriewall et al. 1983] for incompressible hyperelastic materials [Walsh 
et al. 2018]. Among the most complex models, the incompressible Ogden model is an isotropic one-
term hyper-elastic model with no viscous term dependent to the strain rate [Maikos et al. 2008, Persson 
et al. 2010, De Kegel et al.2018]; the one proposed by Gasser is a transversely isotropic model but has 
also a formulation for anisotropic models with two family fibres [Shetye et al. 2014]; Gasser-Ogden-
Holzapfel (GOH) model and reduced GOH model [De Kegel et al.2018].  

PM associated with arachnoid mater has been modelled as linear elastic [Aimedieu et al. 2004, Jin et al. 
2006], and more recently as nonlinear viscoelastic, transversely isotropic material through a Moonley-
Rivlin material model for the ground matrix substance and a piecewise function for the strain energy 
function for fibre strengthening and for fibre reinforcement [Jin et al. 2014]. An Ogden law was also 
used with two parameters as well as a 3 terms Generalized Rivlin formulation [Laksari et al. 2012].  

Thus, the aims of the present work are threefold: 

1) To characterize mechanical behaviour of dura mater and arachnoid complex (DAC) and PM 
spinal porcine samples using quasi-static bi-axial tensile tests.  

2) To investigate the microstructures of the spinal DAC and PM samples using bi-photon 
microscopy in order to provide the energy density functions of the constitutive models with 
such knowledge.  

3) To check which constitutive models previously used in the literature are best suited to model 
the behaviour of these materials, to determine the best sets of parameters that allow them to 
fit experimental data and to quantify the variability of identified parameters  
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2.2.Material and methods 

Based on histological investigation and previous work [Sudres et al. 2020], the present study considers 

the arachnoid complex to be associated to the dura mater rather than the pia mater [Ramo et al. 2018c]. 

2.2.1.Dissection and extraction of the material  

As previously underlined by Ramo et al. [Ramo et al. 2018c], there is a lack of description of the 

extraction process, in particular how to avoid tissue degeneration as well as a lack of knowledge on the 

conservation process [Sudres et al. 2020]. Eight complete spines were extracted from pigs (40 to 50Kg, 

Yukatan, 3 to 4 months). The extraction took place less than half an hour after sacrifice. It was divided 

into three steps: spine extraction itself, followed by the spinal cord removal from spinal canal and 

sample preparation. The swine being attached in prone position, the first incision consists in a posterior 

opening from the skull to the sacral promontory. The flesh was then removed to access the ribs and iliac 

crests. A rotatory saw was used to cut the costal bone as close to the spine as possible without reaching 

the vertebral body. The first swine costal bones oriented forward in the thorax were manual cut as not 

reachable by saw.  

Meningeal tissues with spinal cord were carefully removed from the spinal canal using scalpels, gouge 

clamps and small clamps and then the spine was cut into 4 segments through the intervertebral disks in 

4 segments corresponding to cervical (C0-C7), upper thorax (T1-T7), lower thorax (T7-T15) and lumbar 

segments (L1-L5; Fig. 53). Sample preparation consisted in opening the dura mater on the lateral side 

defined by the axis between nerves roots. Identification of the orientation of the tissue was performed 

by sewing a thin 2-0 thread on the upper right nerve roots. PM removal was performed by sectioning 

the lateral side (nerve roots axis) and removing the white and grey matter. This procedure was 

performed in a saline solution and the removal of white matters on the PM was then carried out in a 

saline solution by carefully removing it without touching the PM. 
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Figure 53. Sample preparation. 

 

Figure 54. Test system and spine segment. 

2.2.2.Bi-axial testing system and protocol  

The bi-axial test system used in this experiment has been described in a previous work [Laville et al. 

2020]. It consists of four synchronized and motorized arms, each equipped with one stepper motor 

(Zaber, Vancouver, Canada), allowing a maximum displacement of 25 mm each. Motors are driven by a 

dedicated card controlled by PMX system (HBM). Each arm is also equipped with a 50 N load cell 

(sensitivity of 0.001 N). Samples are gripped with five rake “teeth” [Figure 54].  

The pre-conditioning was set to 0.01N and the stepper motors were controlled to have a 2mm 

displacement at 0.05mm.s-1. The distance between the four rakes was fixed to 7mm and controlled 

afterward through optical system. A stereo image acquisition system was used to capture local strain 

on the whole samples and study the failure of the specimens. Thus, black paint was sprayed on samples 

to get a speckle stochastic pattern. The image acquisition system was calibrated with a grid of 12x9 

printed dots with a known distance of 2mm between dots. The samples were tested out of the water 

but the time required to fix the sample to the testing system was minimized. The humidification of the 

biological tissues was achieved by spraying water droplets on the samples, to avoid water loss. 32 DAC 

samples and 27 PM samples were tested during the eight sessions of tests.  

 

A

B       C
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2.2.3.Structural characterization 

Additionally, to the mechanical testing study, microstructural investigation was conducted on samples 

extracted from one tested specimen within the 24h after sacrifice. The samples investigated by 

microscopy were situated adjacent to the mechanically tested samples, extracted similarly and with 

similar sizes. Sample preparation consisted in fixation of the meningeal tissues (PM and DAC samples) 

in agarose solution without covering the tissue in petri boxes. Orientation of the samples in the agarose 

was to have the longitudinal axis as the y-axis and the circumferential axis as x-axis. Structure image 

investigation was performed on one swine the day after sacrifice and the samples were kept at all time 

in a controlled environment. The multi-photon microscopy system was a Zeiss LSM 780 2P with five NDD 

gASP detectors in which bi-photon imaging system to detect type II collagen. The resolution is 0.42 by 

0.42µm2 with a stack thickness of 5µm to 10µm. The laser wavelength was 860nm with a power of 25 

to 70% depending on the tissue. The power tends to be higher for pia mater: pixel time was 6.3µs, line 

time 0.35 µs and frame time 30.98s. 

The density and orientation of the collagen fibres depend on the structure (PM and DAC). However, 

both have a different organization of collagen fibres, that depends on the location of the tissue (anterior 

or posterior) or the spinal level. Since our goal was to quantitatively describe the microstructure, we 

selected 3 fibres representative of the different orientations found in the tissue (as different as 

possible). The structural and geometrical characterization of the fibre was investigated using Dragonfly 

software (Object Research Systems (ORS) Inc., Montreal, Canada). It consisted in three half period values 

and three peak amplitudes of the sinus shape fibre, , the fibres thickness, and the fibre length and 

orientation defined as a signal (straight line through the sinusoidal signal, orientation as an angle with 

the x-direction vector). Fibre segmentation for density computation as a substitute of fibre density was 

performed using automatic Otsu segmentation.    

The reproducibility of this methodology was not assessed. This semi-quantitative method aimed at 

depicting the variability of the fibre found in the tissue to explain anisotropy rather than quantitatively 

and statistically comparing and defining the whole structure. The reproducibility of the sample 

preparation (orientation of the sample in the microscope) is limited to fully describe fibre populations 

of the tissue considering the thickness to be examined.  

2.2.4.Data analysis and constitutive models  

The engineering stress was computed as the ratio of the tensile force and the cross-section area 

orthogonally to the force with an initial size of the tested samples of 7*7mm2 and a thickness of 0.21mm 

for pia mater and 0.3mm for DAC [Sudres et al. 2020]. Engineering strain on each axis was computed as 

the length at t time in one axis direction divided by the initial length in this direction. Bi-linear fitting of 

the four stress-strain curves was performed using Matlab (2019b, The Matworks, Natik, Massachusetts, 

US). Failure detection was performed using the second derivative of the computed strain-stress curve. 

Toe region and elastic modulus were computed for each of them.  

The different constitutive model implemented for post-processing of the experimental data are 

summarized in Table 24. Briefly, the matrix-based material has been modelled by a neo-Hookean model, 

an Yeoh hyper-elastic model and a Mooney-Rivlin models with (isotropic hyperelastic behaviour of the 

matrix).  

Anisotropic Gasser model 
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The strain energy function (1) associated with contribution of fibre population(s) is defined in its most 
general form such as:   

W𝐺𝑂𝐻 = W𝑚𝑎𝑡𝑟𝑖𝑥 +
k1

2k2
[ek2{κ1(I1−3)+(I1−3κ1)(I4−1)}2

− 1] +
k3

2k4
[ek4{κ2(I1−3)+(1−3κ2)(I6−1)}2

− 1]      (1) 

• W𝑚𝑎𝑡𝑟𝑖𝑥 represents the isotropic ground matrix modelled as a Yeoh hyperelastic model (two 
terms : 𝐶10 and 𝐶20). 

• k1 and k3 that have the dimensions of a stress, representing the overall stiffness of the 
considered fibre population,  

• k2 and k4 that are dimensionless, describing the nonlinearity of the collagen fibre behaviour, and  

• I1 is the first invariant of the right Cauchy Green tensor. I2 (2), I4 (3) and I6 (4) are the 2nd, 4th and 
6th anisotropic strain invariants (the two last invariants describing the fibre orientation).  
 

                                                            I2 =
𝑇𝑟𝑎𝑐𝑒[𝐶]2−𝑇𝑟𝑎𝑐𝑒[𝐶2]

2
= λ1

2λ2
2 + λ1

2λ3
2 + λ3

2λ2
2                                 (2) 

                                                            I4 = λ1
2cos2β + λ2

2sin2β                                                                         (3) 

                                                            I6 = λ1
2sin2γ + λ2

2cos2γ                                                                          (4) 

With λi is the normal stretch in the 𝑖𝑡ℎ principal direction 

β and γ orientation of the two populations of fibres and κ1; κ2 are respective coefficient of fibres 
dispersion; 

Transverse isotropic Gasser model 

Based on the equation (1), one fibre population is considered ( κ1 = κ2 = κ = 1/3) with β orientation 
of the fibres, κ describing the degree of fibre dispersion (maximum dispersion). 

                                                              I4 = I6 = λ1
2cos2β + λ2

2sin2β                                                              (5) 

Anisotropic GOH model 

Based on the equation (1), W𝑚𝑎𝑡𝑟𝑖𝑥 represents the isotropic ground matrix modelled as a neo-Hookean 
hyperelastic model and one fiber population is considered. 

Reduced GOH model 

DeKegel et al. [De Kegel et al.2018] simplified the initial formulation (6) with κ1 = κ2 = κ = 1/3 with 
maximum dispersion : 

                                 W𝑟𝑒𝑑_𝐺𝑂𝐻 = W𝑚𝑎𝑡𝑟𝑖𝑥 +
k1

2k2
[ek2{κI1+(1−3κ)Ii−1}2

− 1]                                  (6) 

 

W𝑚𝑎𝑡𝑟𝑖𝑥 represents the isotropic ground matrix modelled as a neo-Hookean model (one term : 𝐶10). 

A specific model for PM has been proposed [Jin et al. 2014], including the isotropic hyperelastic Mooney-
Rivlin model and a second reinforcement effect part piecewise function depending on the stretch in the 
direction of the fibres (λ𝑑).  

Parameters fitting  

For fitting of the parameters, the 2nd Piola Kirchoff (PK) stress for a non-linear elastic incompressible 
material (7) based on strain energy function is defined as:  

                                                             Sij = −pCij
−1 + 2

∂W

∂Cij
                                                                             (7) 
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With p the hydrostatic pressure, W the strain energy function, Cij the components of the right Cauchy 
deformation tensor. The resolution requires a computation of the derivative of the strain energy 
function by one specific component of the right Cauchy deformation tensor. Relationship between 2nd 
PK stress component, F being the deformation gradient tensor and the Cauchy stress (8) component is: 

                                                             σij = ∑ Firr/k=[1/1,1/2...3/3] SrkFjkJ−1                                                   (8) 

giving  

                                                           σ11 = λ1
2S11, σ22 = λ2

2S22, σ33 = λ3
2S33                                               (9) 

Then we have Cauchy stresses (9) derived from constitutive law and experimental Cauchy stresses. The 
parameters for MR fibre strengthening model are fitted in two steps: first C10, C20, k3 and k4 parameters 
fitting and k1 and k2 fitting for all possibility of λd

∗ . Minimization of the objective function was 
implemented in Matlab (Mathworks, USA) using an implementation of the trust region reflective 
algorithm (Matlab Optimization Toolbox- function lsqcurvefit).  

