N

N

Impact of extracellular matrix and collagen network
properties on the cervical intervertebral disc response to
physiological loads: A parametric study
Mohamed Amine Chetoui, Dominique Ambard, Patrick Canadas, Pascal

Kouyoumdjian, Pascale Royer, Simon Le Floc’h

» To cite this version:

Mohamed Amine Chetoui, Dominique Ambard, Patrick Canadas, Pascal Kouyoumdjian, Pascale
Royer, et al.. Impact of extracellular matrix and collagen network properties on the cervical in-
tervertebral disc response to physiological loads: A parametric study. Medical Engineering & Physics,
2022, 110, pp.103908. 10.1016/j.medengphy.2022.103908 . hal-04048056

HAL Id: hal-04048056
https://hal.science/hal-04048056v1
Submitted on 29 Mar 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche frangais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License


https://hal.science/hal-04048056v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

Impact of extracellular matrix and collagen network properties on the
cervical intervertebral disc response to physiological loads: A
parametric study

Mohamed Amine Chetoui®*, Dominique Ambard®, Patrick Canadas®, Pascal
Kouyoumdjian®, Pascale Royer”, Simon Le Floc’hP

“Pascal Institute UMRG6602, Univ. of Clermont Auvergne, Aubiére, France
YLMGC UMRS5508, Univ. of Montpellier, CNRS, Montpellier, France
¢Orthopedic surgery and trauma service, Spine surgery, CHRU of Nimes, Nimes, France

Abstract

Current intervertebral disc finite element models are hard to validate since they describe
multi-physical phenomena and contain a huge number of material properties. This work aims
to simplify numerical validation/identification studies by prioritizing the sensitivity of inter-
vertebral disc behavior to mechanical properties. A 3D fiber-reinforced hyperelastic model
of a C6-C7 intervertebral disc is used to carry out the parametric study. 10 parameters
describing the extracellular matrix and the collagen network behaviors are included in the
parametric study. The influence of varying these parameters on the disc response is estimated
during physiological movements of the head, including compression, lateral bending, flexion,
and axial rotation. The obtained results highlight the high sensitivity of the disc behavior
to the stiffness of the annulus fibrosus extracellular matrix for all the studied loads with a
relative increase in the disc apparent stiffness by 67% for compression and by 57% for axial
rotation when the annulus stiffness increases from 0.4 to 2 MPa. It is also shown that varying
collagen network orientation, stiffness, and stiffening in the studied configuration range have
a noticeable effect on rotational motions with a relative apparent stiffness difference reaching

6.8%, 10%, and 22%, respectively, in lateral bending. However, the collagen orientation does
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not affect disc response to axial load.

Keywords: Intervertebral disc, FE analysis, Fibrous soft tissue, Porous media, Cervical

spine kinematics.

1. Introduction

Tissue engineering, replacement and regeneration techniques are increasingly used in the
treatment of intervertebral disc diseases. While synthetic material replacements are still
limited by the biocompatibility hurdle, biomaterials designed for annulus fibrosus (AF) and
nucleus pulposus (NP) repair and replacement have managed to mimic IVD biology and have
shown promising results [I}, 2]. However, without focusing on mechanical compatibility, these
biomaterials-based solutions have not yet shown a long-term performance [2, B]. Mechanical
compatibility is not less critical than biocompatibility since it permits to restore biomechanical
behavior of the motion segment, and thus reduces re-herniation and promotes longevity [2} [4].
Therefore, a sophisticated comprehension of the biomechanical behavior of the intervertebral
disc is invaluable to enhancing the performance of biomaterial-based techniques.

The intervertebral disc (IVD) biomechanical behavior is complex and it can not be ex-
plored using only experiments or analytical methods [5]. Spine and disc biomechanics are
commonly studied using finite element (FE) analysis. FE models developed for the IVD are
increasingly improved. However, they become more difficult to implement and validate.

