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Abstract

Background and objective: The human body soft tissues are hierarchic structures interacting
in a complex manner with the surrounding biochemical environment. The loss of soft tissues
functionality with age leads to more vulnerability regarding external mechanical loadings and
increases the risk of injuries. As a main example of the human body soft tissues, the
intervertebral disc mechanical response evolution with age is explored. Although the age-
dependence of the intervertebral disc microstructure is a well-known feature, no noticeable
age effect on the disc stiffness is evidenced in the in-vitro experimental studies of the
literature. So, if the disc intrinsic mechanics remains constant, how to explain the correlation
of disc degeneration and disc functionality loss with age.

Methods: A microstructure-based modeling approach was developed to assess in-silico the
aging-sensitive mechanics of human intervertebral disc. The modeling considers the
relationship between stress/volumetric macro-response and microstructure along with
effective age effects acting at the lamellar and multi-lamellar scales. The stress-stretch and
transversal responses of the different disc regions were computed for various age groups (13-
18, 36, 58, 69 and 82 years old) and their evolution with age was studied.

Results: While matching with in-vitro experimental data, the predicted stiffness was found to
be increasing while passing from adolescent young discs to mature older discs then remaining
almost constant for the rest of life. Important age-related changes in the disc transversal
behavior were also predicted affecting the flexibility of the disc, changing its volumetric
behavior, and modifying its dimensions.

Conclusion: The developed approach was found able to bring new conclusions about age-
dependent mechanical properties including regional dependency. The disc mechanics in terms
of rigidity, radial and axial transversal responses were found to alter going from adolescent to
middle age where the disc reaches a certain maturity. After reaching maturity, the mechanical
properties undergo very slight changes until becoming almost constant with age.

Keywords: Human annulus fibrosus; Aging; Mechanics; Regional dependencys;
Microstructure.
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1. Introduction

Intervertebral disc dysfunctions are the main factors of chronic/severe back pain affecting
humans at any stage of life but staying highly correlated to age with excessive higher
vulnerability of elders [1-2]. The damage of this living soft tissue could occur mechanically
under excessive repetitive efforts, wrong movements and high loads supported by the spinal
body [3]. Through recent years, big efforts were done in medicine to create patient-specific
models of the different human body organs [4-6]. Nonetheless, if we need to have a realistic
and accurate model of each patient, these models should refer to the actualized material
properties of the organ and their evolution under the different degradation mechanisms
principally caused by aging. Obviously, the mechanically-induced damage is influenced by
intervertebral disc age-related changes. Natural aging induces, by essence, biological
degeneration events [7] interacting with the intervertebral disc mechanics and creating
complex degeneration processes inside the intervertebral disc lamellar fibrillar cartilage
(annulus fibrosus) along with complex changes of interactions with the gelatinous central
nucleus pulposus leading to disc morphological changes and sagittal balance disorders [8].
Micro-cracks and tears are common damage mechanisms observed in the annulus fibrosus [9-
11]. Any alteration in the annulus fibrosus structure potentially leads to several forms of
degeneration such as disc bulging, herniated disc and disc thinning. The comprehension of
annulus microstructure and its relation to the natural aging is the key point in order to better
understand the origin of these degeneration mechanisms, to reduce their effects and in some
cases to avoid their occurrence. Distortions of the nutrient distribution and metabolism
alteration appear inside the disc with age affecting directly the cellular density and indirectly
the proteoglycan content, the volumetric pressure and the water content [12-17]. As well, age
affects the total collagen fibers concentration and changes the proportions of the different

types of collagen [18] which would logically alter the mechanical behavior of the annulus in



terms of rigidity and resistance. Many experimental studies tried to find a relation between the
degeneration mechanisms and the microstructure changes of the disc components by natural
aging [19] and their consequences on the disc mechanics [20-22]. Surprisingly, no effect of
age was found on stiffness of single and multi-lamellar specimens of the annulus soft tissue
[23-25]. In the latter references, it was deduced that the mechanics of a healthy disc remains
constant at any stage of its life. These observations raise several questions about the structure-
mechanics relationship in disc tissues, such as how the amount of the disc microstructure
compositions may change without impact mechanical behavior and why elders are more
likely to be touched by disc diseases compared to young individuals. Answering these
questions is very difficult from the experimental viewpoint due to the huge number of
specimens needed from cadavers of various ages and the extensive mechanical and biological
studies that should be established on each specimen without damaging it. Computer modeling
remains the best way for this kind of complex investigations. Many constitutive models tried
to describe the mechanical behavior of the intervertebral disc going from the firstly developed
models describing the annulus tissue as a single solid phase reinforced by stiff oriented fibers
[26-29], arriving to biphasic and extended biphasic models where the fluid phase, its diffusion
inward/outward the disc and in addition the negative charges density responsible of the water
absorption inside the disc and the tissue swelling due to osmotic effect were considered [30-
34]. All the recent models were able to reproduce the instantaneous disc response under
external mechanical loads without a real connection with the disc microstructure and biology
making them unable to estimate long-term temporal changes inside the disc. The strong bio-
mechanical coupling is not considered in these models. The effect of temporal biological
changes on the disc mechanics and the inverse effect of the disc mechanics on the biological
behavior and the disc metabolism were not considered. Hence, metabolic bio-mechanical

models appeared focusing on the cellular viability mechanisms, the nutrient diffusion