2.2.5.Statistical analysis 

Statistical analysis was performed using R language (CRAN, R project, [R Core Team 2020]). Normality 

of the distribution was tested using Shapiro test. Wilcoxon test was used to test differences between 

the two orientations of the samples (paired) as well as between spinal levels (not paired). Anova test 

(not paired) was used to test the influence of the spinal level on the different material characteristics. 

Significance was defined as p value superior to 0.05. r2 (10) and RMSE (11) of the fit between 

experimental data and model data are computed respectively as:  

                                                              𝑟2 = 1 − ∑
𝑓(𝑥)−𝑦𝑖

√(𝑦̂−𝑦𝑖)2i in mes                                                                  (10) 

                                                       𝑅𝑀𝑆𝐸 = √∑
(𝑦̂−𝑦𝑖)2

𝑛i in mes                                                                        (11) 

With 𝑦̂ the mean of the initial value, 𝑦𝑖  experimental value and f(x) the fitted function.  

2.3.Results 

2.3.1.DAC characterization  

Longitudinal elastic moduli were found to be significantly higher than circumferential ones at all levels 

(p<0.001, Table 25). Toe and failure stresses were also found to be significantly different (p=0.005 and 

p<0.001 respectively) with a higher value of both strains and stresses at failure for longitudinal DAC [Fig. 

55, A-B-E]. The Stress-Strain curves do not show any trend with respect to spinal level.  

Constitutive modelling fitting showed similar results with anisotropic GOH model, Transverse isotropic 

Gasser model and anisotropic Gasser model (r2=0.99 for all and respectively, RMSE of 0.44±0.3, 0.43±0.3 

and 0.27±0.21MPa). The best results were obtained with the anisotropic Gasser model while the fibres 

population parameters were found significantly different between κ1 and κ2 and between β and γ 

(p<0.001).  

2.3.2.PM characterization 

Elastic moduli, toe and failure stresses were found significantly different between circumferential and 

longitudinal directions for the pia mater (p<0.001, p=0.02 and p<0.001, respectively - Table 26). Stress-

Strain curves of longitudinal PM samples appear to be grouped by spinal level [Fig. 55, C-D-F]. The 
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anisotropic GOH and the transverse isotropic and anisotropic Gasser models presented the closest fit 

when compared with other constitutive models. For the anisotropic Gasser model, fibres population 

parameters were found significantly different in average for all parameters (k1 and k3: p=0.005, k2 and 

k4.: p=0.03, κ1 and κ2 and β and γ: p<0.001) 

2.3.3.Spinal level differences 

The study of the influence of sample location in the spine is depicted in Table 27. The ANOVA test did 

not reveal any influence of the spinal level. A higher mean value of the longitudinal elastic moduli was 

found in the upper thoracic spine while the cervical and upper thoracic circumferential elastic moduli 

were similar. In both directions, DAC elastic moduli decrease toward the lower spine. Similar results are 

found for PM in the longitudinal direction while lumbar circumferential elastic moduli were higher than 

in the low thorax. Differences between directions in elastic moduli were significant for DAC in all levels 

except for cervical spine (p=0.08) while differences in PM were only significant in cervical and thoracic 

spines.   

Comparing the spine levels, significant differences were found for PM circumferential elastic moduli 

between upper and lower thorax (similar results while no significant for DAC longitudinal p=0.054), for 

DAC longitudinal failure stresses between high and low thorax and for PM failure stresses between 

cervical and low thorax and cervical and lumbar spine in both directions. 

2.3.4.Fibres structure 

In DAC, the tissue mainly showed highly curled collagen fibres [Fig. 56], present in a high density within 

the sample. Bi-photon imaging shows that the collagen fibres in the DAC change within one sample 

(anterior and posterior), with different orientations and structures. In PM, fibres orientation is depicted 

in Figure 57. It showed fenestrations in the PM structure as well as vascularization [Fig. 57, E-F].  

A semi quantitative description of the fibre structures can be found in Table 28. DAC shows small 

variability in orientation depending on the spine level while showing variability in the orientation within 

the same sample. It presented different volume fractions increasing from cervical to lumbar spine, fibre 

thickness and sizes of amplitude depicting changes in shape of the fibres. PM fibres orientation is found 

to vary both within the same sample and along the spine. Half -amplitude of the collagen fibre curl is 

higher in PM than in DAC. Density of fibres slightly varies between 17.3% to 25.4% (thoracic).  
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Figure 55. DAC (A-B-E) and PM (C-D-F) biaxial tensile test results according with spinal levels, longitudinal (A-C) and 
circumferential (B-D).  
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Figure 56. Collagen fibres in different level of dura mater (cervical anterior A and posterior B, high thoracic anterior 
C and posterior D, low thoracic E and F and lumbar spine G). 
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Figure 57. Collagen fibres in different level of pia mater (cervical A and posterior B, thoracic B and C and lumbar 
spine D, with microscopic visualization of vessel E and F by Keyence microscope) with fenestration description. 
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Table 24. Description of constitutive models. 

 

 

Name 

Nb 
of 
par. Parameters Description Ref. Strain Energy function  

Ogden 2 µ(MPa) β (-) 
        

 isotropic modified Ogden 
model (n=1) 

[38] 
 

Reduced GOH 3 C10(MPa) k1(MPa) k2(-)       matrix based NH model, 
and κ=1/3 (maximum 
dispersion) 

[32]  

 

Ani. GOH 5 
C10(MPa) k1(MPa) k2(-) 

κ (-
) 

β 
(rad)   

matrix based NH model [32]  
 

Trans. Iso Gasser 6 C10 
(MPa) 

C20(MPa) k1(MPa) 
k2(-
) 

κ (-) 
β 
(rad) 

matrix based Yeoh model [14]  

  

Ani. Gasser 10 C10 
(MPa) 

C20(MPa) k1(MPa) 

k3(MPa) 

k2(-
) 

k4(-
) 

κ 1(-) 

κ2 (-) 

 

β 
(rad) 

γ 
(rad) 

matrix based Yeoh model [14] 

 

Mooney-Rivlin 
Fibres 
stregthening 

6 C10(MPa) C30(MPa) k1(MPa) k2(-
) 

κ (-) β 
(rad) 

 [38]  
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DAC 
E 

(MPa) 

Toe strain 

(-) 

Toe stress 

(MPa) 

Failure strain 

(-) 

Failure stress 

(MPa) 

Poisson 

(-) 

r2 

(-) 

RMSE 

(MPa) 

Long 108.1±40.3 0.13±0.08 1.6±0.81 0.24±0.09 13.85±7.03 0.52±0.26 0.98±0   

Circ 53.2±31.7 0.14±0.08 1.06±0.83 0.24±0.09 6.78±6.1   0.98±0   

Ogden  µ(MPa) β (-)             

  2.8±4 0.75±0.2         0.75±0.2 2.22±1.78 

Reduced GOH  C10(MPa)  k1(MPa) k2(-)     

 0.5±1  53.67±62.19 48.59±177.58   2.22±1.78 2.22±1.78 

Ani. GOH  C10(MPa)  k1(MPa) k2(-) κ (-) β (rad)     

  0.03±0.11  18.36±21.63 42.95±177.87 0.19±0.12 0.76±0.67 0.99±0.01 0.44±0.3 

Trans. Iso Gasser  C10 (MPa) C20(MPa) k1(MPa) k2(-) κ(-) β (rad)   

 0.04±0.15 1.73±2.57 12.23±19.56 41.1±178.13 0.13±0.14 0.76±0.71 0.99±0 0.43±0.3 

Ani. Gasser  C10(MPa) C20(MPa) k1(MPa) k2 (-) κ1 (-) β (rad)   

 0.02±0.08 1.62±2.95 7.5±13.34 18.82±45.14 0.23±0.13 0.87±0.74 0.99±0.02 0.27±0.21 

   k1 (MPa) k4 (-) κ 2 (-) β (rad)   

   3.53±7.87 11.95±20.74 0.06±0.09 0.03±0.12   

Table 25. DAC biaxial tensile test results and constitutive model parameters. Values depict average on all DAC samples and constitutive models were fitted on each experimental 
couple of curves before to be averaged. 
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Pia Mater  
E 

 (MPa) 
Toe strain 

(-) 
Toe stress 

(MPa) 
Failure strain 

(-) 
Failure stress 

(MPa) 
Poisson 

(-) 
r2 

(-) 
RMSE 
(MPa) 

Long 26.3±13.3 0.06±0.05 0.29±0.21 0.15±0.07 2.56±1.33 0.52±0.26 0.98±0  

Circ 12.9±8.7 0.05±0.05 0.16±0.13 0.15±0.07 1.36±1.03  0.98±0  

Ogden  µ(MPa) β (-)       

 1.9±1.5 0.71±0.27     0.75±0.23 0.41±0.28 

Mooney-Rivlin  C10(MPa) C30(MPa)       

 -4.18±4.53 4.35±4.07     0.71±0.28 0.43±0.3 

Reduced GOH  C10(MPa)  k1(MPa) k2 (-)     

 0.5±0.4  40.57±53.49 23.52±44.25   0.43±0.31 0.43±0.31 

Ani. GOH  C10(MPa)  k1(MPa) k2 (-) κ (-) β (rad)   

 0.09±0.18  12.73±16.74 28.84±47.28 0.22±0.08 0.96±0.6 0.99±0 0.07±0.06 

Trans. Iso Gasser  C10(MPa) C20(MPa) k1(MPa) k2 (-) κ (-) β (rad)   

 0.1±0.19 0.71±1.09 9.44±17.5 22±45.71 0.14±0.12 0.9±0.62 1±0 0.07±0.06 

Ani. Gasser  C10(MPa) C20(MPa) k1(MPa) k2 (-) κ1 (-) β (rad)   

 0.06±0.12 0.76±1.64 7.76±13.55 25.82±85.53 0.21±0.1 0.8±0.68 1±0.0 0.06±0.05 

   K3 (MPa) k4 (-) κ 2 (-) γ (rad)   

   2.39±4.4 16.73±24.93 0.07±0.1 0.05±0.14   

Fibres strengthening C10(MPa) C30(MPa) k1 (MPa) k2 (-) k3 (-) β (rad)   

Mooney-Rivlin  0.05±0.22 1.7±0.59 4.67±3.88 32.93±17.7 44.77±12.68 0.8±0.08 0.84±0.1 0.37±0.23 
Table 26. PM biaxial tensile test results and constitutive model parameters. Values depict average on all PM samples and constitutive models were fitted on each experimental 
couple of curves before to be averaged.  
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    E Toe strain Toe stress Failure strain Failure stress  

      n (MPa) (n.a) (MPa) (n.a) (MPa)  

Lo
n

g
 

D
A

C
 

Cervical  106.5±67.6 0.11±0.11 1.4±1.14 0.24±0.13 15.16±10.59  

High Thorax  122.5±30.2** 0.14±0.05 1.94±0.73 0.25±0.06 15.65±5.47**$  

Low Thorax  98.8±17.1*** 0.14±0.08 1.57±0.67* 0.23±0.07 10.64±4.1**$  

Lumbar  96.8±27.5** 0.11±0.05 1.28±0.46 0.23±0.08 13.29±6.74  

P
M

 
Cervical  31.9±10.7** 0.03±0.03 0.22±0.28 0.11±0.05$1$2 2.42±0.99*  

High Thorax  27.2±17.1* 0.04±0.04 0.3±0.22 0.13±0.04 2.72±1.75  

Low Thorax  22.9±10.7* 0.09±0.06 0.37±0.16 0.2±0.08$2 2.41±0.9**  

Lumbar  20.2±10.9 0.08±0.06 0.27±0.1 0.19±0.07$1 2.64±1.59  

C
ir

c 

D
A

C
 

Cervical  58.5±31.2 0.13±0.13 1.09±1.17 0.24±0.13 9.1±9.56  

High Thorax  58.6±44.6 0.16±0.05 1.29±0.99 0.25±0.06 7.05±5.79  

Low Thorax  44.3±17.2 0.15±0.07 0.92±0.24 0.23±0.07 4.63±2.61  

Lumbar  48.3±22.6 0.13±0.07 0.77±0.39 0.23±0.08 5.98±3.3  

P
M

 