Recent models take into account complex structural phenomena taking part in this soft
tissue such as the osmotic role of proteoglycans and the mechanical contribution of collagen
fibers including fiber cross-links, fiber/matrix interaction, and interlamellar behavior (e.g.
[6, 7, 8, 9]). These models generally managed to provide a good agreement with experimenta-
tion. However, the uniqueness of the identified mechanical properties is not guaranteed given

their relatively large number and their possible interdependency [10} [I1]. Furthermore, the
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impact of the experimentation-related uncertainties on the identification studies remains sig-
nificant and it is reflected in the large scatter of the IVD mechanical properties values. Most
of the biomechanical experimental tests used in the parameter identification are performed
ex-vivo. Cadaveric tissue, generally used to perform biomechanical ex-vivo experimental tests,
undergoes several changes in properties related to the conservation conditions which leads to
variability in the experimental data [12]. In addition, the relevance of each parameter de-
pends on the load type and the nature of the experimental data used for the identification.
For example, the micro-channels configuration of a porous medium may increase the apparent
stiffness of the tissue in the case of confined consolidation compared to the unconfined one
[13].

Computational validation issues could be treated by several approaches. Multi-objective
optimization and the use of huge experimental databases could be suggested. However, these
solutions tend to complicate the studies and raise their time-memory cost. Different ap-
proaches, based upon the exploitation of quantitative MRI for the construction and the val-
idation of FE models were introduced [14], [IT]. This technique seems efficient but is limited
by the MRI resolution and needs to be clinically validated. Recent studies introduced prob-
abilistic and deterministic deep learning approaches to reduce the cost of complex behavior
tissue models including porous media, hyperelastic anisotropic tissue, and multiscale models.
Despite their promising results in model reduction and simulation acceleration, these meth-
ods present some limitations related to the handle with irregular mesh and some particular
boundary conditions [I5] [16] [I7]. Therefore, sensitivity studies remain an essential tool to
improve and validate IVD FE models [I8, 5]. Studying the impact of varying the parameter
values permits to better understand the IVD model biomechanics and manage the validation
studies. It allows sorting parameters by relevance and fixing the values of those with no

significant effect, simplifying the study by focusing on the most important parameters and
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therefore helping to obtain a more accurate result.

Several sensitivity analyses have been conducted on lumbar spine FE models. The impact
of structural, mechanical, and morphological properties of vertebrae, IVD, and ligaments in
the lumbar spine was studied under different loads [19] 20} 2T], 22 5]. The obtained results
have contributed to the understanding of lumbar spine biomechanics and the studying of some
FE models accuracy. However, fewer sensitivity studies have been carried out for the cervical
spine and they are limited on the sensitivity of the stiffness of the spinal components, assumed
to be linear elastic, on spine biomechanics [23] [24]. The current study represents a sensitivity
analysis of C6-C7 IVD mechanical properties using a nonlinear poroelastic FE model with
fiber reinforcement. The objective is to determine and analyze the sensitivity of the model
to both the matrix mechanical properties and the collagen network configuration. For this
purpose, physiological loads are used in the simulations. By prioritizing the contribution of
the model properties in the IVD biomechanics for different load types, this work aims to

create a benchmark for numerical studies.

2. Material and methods

2.1. Constitutive formulation

The definition of quantities of interest permits to perform the mesh sensibility test and
to choose the constitutive model of the study [25]. In our case, we were interested in the
maximum stress linked to the solid phase, the fluid flow linked to the fluid phase and the
apparent stiffness which is a global quantity linked to the entire domain.

The choice of the constitutive model has been based on the quantities of interest and on
the mechanical aspects studied in the literature. In vivo measurements have shown that

the cervical IVD undergoes large strain during physiological motion [26]. It was also shown
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that the collagen fibers do not contribute only to the tissue response to mechanical loads
but also to its swelling behavior [27, 28]. On the other hand, The compressibility of the
extracellular matrix (ECM) has been largely investigated and discussed. Although several
finite element studies have adopted a nearly-incompressible model for the extracellular matrix,
recent experimental studies have highlighted the auxetic compressible behavior of the annulus
fibrosus [29, B0]. These results revealed the importance of studying the IVD behavior in
large deformation, taking into account the annulus anisotropy, the compressibility of the
extracellular matrix (ECM), and the fluid flow in the porous network.

The constitutive formulation implemented for this study is based on the biphasic swelling
model [311, 32, 33]. The IVD is assimilated to a superposition of two immiscible and isothermal
phases: a porous solid skeleton describing the fiber-reinforced extracellular matrix saturated
by an intrinsically incompressible fluid. The total Cauchy stress o is the summation of the
solid effective stress tensor o€ and the interstitial fluid stress derived from the hydrostatic

pressure p and the osmotic pressure Am:

oc=0°—(p+An)l (1)

The hydrostatic pressure p is determined by Darcy and mass conservation laws while
respecting the intrinsic incompressibility assumption. The permeability k& of the medium is
taken isotropic and strain-dependent as proposed in [34]. The osmotic pressure Ar of the
IVD is expressed in terms of the fixed charge density of the proteoglycans Cy. which is also

taken strain-dependent [33].