(oxygen, glucose and lactate) and the effect of applied mechanical loads on their distribution
all over the disc [35-41]. Recently, these models evolved largely by incorporating the
influence of the nutrient distribution and the disc metabolism on the cells synthesis, the
microstructure remodeling of the proteoglycan network and the water content [42-44] and
their incidence on the stress distribution inside the disc. Despite the important advance
accomplished by these models and their promising results, they cannot yet investigate
sufficiently the global long-term effects on the mechanical behavior of the disc tissues. None
of these models highlight the inverse temporal effect of the microstructure changes on the
mechanical properties of the soft tissue which could alter completely its response to the
different mechanical loads and highly change the estimated results. For this reason, a recently
developed microstructure-based computational model [45-47] that succeeded to reproduce the
axial and multiaxial mechanical behavior of the disc annulus is used to assess the natural
aging effects on the disc mechanics. Since the annulus Poisson's ratios (that is the negative of
the ratio between the transversal strains and the applied circumferential strain) were found
experimentally to be time-dependent [48-49], the model takes into account the transversal
behavior of the annulus and its volumetric response that are mandatory to give a correct three
dimensional description of the disc behavior [45-46]. In order to focus on the direct relation
between the microstructure and the mechanical response, the metabolic origins of the
microstructure changes [42, 50] were not considered in this research but the resulting altered
microstructure contents of these components were taken directly from well-documented
papers of the literature depending on the studied age and were adapted in order to be used by
the model. The impact of age on the mechanical response in terms of stress-strain and
transversal strains is investigated by varying for each disc region the oriented collagen fibers
and the water contents along with the fibers orientations. The adopted approach allows us to

study the age effect in a simple manner and reach almost the same final conducts. The study



was established on different annular and radial disc regions. The response of each region was
investigated for disc models of several ages varying from young adolescents to elderly (13-19,
36, 58, 69 and 82 years old). Detailed analysis of the computational curves and the local
stress-strain fields is performed. Important microstructure explanations about previously
found experimental results are evoked and new conclusions about age-dependent mechanical
properties are revealed.

This paper is organized as follows. Section 2 gives the details of the microstructure-based
model presented at the scale of a single-lamellar annulus and at the scale of a multi-lamellar
annulus. Section 3 presents and discusses our findings on the consequences of natural aging

on the disc mechanics. Finally, some concluding remarks are given in Section 4.
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Figure 1. Multi-scale view of the disc tissues.

2. Microstructure-based model

Fig. 1 presents a multi-scale view of the disc tissues. Due to the heterogeneity of the disc
microstructure [51-53], the disc annulus was divided circumferentially and radially into four
regions: Posterior-Outer (PO), Posterior-Inner (PI), Anterior-Outer (AO) and Anterior-Inner
(A that will be considered in the different calculations. The lamellae of annulus fibrosus are
composed of ECM rich of negatively charged proteoglycans that are responsible of the disc
hydration and containing non-oriented type II collagen fibers that are dispersed randomly all
over the matrix. The lamellae are reinforced by oriented type I collagen fibers giving the soft

tissue the required strength and helping the disc to resist the different applied external



mechanical loads. Each two adjacent lamellae are connected by a non-fibrillar ECM (inter-
lamellar matrix) containing fibrils, elastin, crosslinks, and other bridging elements ensuring

the structure integrity [54].
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Figure 2. One-dimensional visualization of the model for single-lamellar annulus; the ECM
deformation F is split into a volumetric part F , related to the chemical-induced expansion

vol
and a mechanical part F, , related to the intrinsic ECM response consisting in a nonlinear

elastic spring in parallel with a Maxwell branch (a nonlinear elastic spring in series with a
viscous damper). The elastic contribution of oriented type I collagen fibers acts as a nonlinear
elastic spring in parallel.
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2.1. Single-lamellar annulus model

The annulus behavior was reproduced using the recently developed microstructure-based
chemo-viscoelastic model in [46-47]. The annulus fibrosus mechanical behavior is composed
of the viscoelastic contribution of the ECM, the elastic contribution of oriented type I
collagen fibers and the volumetric contribution of the ECM induced by the high density
negative charges present in its proteoglycans network and responsible of the osmotic water
transfer inside and outside the disc. Fig. 2 gives a rheological representation of the

constitutive model along with the finite-strain kinematics. The free energy function ¢ of the

annulus fibrosus tissue is given by:
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Y= (1_%F)[//ECM @Y cr +(1_¢cp)¢/mz (D)

where @ is the volume fraction of oriented type I collagen fibers, ¢, , ¥ and ¢, are

vol

the free energy functions from which the stress-strain relationship along with the transversal

behavior are obtained.