Cervical  14±6.6 0.04±0.03 0.13±0.1 0.1±0.05$1$2 1.07±0.6  

High Thorax  15.6±10.9$ 0.04±0.03 0.2±0.16 0.13±0.05 1.56±0.98  

Low Thorax  6.7±4.9$ 0.09±0.08 0.16±0.15 0.19±0.09$2 0.78±0.45  

Lumbar  12.9±8.7 0.06±0.07 0.11±0.06 0.19±0.06$1 1.99±1.67  

Table 27. Biaxial tensile test results according with sample spinal levels. $ depict significant difference between the two levels (0.01<p<0.05 : $, 0.001<p<0.01 : $$, p<0.001 : $$$) 
and * the significant difference between circumferential and longitudinal direction (0.01<p<0.05: *, 0.001<p<0.01 : **, p<0.001 : ***). 
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Angle 
(rad) 

Amp  
(µm) 

1/2 P  
(µm) 

Fibre thickness  
(µm) 

Volume fraction 
(%) 

D
A

C
 

Cervical 
3.59  

(2.88-4.13) 
5.1  

(4.1-6.7) 
9  

(8.1-10.6) 
5  

(3.5-6.3) 19.8 

Thorax 
3.2  

(2.55-4.28) 
8  

(7.5-9.2) 
33 

 (28.1-37) 
16  

(14.6-17.5) 23.4 

Lumbar 
3.71  

(3.18-4.47) 
5  

(4.3-5.8) 
24 

 (20.7-26) 
12  

(10.4-15.5) 34.6 

P
M

 

Cervical 
2.43 

 (1.3-3.2)   
8  

(4.9-11.6) 17.3 

Thorax 
1.1 

 (0.97-1.27) 
5  

(3.2-9.3) 
20  

(7.6-27.6) 
6  

(5.9-6.5) 25.4 

Lumbar 
2.28 

 (1.42-3.43) 
7  

(6.7-7.4) 
38  

(32.7-41.5) 
14  

(10.6-16.5) 22.7 
Table 28. Fibres characteristics measured on bi-photon microscopy for DAC and PM samples
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2.4.Discussion 

This study investigates the material properties of the meningeal tissue in swine model with the 

perspective of testing the constitutive models previously described in the literature to fully describe the 

behavior of such material. While two fibres populations model presented higher results for DAC and 

micro-structural investigation showed the variability of orientation within a same sample, significant 

differences between fibres populations description (fibres dispersion coefficient and orientation) by the 

anisotropic Gasser model parameters were found. Moreover, this study is the first, to the authors’ 

knowledge, to report biaxial tensile test of the PM and to provide constitutive modelling for such tests. 

Anisotropic Gasser model presented slightly higher results for PM with significant differences in all fibres 

populations description parameters. 

2.4.1.DAC characterization and constitutive parameters fitting 

Controversy on comparison of stiffness between circumferential and longitudinal direction for DAC 

tissue has been previously discussed [Shetye et al. 2014, Wilcox et al. 2003, Persson et al. 2010] 

depending of the location of DAC sample extraction (cranial vs spinal, between cranial or spinal 

locations).  

The values in our study are in line with literature value of uniaxial tests: 7.5 to 26 MPa [Walsh et al. 

2018]; 3.28 to 7.86 MPa [van Noort et al. 1981]; 44 to 91MPa in fossa human sample dural (strain rate 

1.5 10-3 s-1) [Chauvet et al. 2010]; 70 ± 44 MPa in human cranial cadaver samples [Zwirner et al. 2019], 

cranial bovine longitudinal 25 to 70MPa [Runza et al. 1999] ; in human spine : longitudinal : 62 to 

102MPa vs circumferential : 4 to 8MPa [Runza et al. 1999] and 138 to 265 MPa in longitudinal direction, 

7.8 to 76.4 MPa in circumferential [Patin et al. 1993]. When comparing uniaxial results with biaxial, the 

difference in ratio between circumferential and longitudinal elastic moduli should be noticed. It appears 

that applying a second loading in the direction will accentuate the differences in material behaviour of 

the two directions. Our results presented higher elastic modulus of longitudinal DAC than 

circumferential when tested with biaxial tensile test (p<0.001) which is different than previously 

reported results [Shetye et al. 2014] in ovine spinal cord. While discrepancies between literature results 

were previously reported by the same authors, they attributed such differences at the maximum loading 

strain attained in other study going until the failure which is the case in our study.   

When compare to existing results for biaxial tensile test [Shetye et al. 2014], differences between non-

linearity coefficients (k2 and k4 ) as well as dispersion coefficients (κ1 and κ2) were previously reported 

while only orientation and dispersion coefficient were found different here. Differences with such 

corresponding values with the previously published values should be noticed which could also result 

from the previously mentioned differences in maximum loading as well as strain rate testing conditions. 

Such differences could also be explained by the dispersion of our strain-stress curves, methodology for 

fitting (fitting on each experimental curves vs fitting on the average curve) as well as the different in the 

tested locations (as compared to cervical only samples in Shetye et al. [2014]).  

Micro-structural analysis of the DAC showed the complexity of the organization of the collagen fibres 

on such structures which could not match the theoretical description provided by the constitutive 

models. Indeed, orientation and dispersion coefficient of the fibres were found significantly different 

between the two populations which may suggest a reality of the tissue structure which is not fully 

described by the semi-quantitative approach of collagen structure investigation by bi-photon 

microscopy. To this perspective, a full characterization of the collagen by tested samples could be 

considered as well as further investigation of other components of the tissue such as elastin fibres.  
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2.4.2.PM and constitutive parameters fitting 

Elastic moduli determine by biaxial tensile tests in PM samples were found significantly different 

between longitudinal and circumferential directions. The presented values are higher than the one 

reported in the literature. Tensile elastic modulus of bovine cranial PM was found to be 19kPa [Jin et al. 

2011] and 2300kPa in spinal rabbit PM in performing tensile test on spinal cord with and without and 

deriving a computed elastic modulus from a viscoelastic Kelvin-Voigt model [Ozawa et al. 2004]. Also, 

vascularized and non-vascularized tissue elastic modulus were compared (1.32±0.03kPa and 2.79±0.08 

kPa) [Fabris et al. 2019]. Such differences could be explained by the model differences as well as the 

location of the extracted samples.  

The Mooney-Rivlin based material with fibre strengthening did not presented closest fit when compared 

to transversely anisotropic material or fibre population models. When focusing at the anisotropic Gasser 

model, non-linearity of the two fibres populations were found significantly different while differences 

in fibre dispersion coefficient did not reach the significance. With the micro-structural investigation in 

mind, fenestration could also be taken into consideration when modelling the PM.  

While PM (or more precisely PAC according with the authors’ hypothesis) was previously described by 

Jin et al. [2011] with the Mooney Rivlin based including piecewise function to consider the fibres 

strengthening and based on our results, we suggest the use of anisotropic Gasser model which fully 

described two fibres population for which describing parameters were found significantly different. 

When focusing on the results from collagen fibres organisation structure investigation, the question of 

how the fenestration should be considered in the constitutive modelling is still to be asked.  

2.4.3.Spinal levels differences 

To the best to our knowledge, three studies reported comparison between spinal levels meningeal 

tissue characteristics, all in uniaxial test.  

Sudres et al. [2020] reported lower cervical elastic moduli than thoracic one in longitudinal direction 

and higher cervical and thoracic vs lumbar elastic moduli in circumferential direction. Our results were 

similar with higher circumferential lumbar elastic modulus than low thoracic one.     

2.4.4.Testing protocols and limitations 

Despite the interesting presented results, this study has some limitations. Additional displacement could 

have been tested in all samples however the conservation time after sacrifice was critical and 

determining visco-elasticity properties of the meningeal tissues was out of the scope of this work. 

Further studies are required for investigation on visco-elasticity of pia and dura mater such as described 

in other biological material [Anssari-Benam et al. 2019]. Further investigation should include different 

displacement rate as strongly advice in other studies [Budday et al. 2017] and [Jin et al. 2014]. In this 

later, an inverse analysis using finite element modelling showed that three experimental loading 

conditions are necessary to model various loading conditions. Thus, our results are highly limited to 

identical conditions of the one tested (strain rate of 0.71e-3s-1 similar in both direction). Quantification 

of the collagen fibers directly on the tested sample could have been considered as described in a 

different application [Brunet et al. 2020] however access of the imaging facilities on the same day of 

sacrifice was not possible. While usefulness of swine model could be questioned as spine horizontal 

morphology probably implied different organization of the tissue, availability of testing material is a non-

negligible advantage and the lack of data of such meningeal tissue mechanical characterization made it 

acceptable. Constitutive model could then be investigated using finite element modelling [Sun et al. 
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2005] with inverse analysis which could facilitate further transition to spinal cord compression modelling 

[Jannesar et al. 2016, Kimpara et al. 2006].  

2.5.Conclusion 

This study presented significant differences in elastic moduli of circumferential and longitudinal 

directions in both DAC and PM tissues when tested by bi-axial tensile test. Significant differences were 

found between circumferential PM low and high thorax while even though trends could be seen in 

changes of material properties along the spinal cord, such changes were not found significant. 

Comparison between constitutive models presented superiority of anisotropic Gasser for both DAC and 

PM, micro-structural description enabling discussion on the capacity of constitutive law theory to match 

micro-structure description of meningeal tissues.  
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-------------------------------------------------------------------------------------------------------------------------------------- 

Chapter summary 

Section 1 summary 
A first published study on the description of porcine spinal meninges’ tensile mechanical properties was 

performed in moderate condition. The aim of this study was to quantify the elastic meningeal 

mechanical properties along the porcine spinal cord in the longitudinal (cranio-caudal) direction and in 

the circumferential (surrounding the spinal cord) directions for the dura-arachnoid complex (DAC), and 

solely in longitudinal direction for the pia mater. A quasi-static loading assumed close to physiological 

solicitations was considered. In addition, the effect of the conservation method effect was assessed by 

comparing flash frozen (at -80°C) (different from a classical freezing at -4°C) and fresh samples 

properties. The main results were that the porcine model is an appropriate alternative to study the 

mechanical properties of meninges compared to human cadavers. In addition, this study provided 

isotropic hyperelastic properties and showed the negligible effect of a flash freezing conservative 

method to provide comparable results on DAC tissues, thus limiting the effect of the time factor in such 

experimental protocol. Finally, the variety of tensile elastic mechanical properties of the meninges 

suggests that a spatial personalization along the spinal cord of these biological soft tissues should be 

taken into account when in a numerical model of the central nervous system. 

Section 2 summary 
The previous uni-axial methodology remain limited to fully describe the tensile properties of the porcine 

spinal meninges. To partly address this limitation, a bi-axial tensile study was performed in moderate 

condition as well as microscopic analysis of collagen fibres of the DAC and the pia mater by bi-photon 

imaging. From these approach, several isotropic and anisotropic hyperelastic constitutive laws were 

fitted to experimental measurements. Elastic properties were measured to be easier compared to the 

previous study and literature. This study presented significant differences in elastic moduli of 

circumferential and longitudinal directions in both DAC and pia mater tissues as shown in the first uni-

axial study. Significant differences were found between circumferential pia mater low and high thorax 

while even though trends could be seen in changes of material properties along the spinal cord, such 

changes were not found significant. Anisotropic Gasser constitutive models presented the best fit for 

both DAC and PM, micro-structural description enabling discussion on the capacity of constitutive law 

theory to match micro-structure description of meningeal tissues.  

--------------------------------------------------------------------------------------------------------------------------------------
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Chapter 5  

Towards fluid-structure 

modelling 

 
1.Mathematical background ............................................................................................................................... 170 
1.1.Fluid flow ............................................................................................................................................................. 170 
1.2.Linear elasticity. ................................................................................................................................................... 173 
1.3.Description of motion ......................................................................................................................................... 173 

2.Monolithics FSI modelling investigation in RADIOSS ........................................................................................ 180 
2.1.Brief description of FSI modelling approaches in RADIOSS .............................................................................. 180 
2.2.Stress effects of the cerebrospinal pulsatile flow on the spinal cord by a 3D fluid-structure modeling : a proof-
of-concept .................................................................................................................................................................. 182 

 
In this chapter, the fluid-structure interaction formulation and modelling are presented now that the 

morphometric aspect of the cervical subarachnoid space in which the CFS flows has been defined. In 

addition, the nature of the mechanical behavior of the meninges in direct contact with the CSF was 

presented and could be used in future numerical modelling.  