A = RT(QOM/CQC +4C2 —2¢.C.) (2)

%o

Cre = Cro—20
! f0¢0_1+J

5
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where ¢y is the initial porosity, J is the deformation gradient determinant, C'r. and C'y are the
current and the initial fixed charge densities respectively, C, the external salt concentration, R
the universal gas constant, T" the absolute temperature, and ; and ¢, respectively the internal
and the external osmotic coefficients. The extracellular matrix of the medium is defined by
its total strain energy density W. W was composed of a compressible Neo-Hookean isotropic
part Wy for the non-fibrillar matrix and an anisotropic part Wy; describing the contribution
of each family of fibers i:

W =Wyg (C) + Z Wy (C,é) (4)

Wi =5 (1= 3) = () + 5 (m () o)

where C' is the right Cauchy-Green strain tensor, I; is its first invariant and g and A are
the parameters of Lamé. The vector €; represents the director vector of the fiber family ¢
orientation. The anisotropic part was taken null in the NP and the CEP. Two families of
fibers oriented by 4« were considered in the AF. The fiber strain energy density of the ;"

fibers population (i=1,2) was defined according to [35].

Wy = % <ebi[(1—3K)Iﬁ+K11—l]2 _ 1> (6)

where a; (MPa) and b; (unitless) are the fiber rigidity and non linearity coefficient, K is

their dispersion and Iy; is a fiber direction invariant written as
Iy =C: (6 ® &) (7)

The same mechanical parameters were taken for both families of fibers: a; = a4p and

b =bar.
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2.2. Finite element model

The unknowns of the equation system were the hydrostatic pressure p and the three-
component displacement field. We have used Lagrange quadratic (P2) and linear (P1) poly-
nomial functions for the interpolation of the displacement and the pressure, respectively.

For this study, we have developed a three-dimensional finite element model of human
C6-C7 IVD. We have constructed a parametric geometry based on six experimental studies
conducted on the cervical spine morphology [36] [37, 38, 39, 40, 41]. The geometry is composed
of a central elliptical nucleus pulposus (NP) representing 26% of the total volume, a peripheral
annulus fibrosus (AF) surrounding the NP and two cartilaginous endplates (CEP) (Fig. [1f).
The geometry was meshed using the software Gmsh [42]. A mesh refinement study was per-
formed using 4 20-node hexahedral element meshes with different element number to check
the convergence of our quantities of interest against element size. Local refinement was not
considered given the absence of geometrical irregularities, high-stress gradient, or common
stress concentration areas for the studied loads. The selected mesh has been composed of
5940 hexahedral elements (26106 nodes). The model was implemented in the open-source

software LMGC90 [43].

2.3. Definition of the fiber orientation

The fiber orientation angle o decreases from the inner to the outer lamella of the AF [44].
To respect this property, we have defined the fiber orientation using local spatial distributions
progressing continuously from the inner to the outer AF. Two parameters were defined, «; and
Q,, the fiber angle to the transverse plane, at the inner and at the outer lamella, respectively
(Fig. B). Given the shape of the IVD geometry, it was necessary to define a local coordinate
system centered in the NP center Onp and satisfying two criteria: i) For each element of

the AF, fibers are defined in lamellae plane, ii) Elements of the same lamella should have
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the same fiber orientation. At this stage, the shape of the annular mesh has been useful. To
define this coordinate system we started with the resolution of a thermal problem in which
we have imposed two different temperatures in the lateral boundary of the AF (T'4r) and in
the NP (T'vp) with Tar < Tnp (Fig. A). The heat flux vector in each node defines its local
radial vector €, ,,. Then, we defined the axial vector €, ,, which corresponds to the Z-axis
of the global coordinate system. The tangential vector €;,, was determined by the cross
product (€,,, A €r,,). Finally, the vectors éi and é3 were defined in each node according to

this relation:

e1 = COS(a)-gtAF + sin(a).é'aAF (8)

€ = —cos(a).€; ., + sin(a).€q 9)

2.4. Model validation

A validation process was conducted to find the reference parameter vectors to perform the
sensitivity study. We have compared the behavior of our model in lateral bending, flexion, and
axial rotation to experimental previous works by reproducing the applied load described in
[45, 46, [47]. These experimental studies provide functions describing the C6-C7 IVD rotation
when it is exposed to a 0 to 2Nm pure moment. To compare the behavior of the current
model to experimental curves, we have performed 4 tests for each motion by applying 0.5,
1, 1.5, and 2Nm moments and determined the IVD orientation angle for each test. Then we
have interpolated these points to find the numerical evolution function of each motion (lateral
bending, flexion, and axial rotation). The interpolation function used here has been defined
in the experimental studies and has the following form: 6 = v, + a,In(8,M +1). where 6 and
M are the rotation angle and the applied moment, respectively, and ~,, a, and (3, are the

function parameters. In our case, we have taken -, = 0 for all the loads to start from 0° of
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rotation when a null moment is applied. We have manually varied the model parameters to
finally find a parameter vector that permits to closely reproduce the experimental behavior
of the C6-C7 IVD (Fig. |3). This parameter vector will constitute the reference vector of the
parametric study called for the rest of this paper "the basic model". Here, the basic model is
not necessarily the best fit combination with a minimized error compared to the experimental
curve. However, we are sure that, with the retained combination, the model reproduces the

experimental mechanical response used in this validation step.

2.5. Boundary conditions for the parametric study

The simulations were performed under uniaxial compression and three physiological inde-
pendent loads of the cervical spine: lateral bending, axial rotation, and flexion. Each load
has been applied in a 3-step sequence (Fig. . The first step was a 2-hour preconditioning
step. The bottom surface has been constrained in all directions, the remaining boundaries
being constraint-free. This step permits to obtain the unloaded IVD equilibrium in which
the initial osmotic pressure distribution and the unloaded IVD equilibrium swelling were es-
tablished from the fixed charge density and the porosity initial fields (C'to and ¢g table .
The second step permits to simulate the head weight. A 100N creep-compressive force was
applied on the top surface of the upper CEP in 8 minutes then remains constant until the
equilibrium. Finally, starting from the result of the compression-creep step, we have applied
a displacement-driven load to simulate the C6-C7 translations and rotations during a phys-
iological cervical spine lateral bending, axial rotation, and flexion (Fig. . Data for C6-C7
kinematics in the cervical segment are obtained from in vivo measurements taken from the
literature (table . To reproduce the experimental measurements, we have used a y-z-x se-
quence (corresponding to flexion/extension-axial rotation-lateral bending) to apply the C6-C7

rotations during spine movement. The center of rotation is the center of the most posterio-
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inferior point of the subjacent vertebrae (C7) for lateral bending and axial rotation [48] [49].

For the flexion, the rotation center is the center of the subjacent vertebral body [50} 51].

2.6. Studied parameter range

The parametric study has been carried out by varying 10 parameters (table . For the
NP and the AF ground substance tissues, the varied parameters were the shear modulus pu
defining the ECM stiffness, the first Lamé parameter A defining its compressibility, and the
initial permeability kg. Collagen fiber network properties have also been studied by varying
their rigidity a, their nonlinearity b, and their directions (o, and «;). We have chosen the in-
terval of variation of each parameter to be always in the range of values in previous numerical
studies found in the literature (table . This choice permits testing the sensitivity of the IVD
mechanical behavior to model parameters in extended ranges used in previous studies. It is
important to mention that even if some cited studies do not use the same constitutive law as
the actual work, they were used to define variation range for parameters equivalent to ours
in their formulation. For example, we have used the value of a4p in [52] even if this study
does not take into consideration the fiber dispersion defined by K 4r in our model. We also
calculated the equivalent Ayp and pyp from Young modulus and Poisson’s ratio provided in
[53] using elastic parameter conversion formulae.

For each parameter, the reference value was managed to be at the center of the studied
range. The higher and the lower values were chosen in a way to be equally distant from the
reference value and to form an interval that covers as many previously used values as possible.
The first simulation has been performed using the reference parameter values (basic model).
Then, for each test, we have varied only one parameter. Only the two fiber orientation angles
have been simultaneously varied. To make this simultaneous variation simple we have fixed

the mean fiber direction at 35° and defined the parameter A« which represents the difference

10
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of the mean angle from inner and outer angles: a; = £(35 + Aa) and a, = £(35 — Aa).
Finally, 37 tests have been performed for each load type. A total of 1320h of computing time
was needed in this study (about 220h with parallel computation) using an HPC cluster with

28 cores and 128GB of RAM.