The aims of this chapter were : 

1) to propose a formulation of FSI based on the Arbitrary Lagrangian-Eulerian formulation in using 

the theoretical foundations of the continuum mechanics. 

2) To briefly present the different approaches of FSI modelling available in the solver RADIOSS. 

3) To present a preliminary FSI modelling of CSF flow. 
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1. Mathematical background  

Abbreviations 

CSF : cerebrospinal fluid 

ALE : arbritrary Lagrangian Eulerian 

FSI : fluid-structre interactions 

 

This section was inspired by [Vinge 2016, White 2006] and by the continuum mechanics lectures given 
by Pr. Moktar Zagzoule at Paul Sabatier University of Toulouse. 
 
To model the mechanical interactions between the flow of CSF and the meninges in particular the pia 
mater surrounding the spinal cord along the subarachnoid space, equations of fluid flow and equations 
of solids are required. Firstly, a brief mathematical description of the CSF flow modelling and the solid 
part by assuming a linear elastics behavior will be presented. Secondly, the fundamental descriptions of 
motion will be discussed. Finally, the concept of fluid-structure interactions will be developed and 
discussed. 
 
To provide a mathematical description of fluid and solid mechanics, it is necessary to give an overview 
of the notations used : 
 
𝒗 : velocity of the material. In the fluid, 𝒗 represents fluid velocity, while in the solid 𝒗 is the velocity of 
solid. 

𝑼 : displacement of the solid. 
𝜕𝑼

𝜕𝑡
= 𝒗 relates displacement and velocity in the solid, and 𝑼 represents 

the mesh displacement in the fluid.  
𝑝 : pressure in the fluid. 
Unit vectors in the Cartesian coordinates system are described 𝒊 = (1, 0, 0), 𝒋 = (0, 1, 0) and 𝒌 =
(0, 0, 1).  
The Einstein summation convention will be used such as 𝒗𝑖𝒆𝑖 =  𝑣1𝒆𝑖 + 𝑣2𝒆𝑗 +  𝑣3𝒆𝑘 for a vector 𝒗 =

(𝑣1, 𝑣2, 𝑣3).  

The nabla symbol ∇ denotes the gradient operator such as, ∇ =  𝑒𝑖
𝜕

𝜕𝑥𝑖
, and thus ∇𝒗 =  

𝜕𝑣𝑖

𝜕𝑥𝑗
𝑒𝑗𝑒𝑖. 

The indices 𝑓 and 𝑠 denotes the fluid and solid quantities, respectively. 
𝛿𝑖𝑗  is the Kroenecker delta function. It is equal to 1 if 𝑖 = 𝑗 and 0 otherwise. 

The divergence theorem (also known as the Gauss-Ostrogradsky theorem) states that the surface 
integral of the normal component of a vector point field 𝑭 over a closed surface 𝑆𝑜 =  𝜕𝑉0 is equal to 
the volume integral of the divergence of 𝑭, a vectorial quantity taken over the volume Vo enclosed by 
the surface 𝑆𝑜 =  𝜕𝑉0. The theorem is denoted such as : 
  

                                ∫ ∇. 𝑭𝑑𝑉 = ∫ 𝑭. 𝒏𝑑𝑆
𝑆0𝑉0

,                                                       (1) 

 
where n is the outward unit normal on 𝑆𝑜. 

 

1.1.Fluid flow 

1.1.1.Reynolds transport theorem 
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Any change in the quantity of any entity within a closed surface can only be achieved in two distinct 
ways: it may be achieved by the production or destruction of the entity within the surface, or by the 
passage of the entity across the surface. 
 
The Reynolds’ transport theorem can be considered from two different points of view. One is called 
Lagrangian, where one follows all fluid particles and describes the variations around each fluid particle 
along its trajectory. The other is Eulerian, where the variations are described at all fixed stations as a 
function of time. To briefly illustrate these two approaches, I will take the example of an ornithologist. 
In the first case (Eulerian), the photographer is always in a static position and keep his gaze in the same 
direction to the horizon and he watches through his lens all the birds that pass. In the second case 
(Lagrangian), the ornithologist put some trackers on the birds to follow the trajectories of flight. 
 
Let consider a fixed control volume, 𝑉0 and some fluid property 𝑄(𝒙, 𝑡). The rate of change of 𝑄 within 
the control volume can be written as  

                                                                           
𝑑

𝑑𝑡
∫ 𝑄(𝒙, 𝑡)𝑑𝑉

𝑉0
                                                                         (2) 

 
The net change of 𝑄 must be equaled to the rate of change in 𝑄 within the control volume plus the net 
rate of mass flow out of the volume, i.e. : 
 

                                            
𝑑

𝑑𝑡
∫ 𝑄(𝒙, 𝑡)𝑑𝑉

𝑉0
= ∫

𝜕𝑄(𝒙,𝑡)

𝜕𝑡𝑉0
𝑑𝑉 + ∫ 𝑄(𝒙, 𝑡)𝒗. 𝒏𝑑𝑆

𝑆0=𝜕𝑉0
                              (3) 

 
Here 𝒏 denotes the outward pointing unit-normal vector to the infinitesimal surface 𝑑𝑆, i.e. 𝒏 points 
out of the fluid surface 𝑆0. This equation (3) is known as the Reynold’s transport theorem. 
 

1.1.2.Conservation of mass and momentum 

Assuming 𝑄(𝒙, 𝑡) = 𝜌, where 𝜌 is fluid density. Conservation of mass is mathematically translated by : 
 

                                                                             
𝑑

𝑑𝑡
∫ 𝜌𝑑𝑉 = 0

𝑉0
,                                                                        (4) 

 
which can be rewritten using the Reynolds’ transport theorem: 
 

                                                                      ∫ [
𝑉0

𝜕𝜌

𝜕𝑡
+ ∇. (𝜌𝒗) = 0                                                                    (5) 

 
Equation (5) is known as the continuity equation and describes the conservation of mass. 
 
To derive a similar property of momentum, Newton’s second law of motion is used. The net change of 
momentum must be equal to the applied forces to the chosen volume. The forces can be divided into 
volumetric forces, acting on the entire control volume, and forces acting only on the control surface. 
The forces acting on the surfaces can be written 𝜎𝑓̿̿̿ = 𝜎𝑓̿̿̿(𝒗, 𝑝) is the symmetric tensor denoting the 

fluid stress. 𝑭𝑣 is a volumic force such as gravity. Thus, balance of momentum requires that : 
 

                                                   
𝑑

𝑑𝑡
∫ 𝜌𝒗(𝒙, 𝑡)𝑑𝑉 = ∫ 𝜎𝑓̿̿̿. 𝒏𝑑𝑆 + ∫ 𝐹𝑣𝑑𝑉

𝑉0𝜕𝑉0𝑉0
                                               (6) 

 
By using the transport theorem on the left hand side and the divergence theorem on the surface integral 
on the right hand side, we obtain the equations (7 and 8) : 
 

                                                          ∫ [
𝜕𝜌𝒗

𝜕𝑡
+ ∇. (𝜌𝒗𝒗) − ∇. 𝜎𝑓̿̿̿ − 𝑭𝑣] 𝑑𝑉

𝑉0
= 0                                            (7) 
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𝜕𝜌𝒗

𝜕𝑡
+ ∇. (𝜌𝒗𝒗) = ∇. 𝜎𝑓̿̿̿ + 𝑭𝑣                                                             (8) 

 
The left hand side of the equation can be rewritten as : 
 

                   𝜌
𝜕𝒗

𝜕𝑡
+ 𝒗

𝜕𝝆

𝜕𝑡
+ 𝒗𝒗. ∇𝜌 +  𝜌𝒗. ∇𝐯 + 𝐯𝜌. ∇𝐯 = 𝜌 (

𝜕𝒗

𝜕𝑡
+ (𝒗. ∇)𝒗) + (

𝜕𝜌

𝜕𝑡
+ ∇. (𝐯𝜌))                  (9) 

 
Fluid density is considered to be constant over time and then, the equation (8) can be simplified such 
as : 
 

                                                           𝜌 (
𝜕𝒗

𝜕𝑡
+ (𝒗. ∇)𝒗) = ∇. 𝜎𝑓̿̿̿ + 𝑭𝑣                                                             (10) 

 
The equation (9) is called the momentum equation and describes the balance of momentum. 
The stress tensor 𝜎𝑓 is defined is the next subsection. 

1.1.3.Incompressible Newtonian fluids 

As far as we know, the CSF is considered such as a Newtonian fluid due to its mechanical properties 
close to the mechanical properties of water [Bloomfield et al. 1998]. By analogy with Hookean elasticity, 
Newtonian model is based on the simplest assumption : the variation of viscous stress with strain rate 
is a linear law. This assumption is satisfied by most common fluids. Finally, Newtonian model is described 
by the three next assumptions : 

the fluid is continuous, and the stress tensor 𝜎𝑓𝑖𝑗
̿̿ ̿̿  is at most a linear function of the strain rate 𝜀𝑓𝑖𝑗

̇̿̿ ̿̿ , the 

proportionality coefficient is called dynamic viscosity. 
the fluid is isotropic, i.e. its properties are independent of direction. 
when the strain rates are zero, the viscous stresses must be zero and the deformation law must reduce 
to the hydrostatic pressure condition : 
 
                                                                           𝜎𝑓𝑖𝑗

= −𝑝𝛿𝑖𝑗                                                                             (11) 

 
where 𝛿𝑖𝑗  is the Kroenecker delta function. 

When the fluid is in motion, a non-isotropic part has to be added as denoted in the equation (11), 
including any shear stresses called the deviatoric stress tensor. It describes the degree of fluid distortion. 
 
                                                                     𝜎𝑓𝑖𝑗

= −𝑝𝛿𝑖𝑗 +  𝑑𝑖𝑗                                                                         

 
White [2006 - p.88] demonstrates that the deviatoric stress tensor can finally be simplified such as : 
 
                                                        𝜎𝑓𝑖𝑗

= −𝑝𝛿𝑖𝑗 + 2𝜇𝜀𝑓𝑖𝑗
̇ + 𝜆∇. 𝒗 𝛿𝑖𝑗                                                            (12) 

 

where 𝜀𝑓𝑖𝑗
̇ =

1

2
(

𝜕𝑣𝑖

𝜕𝑥𝑗
+

𝜕𝑣𝑗

𝜕𝑥𝑖
), 𝑝 is the fluid pressure, 𝜇 and 𝜆 are known as Lamé’s constants. The first 

Lamé’s term is also called dynamics viscosity in fluid mechanics. As water, CSF is considered as 
incompressible giving the constant density 𝜌. 
From the continuity equation (), this implies ∇. 𝒗 = 0. 
Let 
 

                         ∇.2𝜇𝜀𝑓̇ = 𝜇
𝜕

𝜕𝑥𝑗
(

𝜕𝑣𝑗

𝜕𝑥𝑖
+

𝜕𝑣𝑖

𝜕𝑥𝑗
) 𝒆𝑖 = 𝜇 (

𝜕

𝜕𝑥𝑖

𝜕𝑣𝑗

𝜕𝑥𝑗
+

𝜕𝑣𝑖

𝜕𝑥𝑗𝜕𝑥𝑗
) 𝒆𝑖 = 𝜇

𝜕𝑣𝑖

𝜕𝑥𝑗𝜕𝑥𝑗
𝒆𝑖 = 𝜇∇2𝒗            (13) 
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which simplifies the representation of ∇. 𝜎𝑓 in () for an incompressible fluid. 

1.1.4.Navier-Stokes equations for incompressible flow 

The system of equation (14) and (15) are commonly referred to as the Navier-Stokes equations : 
 

                                                  𝜌 (
𝜕𝒗

𝜕𝑡
+ (𝒗. ∇)𝒗) = − ∇𝑝 + 𝜇∇2𝒗 + 𝑭𝑣                                                      (14) 

 
                                                                         ∇. 𝒗 = 0                                                                                       (15) 
 
Navier-Stokes equations are coupled and non-linear, and can generally not be solved analytically. Hence, 
multiple numerical solutions were developed representing a whole scientific domain called 
Computational Fluid Dynamics allowing to provide an approximation of NS solution. 

1.2.Linear elasticity 

The elastic behavior of a solid material can be described by using the Reynolds Transport theorem on a 
moving domain over time Ω𝑡, composing of the same particles at all times. For conservation of 
momentum, the change in momentum must equal the applied forces to the system as well as body 
forces: 

                            
𝑑

𝑑𝑡
∫ 𝜌𝒗𝑑𝑉 = ∫ 𝜌

𝜕𝒗

𝜕𝑡
𝑑𝑉 + ∫ 𝜌𝒗𝒗. 𝒏𝑑𝑆 = ∫ 𝜎𝑠̿. 𝒏

𝜕Ω𝑡𝜕Ω𝑡Ω𝑡Ω𝑡 𝑑𝑆 + ∫ 𝑭𝑣𝑑𝑉
Ω𝑡                          (16) 

 
where 𝜎𝑠 is the stress tensor of the solid material, 𝜌 is the density of the solid material and the material 

velocity vector 𝒗 =  
𝜕𝑼

𝜕𝑡
 with 𝑼, the displacement vector. By applying the divergence theorem, the 

general elasticity equation of the domain Ω𝑡 is denoted : 
 

                                                                𝜌 (
𝜕𝒗

𝜕𝑡
+ (𝒗. ∇)𝒗) = ∇. 𝜎𝑠̿ + 𝑭𝑣                                                        (17) 

 
Linear elasticity is an approximation used in the theory of infinitesimal deformations for solid. Generally,  

the approximation is usually valid between 5 and 10% relative to the solid. Assuming an isotropic 

material and a linear relation between stress and strain, the stress tensor is denoted by the Hooke’s 

law: 

                                                                 𝜎𝑠 = 2𝜇𝜀𝑠(𝑼)̿̿ ̿̿ ̿̿ ̿ + 𝜆𝑡𝑟(𝜀𝑠(𝑼)̿̿ ̿̿ ̿̿ ̿)𝛿̿                                                        (18) 

where 𝜀𝑠𝑖𝑗
=

1

2
(

𝜕𝑈𝑖

𝜕𝑥𝑗
+

𝜕𝑈𝑗

𝜕𝑥𝑖
) , 𝜇 and 𝜆 are Lamé’s constants. 

A more common form of the linear stress-strain relation is denoted : 

                                                            𝜀𝑖𝑗 =
1

𝐸
(𝜎𝑖𝑗 − 𝜈(𝜎𝑘𝑘𝛿𝑖𝑗 − 𝜎𝑖𝑗))                                                          (19) 

where 𝐸 is the elastic modulus and 𝜈 is the Poisson ratio. This equation shows the importance to know 

such mechanical properties of the material in this kind of modelling. It is the form considered for the 

next sections. 

1.3.Description of motion 

The conservation equations for Newtonian fluids were derived from Reynolds’transport theorem by 
using a control volume fixed in space (Eulerian description), while for elastic material a moving control 
volume was used (Lagrangian description).  
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In the continuum mechanics modelling, a body occupies in a continuous way a space. To explain the 
description of motion used in fluid-structure interaction, it is convenient to use the classical description 
of motion in continuum mechanics. 
In the mechanical approximation of continuum mechanics, a body 𝐴 is abstractly decomposed in 
material particles that we called temporally by the letter 𝑃. The notion of material particle is considered 
as being a point behind which the microscopical life was filtered and ignored by the mechanician at the 
assumed observation scale. Behind the concept of particle, we can imagine that an elementary volume 
of discontinuous material is hidden. The continuum mechanics ignores its structure and just define a 
local continuous volumetric mass field 𝜌(𝒙, 𝑡), with 𝒙 a position vector and 𝑡 the time variable, as a kind 
of average. The description of motion of this body can be done in 4 ways : 

- the particle approach identifies a particle by the letter P. Its motion is denoted as:  

 
                                                                             𝒙 = 𝓕(𝑃, 𝑡)                                                                            (20) 
  
where is 𝓕 a vectorial function. 
It means that we can mathematically follow the motion of the P particle, building its trajectory in 
associating a position vector 𝒙, at each time 𝑡, via 𝓕.  

- the reference approach identifies the P particle by its position vector 𝑿 occupied at a fixed time 
𝑇 : 

                                                                          𝒙 = 𝑭(𝑿, 𝑇, 𝑡))                                                                         (21) 
 
This approach has then associated to the body in motion a reference configuration 𝐶𝑅(𝐴) = 𝐶𝑇(𝐴), i.e. 
for any P particle, we have a relation such as : 𝑿 =  𝓗(𝑃, 𝑇), identifying the P particle by its “reference” 
position at the time T. So the independent variables are 𝑿 and 𝑡. The equivalence between the particle 
and the reference approaches comes from the idea that one particle cannot occupy two different 
positions at the same time. 

- the Lagrangian approach is a special case of the reference approach. Indeed, it is the case when 
in the previous approach, 𝑇 = 0 in the configuration 𝐶0(𝐴). The initial position at 𝑡 = 0 will be 
denoted by the position vector 𝝃. The choice of the temporal origin is arbitrary. This approach 
is commonly used in solid mechanics because it is easier to imagine a physical configuration of 
reference. 

- the eulerian or spatial approach describes the current configuration 𝐶𝑡(𝐴) and this via the space 
occupied at the current time 𝑡 by the body 𝐴. Thus, we look at what is moved in a fixed volume 
during a duration Δ𝑡. The different particles which flow through this fixed volume 
“instantaneously” printed in it their physical properties. This approach is commonly used in fluid 
mechanics in order to focus on what is happened to the particles in a given place rather than 
where they comes from and where they go. The independent variables are 𝒙 and 𝑡 and the 
Eulerian formulation can be denoted like that : 

                                                                       𝑿 = 𝑭−1(𝒙, 𝑡, 𝑇)                                                                          (22) 

 
Thus we look at the identified particles by (𝑿, 𝑇) move at different time 𝑡 in a fixed region (𝒙 associated 
to a fixed spatial region). 

1.3.1.Lagrangian approach 

The Lagrangian velocity is denoted : 
 

                                                                 𝑽𝐿 = 𝑽(𝝃, 𝑡) =
𝜕𝑭(𝝃,𝑡)

𝜕𝑡
|
𝝃
                                                                   (23) 
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And the Lagrangian acceleration : 
 

                                                      𝒂𝐿 = 𝑎(𝝃, 𝑡) =
𝜕𝑽(𝝃,𝑡)

𝜕𝑡
|
𝝃

=
𝜕2𝑭(𝝃,𝑡)

𝜕𝑡2 |
𝝃
                                                         (24) 

 
This derivative with respect to the time while following the particle in its motion is called particle 
derivative or material derivative. 
At 𝑡 = 0, the vector function 𝑭 must verify 𝝃 = 𝑭(𝝃, 0). Furthermore, the relation 𝒙 = 𝑭(𝝃, 𝑡) does not 
make sense in terms of particle motion if 𝑭 is bijective. The trajectories cannot intersect at the same 
time, two particles cannot be in the same place at the same time. Then, 
 
                                                               ∃ 𝑭−1,       𝝃 = 𝑭−1(𝒙, 𝑡)                                                                    (25) 
 
The map 𝑭−1, inverse of 𝑭 give the initial position from or in function of the current position [Fig. 58]. 

 

 

Figure 58. Lagrangian and Eulerian descriptions of motion. The mapping 𝑭 maps the reference coordinates to the 
spatial ones and 𝑭−1 does this inverse. 

1.3.2.Eulerian approach 

The Eulerian velocity is denoted 𝒗𝐸(𝒙, 𝑡) = 𝒗(𝒙, 𝑡) =
𝑑𝒙

𝑑𝑡
. The eulerian acceleration is denoted : 

 

                                                                          𝒂𝐸 =
𝜕𝒗(𝒙,𝑡)

𝜕𝑡
                                                                               (26) 

 
For the next subsection, we introduce the matrix representation for the gradient of 𝑭 proposed in 
[Donea et al. 2004] : 
                                                                     Let 𝑭 ∶  Ω𝑿  × [0, 𝑇] →  Ω𝒙  × [0, 𝑇] 
                                                                                              (𝑿, 𝑡) → 𝑭(𝑿, 𝑡) = (𝒙, 𝑡) 
 

                                                                         
𝜕𝑭

𝜕(𝑿,𝑡)
= (

𝜕𝒙

𝜕𝑿
𝒗

0𝑇 1
)                                                                      (27) 

1.3.3.The arbitrary Eulerian Lagrangian description 

In order to couple the Lagrangian approach for the solid and the Eulerian approach for the fluid, we 

need some referential system, not attached to the material points neither totally fixed in space. This 

type of description is common in FSI modelling and is known as the arbitrary Lagrangian-Eulerian (ALE) 

description which is part of the conforming-mesh methods.The following description is inspired by the 

ALE formulation by Donea et al. [2004]. 
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In need of an additional set of coordinates, an independent referential system with reference 

coordinates 𝜒 is introduced. This introduces two new mappings to relate all the different configurations 

as shown in Figure 59.  

The mappings are defined similarly to 𝑭 : 

𝑮 ∶  Ω𝝌  × [0, 𝑇] →  Ω𝒙  × [0, 𝑇] 

                                                                                  (𝝌, 𝑡) → 𝑮(𝝌, 𝑡) = (𝒙, 𝑡) 

And the gradient of 𝑮 is : 

                                                                      
𝜕𝑮

𝜕(𝝌,𝑡)
= (

𝜕𝒙

𝜕𝝌
𝒘

0𝑇 1
)                                                                        (28) 

In addition, 

                                                                  𝒘(𝝌, 𝑡) =
𝜕𝒙

𝜕𝑡
|
𝝌

                                                                                  (29) 

denotes the mesh velocity. Both the mesh and the material can move independently of the fixed set of 

laboratory coordinates. More precise, relative to some referential point in space, the fluid moves with 

velocity 𝒗 and the domain moves with velocity 𝒘. 

 

 
 

Figure 59. The three domains needed in the ALE formulation 

To complete the relation between the different velocities, we define the inverse of 𝑯 directly : 
 

𝑯−𝟏 ∶  Ω𝑿  × [0, 𝑇] →  Ω𝝌  × [0, 𝑇] 

                                                                                    (𝑿, 𝑡) → 𝑯−𝟏(𝑿, 𝑡) = (𝝌, 𝑡) 
 

The gradient of 𝑯−𝟏 is given as  

                                                                                
𝜕𝑯−𝟏

𝜕(𝑿,𝑡)
= (

𝜕𝝌

𝜕𝑿
𝒗̂

0𝑇 1
)                                                               (30) 

where the velocity 

                                                                            𝒗̂(𝑿, 𝑡) =
𝜕𝝌

𝜕𝑡
|
𝑿

                                                                        (31) 
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denotes the temporal change in the referential system while holding the material particle 𝑿 fixed. 
Therefore, the velocity 𝒗̂ can be interpreted as the particle velocity in the referential domain. 