The studied outputs for the creep-compression step were the maximal NP pressure, the
maximal normal stress, the axial and radial outflow rates, the final volume change, and the
final axial displacement of the upper surface. For the physiological loads, we have studied the
maximal normal and shear stress, the axial and radial outflow rates, the final volume change,
and the final corresponding moment applied on the upper IVD surface. We have also studied
the impact of model parameters on a global output which is the apparent stiffness for the
different loads. The apparent stiffness for the rotational loads was calculated about the center

of rotation (Appendix).

3. Results

3.1. Compression step

During the compression step, we can differentiate two stages. The first one is the es-
tablishment of the applied force. At this stage, the axial displacement pressurizes the fluid
content due to the low permeability of the tissue. The IVD swells following this pressurization
until the total establishment of the force. At this instant, the pressure and the radial swelling
reach their maximal values. The second stage begins when the applied force is stabilized. In
this stage, the water expulsion from the IVD becomes more important, the swelling decreases
and the displacement of the loaded CEP continues until the equilibrium. We measured the
influence of modifying the model parameters on the NP pressure, the normal stress, and the

axial and radial flow rates at the end of the first stage. We studied also two equilibrium
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results which are the volume loss caused by the water expulsion and the final displacement of
the loaded face which will determine the apparent stiffness of the IVD. With the basic model,
the relative change in IVD height was 4.8% and the relative change in its volume was 4.3%.

Figure [f] shows the effect of modifying the model parameters on the IVD response to com-
pression. Results show that the shear modulus of the AF ground substance p4r is the most
influential parameter on IVD response to compressive load. The AF compressibility Aap,
affects significantly the radial flow rate. This parameter has a lower influence on the axial
flow rate, the final displacement, and the volume loss but it contributes clearly to their deter-
mination. The NP and the AF permeabilities kO p and k0 4r play also an important role in
the pressurization stage. The pore pressure is very sensitive to the NP permeability and the
radial flow rate is highly influenced by the AF permeability. However, the permeabilities do
not contribute to the equilibrium state. Apart from the fiber rigidity, no noticeable influence
was found on fiber parameters. The reference apparent stiffness obtained with the basic model
was about 337 Nmm~!. This value depends on model parameters in a nearly linear way with
high sensitivity to the AF stiffness uap and less noteworthy dependency on fiber rigidity aag
and AF compressibility Aar. No significant effect on the IVD apparent stiffness was found

for the other parameters.

3.2. Lateral bending

Figure [0] illustrates the influence of modifying model parameters on the IVD response to
lateral bending. The IVD normal stress, the axial flow rate, and the volume change in lateral
bending were dominated by the shear modulus of the AF ground substance par. The radial
flow rate is highly sensitive to the AF permeability and depends less on p4r. A less noticeable
dependency of the IVD outputs to the AF ground substance compressibility Aqr was found.

Contrary to compression, we have noticed a significant dependency of the IVD behavior on

12
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fiber parameters in lateral bending. The fiber non-linearity parameter b4 has a crucial role
in the determination of the shear stress, the lateral bending moment, and the volume change.
Modifying the fiber rigidity a4 has a noticeable effect on the same outputs. Although fiber
direction parameter A« has not the same importance in the IVD response to lateral bending,
we have found that varying this parameter may affect the shear stress and the radial outflow
rate. On the other hand, apart from uyp, which slightly affects the radial flow rate, the NP
parameters varying in the study range has not a real influence on the IVD response to lateral
bending. The apparent stiffness in lateral bending found with the basic model was about
16 Nmrad~!. This value is affected by modifying b in the first row then AF stiffness par
and fiber rigidity aar. The dependency of the LB apparent stiffness to these parameters is

nonlinear.

3.3. Flexion

Figure [7] shows the influence of modifying model parameters on the IVD response respec-
tively to flexion. The studied outputs depend essentially on the fiber nonlinearity b4p and
the AF ground substance shear modulus pap. A less significant effect of the fiber rigidity
aar and orientation Aa was found. The AF permeability k04r has a significant effect on
the radial flow rate value. The AF ground substance compressibility A4 contributes to the
determination of the normal stress and the volume change. In a similar way to lateral bend-
ing, apart from pyp, varying the NP parameters in the study range does not affect the IVD
response to flexion. The apparent stiffness in lateral bending found with the basic model was
about 4.4Nmrad—'. The flexion apparent stiffness depends, in a nonlinear way, on bar, far

and a4p in descending order.
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3.4. Auwzial rotation