We use that 𝑭 = 𝑮 ∘ 𝑯−𝟏 = 𝑮(𝑯−𝟏(𝑿, 𝑡)) and obtain a relation between the different velocities by 
differentiating 𝑭: 

                                                         
𝜕𝑭

𝜕(𝑿,𝑡)
(𝑿, 𝑡) =

𝜕𝑯

𝜕(𝝌,𝑡)
(𝑯−𝟏(𝑿, 𝑡))

𝜕𝑯−𝟏

𝜕(𝑿,𝑡)
(𝑿, 𝑡)                                       (32) 

                                                                              =
𝜕𝑯

𝜕(𝝌,𝑡)
(𝝌, 𝑡)

𝜕𝑯−𝟏

𝜕(𝑿,𝑡)
(𝑿, 𝑡) 

In matrix form this equation is written as 
 

                                                              (
𝜕𝒙

𝜕𝑿
𝒗

0𝑇 1
) = (

𝜕𝒙

𝜕𝝌
𝒘

0𝑇 1
) (

𝜕𝝌

𝜕𝑿
𝒗̂

0𝑇 1
)                                                       (33) 

 
After block-multiplication of the right hand side, we end up with an equation relating the different 
velocities : 

                                                                           𝒗 =
𝜕𝒙

𝜕𝝌
∙ 𝒗̂ + 𝒘                                                                        (34) 

 
To this end, it is convenient to define the convective velocity 
 

                                                           𝒄 ≡ 𝒗 − 𝒘 =
𝜕𝒙

𝜕𝝌
∙ 𝒗̂                                                                                 (35) 

 
which is the relative velocity between the material and the mesh. 
To obtain relation between quantities to formulate the balance equations, we let a scalar quantity, 𝑄 be 
defined as 𝑄(𝒙, 𝑡), 𝑄∗(𝝌, 𝑡) and 𝑄∗∗(𝑿, 𝑡) in the spatial, referential and material domains respectively. 
To obtain a relation between the spatial description, 𝑄 and material description 𝑄∗∗ we use the 
previously described mapping 𝑭:  
 
                                                       𝑄∗∗(𝑿, 𝑡) = 𝑄(𝑮(𝑿, 𝑡), 𝑡) = 𝑄 ∘ 𝑯                                                         (36) 
 
The gradient of 𝑄∗∗can then be computed as 
 

                                                      
𝜕𝑄∗∗

𝜕(𝑿,𝑡)
(𝑿, 𝑡) =

𝜕𝑄

𝜕(𝒙,𝑡)
(𝒙, 𝑡)

𝜕𝑭

𝜕(𝑿,𝑡)
(𝑿, 𝑡)                                                       (37) 

 
or in matrix form : 

                                                        (
𝜕𝑄∗∗

𝜕𝑿

𝜕𝑄∗∗

𝜕𝑡
) = (

𝜕𝑄

𝜕𝒙

𝜕𝑄

𝜕𝑡
) (

𝜕𝒙

𝜕𝑿
𝒗

0𝑇 1
)                                                       (38) 

 
After matrix multiplication, one can obtain the equation between material and spatial time derivatives: 
 

                                                                        
𝜕𝑄∗∗

𝜕𝑡
=

𝜕𝑄

𝜕𝑡
+

𝜕𝑄

𝜕𝒙
∙ 𝒗                                                                      (39) 

 
To ease notation we drop the stars to simplify the notation in a form called particle derivative : 
 

                                                                       
𝑑𝑄

𝑑𝑡
=

𝜕𝑄

𝜕𝑡
+ (𝒗 ∙ 𝛁)𝑄                                                                     (40) 

 
which can be interpreted in the usual way: the variation of a physical quantity for a given particle 𝑿 is 
the local variation plus a convective term taking into account the relative motion between the material 
and spatial (laboratory) systems. 
Another simplification of the material time derivative to not overload the equations is denoted as 
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𝑑

𝑑𝑡
≡

𝜕

𝜕𝑡
|
𝑿

 

and the spatial time derivative as 
 

𝜕

𝜕𝑡
≡

𝜕

𝜕𝑡
|
𝒙

 

 
The next step is to relate the material and the referential description of the quantity, 𝑄∗∗and 
𝑄∗respectively, by the mapping 𝑮. This relation is written as 
 
                                                                            𝑄∗∗ = 𝑄∗ ∘ 𝑮−1                                                                      (41) 
 
By proceeding the same way as in (38) and (39), the relation between material and referential time 
derivatives is written 

 

                                                                         
𝜕𝑄∗∗

𝜕𝑡
=

𝜕𝑄∗

𝜕𝑡
+

𝜕𝑄∗

𝜕𝝌
∙ 𝒗̂                                                                  (42) 

 
If we rather want to express the spatial derivative of 𝑄∗in the spatial domain, we can use the definition 
of 𝒗̂ from equation (34) to end up with 
 

                                                                         
𝜕𝑄∗∗

𝜕𝑡
=

𝜕𝑄∗

𝜕𝑡
+

𝜕𝑄

𝜕𝒙
∙ 𝒄                                                                    (43) 

 
This equation can be written in more common notation, and the following is known as the fundamental 
ALE equation : 
 

                                                                         
𝑑𝑄

𝑑𝑡
=

𝜕𝑄

𝜕𝑡
|
𝝌

+ (𝒄 ∙ 𝛁)𝑄                                                               (44) 

 
or in a complete form : 
 

                                                                         
𝜕𝑄

𝜕𝑡
|
𝑿

=
𝜕𝑄

𝜕𝑡
|
𝝌

+  
𝜕𝑄

𝜕𝒙
∙c                                                                 (45) 

 
and states that the time derivative in the material configuration equals its local (referential) derivative 
plus a convective term taking into account the relative difference in velocity between the two systems.  
 
Also, by combining equations (40) and (44), we can relate the spatial time derivative with the referential 
time derivative as 

                                                                          
𝜕𝑄

𝜕𝑡
=

𝜕𝑄

𝜕𝑡
|
𝝌

− (𝒘 ∙ 𝛁)𝑄                                                             (46) 

 

1.3.4.ALE form of conservation equations 

The ALE differential form of the conservation equations for mass and momentum obtained from the 
Eulerian forms: 
 
Mass 

                                                                    
𝑑𝜌

𝑑𝑡
=

𝜕𝜌

𝜕𝑡
|
𝒙

+ 𝒗 ∙ 𝛁𝜌 = −𝜌𝛁 ∙ 𝒗                                                    (47) 

Momentum 

                                                     𝜌
𝑑𝒗

𝑑𝑡
= 𝜌 (

𝜕𝒗

𝜕𝑡
|
𝒙

+ (𝒗 ∙ 𝛁)𝒗) = 𝛁 ∙ 𝛔 +  𝜌𝑭𝑣                                             (48) 



185 | P a g e  
 

 
where 𝜌 is the mass density, 𝒗 is the material velocity vector, 𝝈 denotes the Cauchy stress tensor, 𝑭𝒗 is 
a volumic force. 
 
By using equation (46), the spatial time derivatives can be replaced to obtain the equations in the ALE 
framework. The following equations should hold in any time-dependent domain which does not 
necessarily need to coincide with the motion of material particles: 
Mass, 

                                                                               
𝜕𝜌

𝜕𝑡
|
𝝌

+ 𝒄 ∙ 𝛁𝜌 = −𝜌𝛁 ∙ 𝒗                                                    (49) 

Momentum, 

                                                                𝜌 (
𝜕𝒗

𝜕𝑡
|
𝝌

+ (𝒄 ∙ 𝛁)𝒗) = 𝛁 ∙ 𝛔 +  𝜌𝑭𝑣                                               (50) 

 
These equations show that in order to transform the Eulerian form of the balance equations into ALE 
formulation, the convective velocity is replaced with the relative velocity between the material and the 
mesh. It could be argued that mesh update is not necessary in combination with linear elasticity. The 
benefit of the ALE description is related in solid-to-fluid coupling by geometry change. Indeed, if the 
fluid region is computed to be narrowed, fluid will flow faster through these areas. This would not be 
the case when solving fluid equations in a rigid domain. 

1.3.5.Fluid-structure interactions 

By establishing the ALE formulation, we can now state the governing equations for the FSI problem. In 

the case of an Newtonian incompressible fluid together with a linear elastic material, the mathematical 

problem consists of solving the following set of equations : 

                                           𝜌𝑓 (
𝜕𝒗

𝜕𝑡
+ ((𝒗 − 𝒘) ∙ ∇)𝒗) − ∇ ∙ 𝝈𝑓(𝒗, 𝑝) −  𝜌𝒈 = 0      𝑖𝑛 Ω𝑓

𝑡                         (51) 

                                                                                                                        ∇. 𝒗 = 0      𝑖𝑛 Ω𝑓
𝑡                         (52) 

                                                                                                                      ∇2. 𝑼 = 0      𝑖𝑛 Ω𝑓
𝑡                        (53) 

                                                              𝜌𝑠
𝜕𝒗

𝜕𝑡
+ 𝜌𝑠(𝒗. ∇)𝐯 − ∇ ∙ 𝝈𝑠(𝑼) −  𝜌𝒈 = 0      𝑖𝑛 Ω𝑠

𝑡                        (54) 

                                                                                                                            𝒘 = 𝒗      𝑖𝑛 Ω𝑠
𝑡                        (55) 

In the case of fluid interacting with a solid structure, no material can cross the moving boundary Γ𝑡 =

Ω𝑓
𝑡  ∩ Ω𝑠

𝑡 , and thus the fluid and solid velocities must be equaled on the interface between the fluid and 

the solid. In general, mass conservation on the boundary must be ensured. In addition, the forces acting 

on each side of the surface must be equal which is ensured by a Neumann condition (57). Kinematics 

continuity has also to be ensured in different ways, depending on the problem considered. It can be 

done by a Dirichlet condition (58) or a Neumann condition (56). 

                                                                                𝑣𝑖
𝑠 = 𝑣𝑖

𝑓
          𝑖𝑛 Γ𝑡                                                            (56) 

                                                                           𝜎𝑖𝑗
𝑠 𝑛𝑖 = 𝜎𝑖𝑗

𝑓
𝑛𝑖      𝑖𝑛 Γ𝑡                                                              (57) 

                                                                                𝑥𝑖
𝑠 = 𝑥𝑖

𝑓
          𝑖𝑛 Γ𝑡                                                             (58) 

As mentioned in the beginning of this section, ALE approach is part of the conforming-mesh methods 

consisting in methods which track the motion of the interface and enforce the equations (56 or 58) and 

(57) on the interface explicitly. Thus it requires mesh update ensured by ALE description for example. 
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2. Monolithic FSI modelling investigation in RADIOSS 

Three approaches were investigated in FSI modelling on the explicit solver RADIOSS. Initially fitted for 

high-energy impact or/and short time simulation, we wanted to know if it was doable to model a flow 

in a cavity as simplification of the CSF flow in the subarachnoid space. This wish was based on the idea 

to transfer the methodological approach to already developed structural model in the laboratory. The 

initial choice of the RADIOSS solver to implement cerebrospinal flow with FSI approach was supported 

by the wish of using the FSI methodology in a more detailed FE spine model including the nervous tissues 

[Bailly et al. 2020, Lévy et al. 2020]. 

2.1.Brief description of FSI modelling approaches in RADIOSS 

Three types of approaches were investigated : Smooth Hydrodynamics Particles (SPH) mehod, Coupled 

Eulerian-Lagrangian (CEL) method and the arbitrary Lagrangian-Eulerian method (ALE). These modelling 

approaches belong to different classes of fluid-structure interaction methods that I am going to briefly 

explain : 

- SPH method is a meshless numerical method based on interpolation theory and it is 

implemented in RADIOSS in Lagrangian approach whereby the motion of a discrete number of 

particles is followed in time. SPH is a complementary approach with respect to ALE method. 

When the ALE mesh is too distorted to handle good results (for example in the case of vortex 

creation), SPH method allows getting a sufficiently accurate solution. For more theoretical 

details, we suggest to refer to [Lucy 1977; Gingold and Monaghan 1977, Monaghan 1983]. 

Several methods for modelling boundary condition have been developed, these methods are 

categorized into three approaches:  

1) Repulsive Walls. A repulsive force is exerted on fluid particles, which aims to push all 

fluid particles away from the walls when they approach to solid wall boundary.  

2) Ghost Particles. Ghost particles are placed outside the simulation domain, and its 

prescribed physical quantities (such as pressure and velocity) act to enforce no-slip or 

free-slip condition. 

3) Kernel Correction. Using a function (such as density, mass,…) and/or its derivatives in 

continuous form as integral representation. In the kernel correction, the approximation 

of a function and its derivatives are based on the evaluation of the smoothing kernel 

function and its derivatives. 

Each of these three methods has advantages and drawbacks. The repulsive walls are easy to 
implement, even for complex geometries, and are computationally cheap. However, as they 
only apply repulsive forces away from the boundary, they cannot reproduce systems under 
tension and capture shear stress felt by fluids on the boundary. Ghost particle method is capable 
of handling tension, shear stresses and surfaces forces from the fluid flow in approximating the 
irregular solids boundaries in subarea. [Long et al. 2017]. The conservation of velocities was 
shown unstable in tension at boundaries between fluid and solid domain due to the interaction 
between the constitutive equations and the kernel function. In addition, the viscosity 
computation can lead to artificial creation of energy in regions of strong shear [Radioss theory 
manual v2017 – SPH by Altair].  

 

- CEL method is also called Immersed domain method. An Eulerian domain representing the fluid 
domain is superposed to the Lagrangian domain representing the solid domain. However, in the 
immersed domain method, an artificial fluid is introduced to cover the structural domain in 
addition to the initial considered fluid; thus, fluid domain is extended to the entire 
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computational domain. For example, in the case of the cerebrospinal flow modelling, the air will 
be the artificial fluid that we will need to fill the Eulerian grid where the solid domain is 
superposed. The interface is modelled in adding force-equivalent terms (Lagrange multiplier 
formulation) to fluid equations and it avoids mesh update in the numerical process [Hou et 
Layton 2012]. This approach face difficulties to accurately model the fluid behavior near the 
solid walls due to volume partial effect: the artificial (air) and the actual fluid (CSF) coexist with 
different volume ratio in the same Eulerian grid element. 
  

- ALE method was theoretically described in the previous section. It models an arbitrary motion 

of fluid grid points with respect to their frame of reference by taking into account the material 

points displacements. It needs that the fluid and solid mesh are mesh-conformed (i.e. continuity 

of mesh at the fluid-structure boundaries). Initially, only hexahedral elements were available for 

FSI modelling. Even if hexahedral elements can allow to solve faster and to face the volume and 

shear locking in particular for solid application, it can complicates the geometry discretization 

of anatomical part such as the subarachnoid space. Method such as multiblock algorithms were 

developed to help this mesh step but it is often necessitating an expert operator. This constraint 

was apparently solved by the use of tetrahedral elements as new feature in RADIOSS 2019 but 

it was not tested here.  

 
Due to preliminary simulations which do not success to provide a full simulation run, the approximation 
of computation at the fluid and solid boundaries to accurately quantify the velocity field near the wall 
of the cervical subarachnoid space, and the lack of knowledge on quantification of the number of 
particles effect, the SPH method was not considered as satisfying numerical approach on FSI modelling 
of the cerebrospinal fluid. 
The lack of accuracy for fluid velocity field near the solid wall makes of the CEL or immersed domain 
method a method which is not adapted to our problematic of modelling interactions between the 
cerebrospinal fluid and the spinal central nervous system. Due to the conforming-mesh criteria and the 
continuity of mesh necessary to physically model the fluid-structure exchanges, the ALE method seems 
to be the more convenient to model the FSI between the cerebrospinal flow and the spinal cord.
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2.2.Stress effects of the cerebrospinal pulsatile flow on the 
spinal cord by a 3D fluid-structure modeling : a proof-of-
concept 

P. Sudres1,2, PJ. Arnoux1,2, and M. Evin1,2 

1. Laboratoire de Biomécanique Appliquée, UMRT24 AMU/IFSTTAR, Marseille, France.  
2. iLab-Spine – Laboratoire International en Imagerie et Biomécanique du Rachis, Marseille, France & 
Montréal, Canada. 
 

A preliminary simplified FSI modeling of pulsatile CSF flow and spinal central nervous system was 

proposed in connection with the mathematical background in Section 5.1.3 and supported by previously 

described advantages of the ALE method. 

This preliminary study was performed before the studies on mechanical characterization of porcine 

meninges, and the properties measured in the Chapter 4 were not used. Then, mechanical properties 

from literature were used here and the fluid-structure mesh-matching failed to be model. An artificial 

interface was used to enforce continuity of forces and kinematics quantities at the fluid-structure 

boundaries. This choice is discussed after this preliminary published study. 

This study was published in Computer Methods in Biomechanics and Biomedical Engineering [Sudres et 

al. 2019] as part of the 44th Congress of the Société de Biomécanique, Poitiers, 2019 (France). Minor 

modification of the theoretical flow formulation were brought to this version compared to the published 

version with the authors agreement. 

Abbreviations 

CSF: cerebrospinal fluid 
FSI: fluid-structure interaction 
SC: spinal cord 
ALE: arbitrary Lagrangian Eulerian 
 

Keywords : spinal cord, cerebrospinal flow, fluid-structure interaction, Von Mises stress     

 

2.2.1.Introduction 

The mechanical phenomena which occur in the subarachnoid space have been studied either from a 

structural point of view particularly focusing on the spinal cord (SC) or from a fluid point of view focusing 

on the cerebrospinal fluid (CSF) flow.  

Fluid-structure interaction (FSI) approaches provide new perspectives to numerically describe the 

physiological phenomenon. It has been showed that the CSF acts in a passively way on the central 

nervous system as shock absorber in compressive spinal cord injuries [1]. However, we are not aware 

of any study that provide stress values induced by the active physiological role of the pulsatile CSF flow 

profile on the spinal cord in 3D.  

The purpose of this study is to quantify the maximum Von Mises stress generated in the spinal cord 

induced by an healthy pulsatile flow profile of the CSF. 
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2.2.2.Material and methods 

FSI model : geometry and material properties 

The geometries and the meshes of the 3D model were done on the pre-processing software 
HyperMesh® (Altair Engineering, 1985). The spinal cord was considered as a cylinder surrounded by a 
layer representing the pia mater (diameter : 12 mm). The dura mater was designed as a cylinder and 
considered as the external layer of the subarachnoid space (diameter : 20 mm). The CSF fills the space 
between the dura and the pia mater with 1mm offset between each of them. All components have a 
length of 140 mm (corresponding to the cervical spinal cord length) [Fig. 60]. 
The material properties of these structures were chosen as linear elastic [Table 29]. The CSF was 
described with the same properties than water by an hydrodynamical viscous fluid law [Table 29] 
following the Navier-Stokes equations : conservation laws of mass (1), momentum (2) and energy (3) : 

 
𝜕𝜌

𝜕𝑡
|
𝝌

+ 𝒄 ∙ 𝛁𝜌 = −𝜌𝛁 ∙ 𝒗                                                       (1) 

 

𝜌 (
𝜕𝒗

𝜕𝑡
|
𝝌

+ (𝒄 ∙ 𝛁)𝒗) = 𝛁 ∙ 𝛔 +  𝜌𝒈                                                 (2) 

 

(
𝜕(𝜌𝑬)

𝜕𝑡
|
𝝌

+ (𝒄 ∙ 𝛁)𝜌𝑬) = 𝛁 ∙ 𝛔 +  𝜌𝒈                                                 (3) 

 
with 𝝆 the density, v the fluid velocity c the ALE grid velocity, p the pressure, g the gravity force, E the 
total energy.  
The fluid stress tensor 𝝈 is described as : 
 

  𝝈𝒊𝒋 = −𝒑𝜹𝒊𝒋 + 𝝆. 𝝂. ( 
𝝏𝑽𝒊

𝝏𝒙𝒋
+

𝝏𝑽𝒋

𝝏𝒙𝒊
 )                                             (4) 

 
with p the pressure, 𝜹𝒊𝒋 the isotropic second order tensor, 𝝂 the kinematic viscosity. 

The fluid pressure is defined as : 
 

𝒑 = 𝑪𝟎 + 𝑪𝟏. 𝒚                                                                        (5)  
 

with 𝒚 =
𝝆

𝝆𝟎
− 𝟏, 𝝆𝟎 the initial density, 𝝆 the current density, 𝑪𝒊 are the strain rate coefficients.  

 
Pia and dura mater were meshed with 4-nodes quad shell elements (QPS), with one-point quadrature 
integration. The SC was meshed with brick (HA8) standard 8-nodes elements, 2x2x2 integration points 
representing each corner of the hexahedral element, no hourglass. The CSF fluid grid was meshed with 
brick (HA8) elements with ALE formulation [2]. Two interfaces Type 1 (structure elements interact with 
ALE fluid elements) allows to simulate the transfers of forces and displacements between the structure 
and fluid elements. The total number of elements is 211,120. 
 

 

Table 29. Structure and fluid material properties 
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Boundaries conditions 

For the structural nodes and the fluid nodes (ALE grid), in longitudinal direction the upper and lower 

layers of nodes were constrained in the 3 translational degree of freedom and in the 3 rotations. 

Full slip conditions are applied at the boundary between the two domains. The mean velocity profiles 

of healthy young male group in the cervical spinal canal (max velocity : -4 cm/s – cranio-caudal direction) 

[3] was imposed as inlet condition. Pressure was let free for the outlet condition. 

The numerical simulation was performed on the explicit solver Radioss® (Altair Engineering, 1985) for 

one cardiac cycle duration (900 ms).  

The computational time was 6 days and was performed on a Dell computer (20x Intel Xeon E5-2640v4 

CPUs at 2.4 GHz). The elements corresponding to the first and last 30 mm of the spinal cord were not 

considered to not take into account the edge effects for the post-processing. 

2.2.3.Results and discussion 

The velocity profile has three maximum peak of -4.4 cm/s, 0.7 cm/s and 1.65 cm/s corresponding 

respectively to the times 173 ms, 366 ms and 670 ms. The negative sign represents the cranio-caudal 

orientation.  

 

Figure 60. a) the different model parts (left). b) Von Mises stress (MPa) generated by the CSF flow on the spinal 
cord at 3 different times corresponding to local maximum. The magnitude of the displacement is exaggerated by a 
factor 4 for visualization (right). 

Three main increasing local maximum peaks of Von Mises stresses can be noticed during the simulation. 

They reached 2.7, 3.1 and 3.8 kPa respectively at the time steps 200, 350 and 468 ms [Fig. 60 – b]. The 

first peak stress value logically corresponds to the first velocity peak profile with a phase shift of + 27 

ms. The second stress peak appears during a change direction and an increasing velocity in the caudo-

cranial direction (from -4.4cm/s to 0.7 cm/s). The last peak stress appears during the last phase of 

increasing velocity (from 0 cm/s to 1.65 cm/s), 132 ms before the last peak of velocity [Fig. 61]. The first 

shift seems induced by the edge effect and the initial condition effect due to the short simulation 

duration (one cardiac cycle).  

The maximum Von Mises value (3.8 kPa) are respectively 5, 33 and 86 times less than the ones in a 

contusion, a distraction and a dislocation at the C4/C5 functional unit [4].  

The limitations are the following : the initial effects will be limited in taking into account in modeling the 

flow for several cardiac cycles, insuring a sufficient number however this FSI approach has a high 

computational cost (900ms modelled for a 6-days simulation). Then, a longer tube will be modeled in 
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order to limit the impact of edge effects on the CSF flow modeling, increasing also the computational 

time. A more representative geometry will be modeled thanks to a current morphometric study of the 

subarachnoid space. Inlet boundary condition could then be defined from a 2D-phase contrast MRI flow 

acquisition in order to be subject-specific.  

 

* 

Figure 61. Von Mises stresses of the spinal cord over time (blue). 

 

2.2.4.Conclusion 

A FSI model of the cerebrospinal flow and a simplified central nervous system was built to quantify the 

stresses generated by the physiological flow on the spinal cord. This simulation provides new data on 

the feasibility of this multi-physics approach and its interest to better understand physiological and 

biomechanical phenomenon into the central nervous system. To go further, a clinical application will be 

to model stenose in order to analyze the fluid flow changes and its impact on the spinal cord stresses 

and strains. 

The next paragraph was not included in the previous published study.                                       

This first approach of simplified FSI modelling faced different issues : 1) due to the fail to run a full 

simulation in taken into account a conforming-mesh approach (boundaries match between fluid and 

solid grids). An artificial modelling of the interface was performed, which it remains unclear the if this 

previous model is in coherence with the theoretical formulation presented in the mathematical 

background section 1 of chapter 5. In addition, only one physical cycle (900ms) was modelled in 6 days 

of simulation time whereas tens of cycles would be necessary to consider a solution convergence of the 

solution for the fluid velocity field computation. The FSI modelling solution provided by RADIOSS do not 

seem adapted to model FSI flow simulation of several seconds. An alternative solution should be 

investigated such as the partitioned FSI approaches consisting in fluid and solid separated domain 

modelling using an algorithm which manages the force and displacement exchanges between the fluid 

and the solid domains. Different practical methods already exist. Altair software suite proposes a 

partitioned coupling between the CFD solver Acusolve and the implicit structural solver Optistruct. The 

codes of commercial solvers sometimes remain opaque to reproduce the more accurately the 

complexity of the theoretical formulations. Others coupling are available with open source code 

formulation can performed such as Fenics [Alnaes et al. 2015], OpenFoam [www.openfoam.org] or 

Febio [Maas et al. 2012] softwares. For the moment, due to a lack of knowledge, we cannot conclude 

on the choice of the ideal partitioned method.  

 

 

http://www.openfoam.org/
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-------------------------------------------------------------------------------------------------------------------------------------- 

Chapter summary 

Section 1 summary 
A brief mathematical description of the CSF flow modelling and the solid part representing the spinal 
central nervous system by assuming a linear elastics behavior was presented. Secondly, the fundamental 
descriptions of motion was discussed. Finally, the concept of fluid-structure interactions was developed 
and discussed. 
 