The results of the effect of modifying model parameters on IVD response to axial rotation
are shown in figure |8, As for the other types of load, varying puar has a high effect on the
maximal stress and the flow rates in axial rotation. In addition, the permeability of the AF
slightly contributes to the determination of the radial flow rate where the role of NP per-
meability remains negligible. The fiber parameters bar and a4p role remains crucial in the
determination of shear stress, the axial rotation moment, and the volume change. We note
that fiber orientation contributes more significantly to the IVD response to axial rotation than
its contribution to flexion and lateral bending. Similarly to the two latter motion results, the
apparent stiffness value is dominated by bar, uar and aar with a more noticeable effect of
the NP shear modulus uyp. The axial rotation apparent stiffness value found with the basic
parameters was 2.83Nmrad ™.

The apparent stiffness values found with the three physiological rotations are significantly
smaller than the apparent stiffness computed with 2INm pure moments applied in the valida-
tion study with (25.8 Nmrad~! in lateral bending, 15.3Nmrad ! in flexion, and 24.9Nmrad~!
in axial rotation). This comparison reveals that coupling the different rotations and trans-
lations during a physiological movement, together with the specific anisotropic hyperelastic

properties of the IVD, help reduce the resulting moment that is necessary to turn the head.

4. Discussion

This study was aimed to answer a key question that precedes any study treating the IVD
mechanical modeling: given the data set and objectives, to which mechanical parameters
specific attention should be paid? The answer to this question permits reducing the model
numerical cost by considering the appropriate assumptions or by reducing the number of pa-

rameters in the identification studies. To prioritize model parameters we have conducted a
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parametric study using an anisotropic poro-hyperelastic model of the IVD and we have ex-
amined the effect of varying 10 parameters, in the literature range, on the model response to
physiological day-to-day loads.

Our methodology in the definition of parameters range has been oriented to cover the most
used values in literature. Therefore, it does not consist of a sensibility study where we try
to find the effect of each parameter on a limited interval but of a parametric study where we
have examined the parameters contribution to the IVD behavior based on the variety of these
parameter values used by previous works. Although this choice imposes a very varied width
of parameters range, it allows examining the utility of using very high or very low parameter
values compared to the most commonly used order of magnitude. For example, the common
value of bsp is under 200 in the most studies [54, 52| [IT], [55] but it takes a value of 300 in [56]
and 1045 in [8]. The high dependency of our model on the value of by can be explained by
the use of those two extreme values.

Our study outlines the out most influence of changing the stiffness of the extracellular ma-
trix of AF on the poro-hyperelastic behavior of the cervical disc, by taking into account creep
compression, physiological relaxation movements during flexion, bending and axial rotation.
It is important to cite that we have faced numerical processing issues when using a low value
of uar and we suggest using parp > 0.8M Pa for the same type of model. In the current
study, we have found that even the AF compressibility parameters Asr had a relevant role in
the determination of many output results. This influence highlights the necessity of using a
compressible extracellular matrix in FE models. These results can explain why many studies
using a nearly incompressible model for the IVD are validated with a low bulk modulus which
does not satisfy the near incompressibility assumption for the AF (1.45 MPa in [57], 0.8 to 1.4
MPa in [I1] and 0.67 MPa in [58]). Moreover, very few studies take into account transverse

deformation to the traction direction, which are crucial to estimate the compressible behavior
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of AF [59] 60, 61, 29, 30]. The last two experimental studies have clearly outlined, on bovine
and porcine disks respectively, the auxetic behavior of AF, and both report the dependency
of the apparent Poisson’s ratios to the deformation amplitude, with negative Poisson’s ratios
in the circumferential radial plane. Therefore, on the compressible behavior of the AF, we
conclude that more experimental, numerical, and theoretical studies are needed to understand
the complex, non-linear auxetic behavior of the AF. On the other hand, the relevance of the
Anp has not been shown in the current study. We think that the role of this parameter was
hidden by its small range of study (0.1 to 0.5M Pa). However, the compressible behavior
of the human NP has been clearly outlined in several experimental studies [62], 63]. This
incites us to suggest using a compressible swelling material for the NP to catch its mechanical
behavior except at very high strain rates or under dynamic conditions where a viscoelastic
incompressible behavior could be sufficient [64}, 65] [66].

As we have shown, the permeabilities of the AF and the NP do not contribute to the
determination of the equilibrium state. However, the radial flow rates are sensitive to AF
permeability and less sensitive to NP permeability. The latter contributes more to the de-
termination of the pore pressure. It is known that the water exchange within the IVD is a
key factor for nutrient transport and cell activity. Therefore, inaccurate estimation of the
permeabilities, especially of the AF, may lead to a loss of sufficiency in the biomechanical
models of treating degeneration and growth. The current strain-dependent permeability laws
proposed by [34] and [67] are sufficient to investigate the IVD solid-like behavior as reported
by many studies. However, given their isotropic formulation, they are not able to describe
precisely the water exchange rate in the fiber-reinforced tissues like AF [I1]. We anticipate
that a more accurate permeability expression that depends on strain but also on collagen fiber
network organization will have a higher impact on water flow rates.

Another important finding is that collagen fiber properties including rigidity, nonlinearity,
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and orientation have no significant effect on the response of the IVD to compression. How-
ever, they are a determinant factor in the cases of flexion, lateral bending, and axial rotation.
As mentioned previously, the high dependency of IVD behavior to the value of byr may be
partially caused by the large difference between its higher and lower tested values. The fiber
nonlinearity parameter is not a measurable property which makes it difficult to estimate.
Therefore, on bar value, we suggest performing more oriented AF local identification studies
to limit the range of variation of this parameter. Collagen fibers have high stiffness but they
do not contribute to the mechanical behavior only when they are in tension. Contrary to
compression, in the case of rotational motion, the strain principal directions are near to the
fiber orientation angles due to the large torsion deformation, especially in axial rotation. This
result comes back to the results of [34] [68] and [69] affirming that isotropic models are able to
reproduce the IVD response to compression. However, as underlined by [21], it is essential to
consider fiber reinforcement when studying the IVD behavior in axial rotation. Furthermore,
collagen network architecture should be neatly described by namely regional orientation dif-
ference between inner/outer and posterior/anterior AF.

This study also revealed that the collagen network within the AF has a crucial role to
optimize the necessary resulting moment to turn the head. In combination with the relative
movements of the adjacent vertebrae during axial rotation, lateral bending, and flexion, the
mechanical properties of the collagen fiber network appear to be particularly well adapted to
reduce the resulting moment by an order of magnitude compared to pure rotations. This key
feature has to be taken into account while designing IVD implants.

To take back the main aim of this study, we suggest simplifying IVD model validation
studies by reducing the number of identified parameters depending on the experimental opti-
mization objective and load type. (1) For tests in statics, very slow loading tests, and when

the experimental object is not time-dependent such as force-displacement curve, there is no
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need to identify the permeability value. (2) For fiber-reinforced models, fiber orientation and
nonlinearity should not be included in the identified parameter except when studying IVD
response to rotational motion. Fiber rigidity is a determinant parameter for all types of load.
(3) None of the mechanical parameters of the extracellular matrix of the AF could be ne-
glected in the identification process. High attention should be paid to the determination of
the stiffness of the AF ground substance.
Some sources of uncertainty could be identified from the current results. On a numerical level,
the results of this study are provided without focusing on the uncertainty quantification of
each parameter in the validation step. However, we can identify some parameters with infi-
nite uncertainty such as the two permeabilities for stationary analysis or the fiber orientation
for the uniaxial load. In the identification studies, the accuracy of the model needs to be
investigated by uncertainty quantification. This will be useful to localize the optimal exper-
imental fields to measure, design accurate experiments and therefore minimize model error
[72, [73, [74]. On a physiological level, only the IVD prestress related to the osmotic pressure
was included. However, a second part, related to the gradient of tissue growth could be taken
into account. The IVD prestress was studied for bovine and porcine tissues [75], [76, [77, 29] but
no data concerning human disc prestress are yet provided in the literature to our knowledge.
In addition, the loading conditions, taken from previous experimental studies, may affect the
current results given the non linear anisotropic behavior of the model.