Section 2 summary 
Three types of FSI modelling were discussed: 
 

• SPH: it is a meshless numerical method based on interpolation theory whereby the motion of a 
discrete number of particles is followed (Lagrangian description). The boundary modelling 
remain not accurate for the study of the cerebrospinal flow. 

• Coupled Eulerian Lagrangian method, also called Immersed domain method: an Eulerian 
domain representing the fluid domain is superposed to the Lagrangian domain representing the 
solid domain. The fluid-structure boundaries modelling face a partial volume issue which is not 
enough accurate to model the phenomenon of the fluid near the solid walls.  

• ALE: theoretically described in the previous section. It models an arbitrary motion of fluid grid 
points with respect to their frame of reference by taking into account the material points 
displacements. It needs that the fluid and solid mesh are mesh-conformed (i.e. continuity of 
mesh at the fluid-structure boundaries).This last point impose a special care in the pre-
processing stage and constraints in the modelling choice such as element size leading to high 
computation time cost. 

 
This last approach was chosen to perform a preliminary numerical study using a simplified FSI model of 
the cerebrospinal flow and the central nervous system and to quantify the stresses generated by the 
physiological flow on the spinal cord. This simulation provides new data on the feasibility of this multi-
physics approach and its interest to better understand physiological and biomechanical phenomenon 
into the central nervous system. 
-------------------------------------------------------------------------------------------------------------------------------------- 
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General conclusions and 

perspectives 

 
This PhD work provides new elements in the understanding of the biomechanical FSI modelling between 

the cerebrospinal flow and the spinal central nervous system. To answer to the question of how to build 

the fundamental bricks which will drive to the development of subject-specific numerical models with 

FSI of healthy cervical spinal and with cervical degenerative myelopathy, three aspects were studied in 

order to provide new methodologies usable by biomechanicians and clinicians: 

- the medical imaging one to provide an MRI-based morphological characterization of the 

healthy and myelopathic CSS,  

- the experimental one to provide new linear, isotropic and anisotropic data on the porcine (as 

alternative to human representation) meninges behavior in uniaxial and biaxial tensile 

conditions.  

- Finally, numerical solution was investigated and alternative approach such as partitioned FSI 

method compared to the monolithic approach was discussed. 

1. Main results and limitations 
Firstly, the MRI-based morphological characterization aspect was studied through the quantification of 

morphometrics criteria initially developed in [Fradet et al. 2014] which was generalized to a 3D canal 

canal-based methodology enabling specific definition of the spinal subarachnoid space. Once 3D 

reconstructions obtained from segmentations of clinical T2 MRI scans, a quasi-continuous description 

of morphometrics criteria was done along the healthy cervical canal. Then, due to the time-consuming 

of a manual segmentation, a T2 MRI-based quasi-automatic segmentation of the cervical canal was 

developed and new morphological criteria were adapted to DCM analysis in proposing new local and 

3D criteria. In addition, the 3D reconstructed surface should be used in future work of development s 

of CFD models of cerebrospinal flow in a partitioned FSI context to study in details the biomechanical 

aspect of the CSF. 

Secondly, elastic and hyperelastic isotropic material data were computed from an uniaxial testing 

experimental campaigns of spinal porcine meninges to provide new data usable in numerical model 

context for modeling of healthy or degenerative diseases occurring in the spinal canal such as [Bailly et 

al. 2020, Lévy et al. 2020]. Moreover, complementary experiments were performed in biaxial conditions 

to provide more accurate data through anisotropic hyperelastic models fitting. 

A continuum mechanics formulation of ALE FSI problem was described and a preliminary investigation 

of FSI modelling methods available and reliable on the explicit structural RADIOSS solver was done.  

Nevertheless, several limitations need to be highlighted in this work. Firstly, the new methodology of 

morphometrics characterization was only tested on two population of eleven healthy volunteers and 3 

patients with myelopathy. Thus, the power of statistical analysis of these data remain low. In addition, 

the quality of the proposed methodology is directly linked to the quality of the segmentation which can 

be provided. Indeed, we observed a decrease of the segmentation quality (decrease of Dice value) in 



195 | P a g e  
 

the stenosis regions of patient with myelopathy or regions of pinch effect such as C3/C4 IVJ. To face this 

limitation, the segmentation could be performed on 3T T2 MR images with a higher resolution or to be 

performed on anatomical 7T MR images. In addition, further validations should be performed with a 

clinician to support our preliminary results of segmentation with a quasi-automatic approach. Then, 

experimental testing measurement of the meninges should be more investigated in terms of 

viscoelasticity but also in terms of pathological tissues such as compressed or post-traumatic tissues. 

Finally, we discussed of the FSI methods proposed by the RADIOSS solver to model the cerebrospinal 

fluid in interaction with the spinal central nervous system. The limitations induced by the solver and its 

formulations were discussed. Alternative approaches such as partitioned FSI modelling method coupling 

CFD and CSD solvers through commercial and problem-specific formulation with open source softwares 

were suggested as more adapted to model accurately the CSF flow and to face some opacity of 

commercial codes. 

2. Perspectives 
Some short and long-term perspectives should be envisaged to pursue the understanding of 

biomechanical interactions between the CSF and the CNS through this PhD work. 

Short-term technical perspectives should be envisaged. Firstly, the methodology of morphometrics 

characterization should be improvement in one side on the validation of measurements through 

detailed quantification of inter-session effect as well as smoothing and inter-operator variability. In 

other side, the user interface of the tool developed on Matlab should be modified to ease the operator 

accessibility specially for engineers and clinicians (visualization of results, normalization of indices, time 

optimization). Secondly, new data of porcine meninges properties were provided, especially linear, 

isotropic and anisotropic hyperelastic data. However, the scientific community converge towards the 

description of additional viscoelastic properties of these tissues. To study more in details the question, 

DMA tests should be performed at different strain rate, frequencies and temperature to provide 

complementary understanding elements. Inverse method mixing experimental and numerical 

approaches is strongly suggested to describe the complexity of the meninges and others nervous 

tissues. Thirdly, partitioned FSI method were proposed as the more adapted solution to model 

interactions between the CSF and the spinal CNS. The development of CFD models of healthy and 

myelopathic populations is in progression for a future coupling with an implicit structural solver. Finally, 

validation approaches of FSI models have to be in consideration. Experimental methods such as Particle 

Image Velocimetry analysis of in vitro model or in vivo flow MRI based measurement should be 

performed concerning the fluid part. MRI-base kinematics descriptions or DTI analysis for material 

characterization should be investigated. In addition, a coupling of fluid in vitro model with stress gauge 

implementation could be imagine to provide a complementary experimental validation. 

In an applicative point of view, two types of long-term proposals are suggested: new perspectives in 

biomechanical  and biomedical engineering , as well as in clinical application.  

In Biomechanics of the CSF, the wish to develop more detailed and sophisticated models tends to two 

main long-term technological perspectives : the “digital twin” and the intrathecal drug delivery 

technology.  The “digital twin” is a numerical representation of the subject able to reproduce phenom 

occurring the body like a virtual mirror while the intrathecal drug delivery is therapeutic solution. Tis 

last will be developed in the last paragraph. Both drive to the necessity to be able to measure the 

different specificities of a patient and to implement them numerically. These specifies are the 

morphology (i.e. geometry mathematics) of the spinal canal obtained by medical imaging, the 

mechanical properties of the in vivo biological soft tissue composing the spinal canal. Until now, 

scientific community were mainly able to measure the properties of the CNS tissues in an ex vivo way. 
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More recently, new technological development such as technologies relative to MRI (anatomical or 

functional) are serious paths to face the existing limitations of subject-specific geometries and tissue 

properties. Elastography, consisting in sending mechanical perturbation of the tissue, in measuring of 

the perturbations’ response and in getting the mechanical properties applying a more or less continuum 

mechanical model. It is also an ambitious  candidate in the in vivo characterization of tissue and can be 

implanted in MRI technology. We previously saw that the experimental CSF flow characterization is 

essential in the  biomechanical modelling of the “digital twin” of the subject. New flux MRI sequences 

(4D and even 5D already used in cardiovascular research) will going to allow to measure and to compare 

a 3D  fluid velocity field over time with 3D numerical fluid velocity field computed. Moreover,  

experimental in vivo fluid flow will allow to  finely validate and develop  biomechanical model by inverse 

problem (using the measured effects and then calculating the causes). This approach is also used in solid 

mechanics for determine the biological soft tissues properties.  

Biomechanics is strongly connected to computer science and medical imaging and we saw above that 

the Magnetic Resonance domain takes a crucial role in it. Two physical limitations are relative to each 

of these research domains: the computational cost and the magnetic field power. For the first one 

relative to computational cost, the Moore s‘ law (the number of transistors placed in an integrated 

circuit doubles approximately every two years) correlated with the increase of computer power is still  

valid but not purely from a hardware point of view (transistor miniaturization) because of physical and 

thermal issues. To continue to benefit from the exponential power growth predicted by Gordon Moore, 

a combination of software and hardware optimization is needed such as new algorithms developed in 

machine-learning or parallelization. The second main physical limitation is relative to the magnetic field 

power which drives the Magnetic Resonance field toward a vision more and more detailed of the human 

and animal biological systems. One of big questions relative to the magnetic field provide by MR system 

could be the following: is there a practical limit to how strong a magnetic field can be for human 

applications ? Currently, the most powerful MR system reaches 11.7T (University of Minnesota) for 

human tests and a 14T human system is in construction in collaboration between Germany, South Korea 

and China. However, technical issues need to be face in terms of space, of economical cost, of 

maintenance and of measurement limited by the signal-to-noise ratio (a dilemma between the 

resolution and the time cost). A last limitation is the overheat of living tissues which have to absorb the 

energy of radio waves. These limitations are partially faced by recently research works on ultra-high 

field image reconstructions (7T) based on 3T MR images. Finally, new ethical constraints emerge from 

our society, in particular about the environmental problem in terms of energy production and 

consumption of electricity and in terms of primary resources such as copper extraction for electrical 

circuits. 

In clinical application, several perspectives involving the understanding of the CSF role are already 

studied by the clinical and the scientific communities. I will classify them in three parts: the 

understanding one, the anticipative one  and the therapeutic one. 

In terms of understanding aspects, some disease are still not well understood. Indeed, Chiari 

malformation  and Syringomyelia which are rare diseases raise many questions. The first one is a 

structural defect of the skull and the cerebellum. This latter plays a major role in the voluntary motor 

skills, in the posture, in the maintaining balance, complex motion coordination and in some learning 

aspects. The second one corresponds to the development of a fluid cavity into the CNS and occurs more 

often with the presence of the first pathology. How these rare disease develop ? What is the surgery 

implication in the patient life ? Would be possible to develop new therapeutic approach ? More 

common diseases such as DCM or post-traumatic disease are also not fully understood. The implications 

and the alterations of the CSF causing by stenosis or compressions need to be deeper study. How to 

detect earlier the development of degenerative, traumatic or post-traumatic pathologies ? How to more 
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accurately help the clinicians to make a diagnosis as well as a prognosis ? What is the implication of the 

surgery on the life of the patient ?  

In terms of anticipative aspects, the surgical planning is more and more a solution provide to the surgeon 

to choose and to prepare the surgery strategy. In this domain, different approaches are already in 

development in the scientific world in order to provide some new tool for the surgeon. Firstly, 

Biomechanics could allow to quantify mechanically the effect of surgery on the living tissues in terms of 

stress and strain. That has a benefit on the choice of the surgery but also on the choice of medical 

implementation (screws, prothesis for example). Surgical planning could offer to the clinician a partial 

prediction of the surgery effects. How the CSF flow was restored ? Is the CNS recovered its initial shape 

or position ? What is the best pathway to enter in this part of the body ?   

In terms of therapeutic one, the CSF is a great candidate to be use like a support for drug diffusion. Its 

main interest is that the CSF is in direct contact with the CNS compared to the vascular pathway because 

some molecules cannot pass through the blood-brain barrier without causing side effects. Some 

research teams and industrial companies are working on this drug pathway to treat diseases linked to 

the CNS such as cerebral palsy, amyotrophic lateral sclerosis, Alzheimer’s disease or tumor 

development. 

To conclude, the richness multidisciplinary of Biomechanics is a crucial lever to solve a part of these 

questions. 
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