Our study, which focused on varying each parameter independently of the others, revealed
the complex mechanical behavior in in-vivo solicitations. In future work, the variation of mul-
tiple parameters at the same time will be performed. We anticipate this scheme may reveal

coupled effects and allow more efficient simplifications of the validation studies.
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sz INomenclature

o Total Cauchy stress tensor
Solid phase effective stress tensor
C Right Cauchy-Green strain
€ Director vector of the i*? fiber family
p Fluid phase hydrostatic pressure (Pa)
Arm  Osmotic pressure (Pa)
ko initial permeability (m*N~1s71)
C. Fixed charge density (mol m™3)
Cteo Initial fixed charge density (mol m™3)
N Initial porosity (unitless)
383
J Deformation gradient determinant
1 Shear modulus (Pa)
A First Lamé parameter (Pa)
a; Fiber rigidity (Pa)
b; Fiber non linearity coefficient (unitless)
K Fiber dispersion coefficient (unitless
Iy, Direction invariant of the ¥ family fiber
a; Inner fiber orientation (°)

Qp Outer fiber orientation (°)

Aa (i —a,)/2(°)

384 Constants
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385

386

R universal gaz constant =8.314.J mol 'K~}
T  Absolute temperature =310K

C. External salt concentration =150mol m =3
p; Internal osmotic coefficient =0.9

we External osmotic coefficient=0.9
Appendix: Apparent stiffness

The head-weight force in compression and the coupled displacements in the other phys-
iological loads were applied on the upper surface of the disc which is assumed to be rigid.
The apparent stiffness is calculated using the applied load or displacement and the result-
ing displacement or external force, respectively. For compression, the apparent stiffness
AppS(Nm™1) is defined as:

AppS = ’ Vg

w’!’CS

where Fgp,(N) is the applied force and wyes(m) is the displacement of the upper surface in
the z direction (the same direction as the applied force).

For the other physiological loads, the apparent stiffness A,,S(Nm rad~!) is defined as:

—

M;es.€p

AppS =
PP Pavp

where ]\Zfres(N m) is the global moment of the upper surface points about the center of rotation,
@app(rad) is the global cervical segment rotation as described in the tableand €p the principal
direction of the rotation: & for flexion, ¥ for lateral bending and 2 for axial rotation. M,es(Nm)

is obtained according to this equation:

Myes = / / My yesdS = / / (081, A Fres) dS
up up
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where Mnmes(]\fm) is the resulting nodal moment, ﬁn,reS(N) the resulting nodal force, and
OM ,(m) the final nodal position with regard to the center of rotation.
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Table 1: Applied intervertebral range of motion for the relaxation step for each load type. Motion:
physiological motion of the whole cervical segment.
ILB:lateral bending, IFI: flexion and [AR: axial rotation. Intervertebral translation: C6-C7 rotation
with P/A: posterior(-)/interior(+), L/R: left (-)/Right(+) and D/U: down (-)/ up (+). For lateral
bending and axial rotation, the intervertebral motion values correspond to 10° and 6°, respectively,
of the C3-C7 segment and were taken from the curves in the cited reference. For the flexion, the
intervertebral motion values correspond to the half of the studied range of motion (59.5° of the C1-T1

segment) in the cited reference.

Intervertebral rotation: C6-C7 rotation with

Motion Intervertebral rotation (°) Intervertebral translation (mm) Ref
ILB (X) IFl(Y) IAR(Z) P/A (X) L/R(Y) D/U ()
Lateral bending 1.64 -0.15 -0.18 0.0 -0.34 0.08 [49]
Flexion 1.2 7.5 0.8 0.0 0.0 0.0 1]
Axial rotation 1.1 -0.8 -0.3 0.1 -0.3 0.1 [49]

Table 2: Model parameters values for the basic model and the cases used for the parametric study.

Variation of each parameter of this list was separately tested.

Parameter Basic Cases References used in the definition
1 2 3 4 of the intervals of study
NP pnp (MPa) 0.4 0.1 0.25 0.55 0.7 [5853
Anp (MPa) 0.3 01 02 04 05 [8B3
KON (mmt/(Ns) 13 3 8 18 23 [2B7
Cteo (mol/m?) 300 - 58]
%o 0.8 - 58]
AF ground par (MPa) 1.2 04 08 16 2 [7 57]
substance Aar (MPa) 1.3 02 0.75 1.85 24 [04
x1074 4
k0% p  (mm*/(Ns)) 13 3 8 18 23 5257
Cteo (mol/m?) 150 - [T
®o 0.7 - 58]
AF fibrillar aap (MPa) 1.2 0.3 0.75 1.65 2.1 [52.54
network bar 350 50 200 500 650 [MI§]
Aa 5 0 25 75 10 B2
Kar 0.166 -
CEP UCEP (MPCL) 7.14 - [70]
ACEP (MPa) 1044 - [70]
KOZI0." (mm*/(Ns)) 35 - )
Cleo (mol/m?) 90 - [
%o 0.8 -
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