2.1.1. Free energy of ECM

The ECM free energy function ¢, is split into an elastic part /.., and a viscous part
Wien 8S:

wECM :wECM +l//£CM (2)

The elastic free energy function ¢°_ uses a Gent expression [55]:

e E max I _3
wECM :_gll ln[l_ Ilmax j 3)

1

where E is the ECM tensile modulus, /™ is the ECM limiting extensibility and

=F _F'

mech mech™ mech

I =tr (Bmh) is the first strain invariant with B the mechanical left Cauchy-

Green strain tensor.

The viscous free energy function ¢’ uses also a Gent expression [55]:

, E I,-3
wECM == 6 Ilv ln[l_ llmax J 4)

1v

where E, and 1™ are ECM viscous constants and /,, =tr(B,) is the first strain invariant

with B, =F.F’ the mechanical elastic left Cauchy-Green strain tensor and F, =F,_F'. By

mech™ v

introducing the convenient hypothesis of viscous irrotationality [56], the mechanical viscous

deformation gradient tensor F, is driven by the viscous stretching rate tensor D :

F =F'DF S

v mech



with the following general flow rule:

o,

x/§| o,

b

- %tr(dvdv) , a :GV—%tr(GV)I (6)

in which y, is the accumulated viscous strain rate,

D, =y, o,

0, | is the effective value of the viscous
Cauchy stress 0,, 0, is the deviatoric part of 0, and I is the identity tensor.

The mathematical formulation of Bergstrom and Boyce [57] is retained for ;" :

y =d ‘«/11‘, /3 —1\_'” o (7)
where d and m are two supplementary ECM viscous constants and [,, = tr (BV) is the first

strain invariant with B, =F F| the mechanical viscous left Cauchy-Green strain tensor.

2.1.2. Free energy of oriented type I collagen fibers

The free energy function ¢, of oriented type I collagen fibers is given by [58]:
2 2 2 g2
Yer :A1(14_1)+A2(I4_1) _2A11n(/11 Ai /]111) (8)
where A and A, are material constants, A,, A, and A, are the stretches along the principal

axes of oriented type I collagen fibers:

/11 = \]elcme('hel ’ AII = eZCmecheZ ? AIII = \/e3cmeche3 (9)

—xnT
mech — Fmecthech

with C the mechanical right Cauchy-Green strain tensor. The term

1, =aC,,,a is the fourth strain invariant with a = xe, + ye, + ze, the unit vector in the initial

mech

configuration as illustrated in Fig. 1.

2.1.3. Free energy of chemical-induced volumetric part

The chemical-induced volumetric free energy function ¢, is expressed as:



W, :ik(Jz—l—Zan) (10)

where k is the bulk modulus and J =detF is the Jacobian given by:

J=dperd v =0, 6175 T,y = det F

vol — mech = 1 4 J = det Fvol (1 1)

vol

in which J, ., and J, , represent the intrinsic mechanical and chemical-induced volume

mech

changes, the chemical deformation gradient of the isotropic swelled continuum medium is

F ,=J"1, & is a dimensionless transportation coefficient, /7 is a dimensionless free
swelling coefficient (equal to 0.5 in the case of physiological salt condition) and 7, is the

internal fluid content governed by the kinetics:
n
h, =P, (1—¢J (12)
' "

The osmotic water transfer inside and outside the annulus tissue is controlled by An, where

B, is a fluid flow constant, n, 1s the maximum fluid content in the tissue and n £ is the

fluid content at # = 0 in the unloaded chemically equilibrated state.

2.2. Multi-lamellar annulus model

A representative volume of the annulus fibrosus specimen that takes into account the lamellar
structure of the annulus and the presence of the inter-lamellar matrix, that was found recently
to play a key role in the disc mechanics [45, 59-61], was designed following the same
recommendations of Kandil et al. [46]. A uniaxial circumferential tension strain of 10% was

applied to all specimens under a strain rate of 0.002 /s.

Parameter Unit Significance Value
E MPa ECM stiffness 1.0
™ MPa ECM limiting extensibility constant 3.0

E MPa ECM viscosity 0.167

v
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m MPa ECM viscosity 1.5
1v

d MPals?  ECM viscosity 0.02
m ECM viscosity 0.001
A MPa Collagen stiffness 27.0
A MPa Collagen stiffness 100.0
B, st Fluid flow constant in lamella -0.0004
B, st Fluid flow constant in inter-lamellar matrix 0.00097
k MPa Inner Bulk modulus 800

k MPa Outer Bulk modulus 3500
3 Inner transportation coefficient in lamella 40.25
3 Outer transportation coefficient in lamella 26.4
¢ Inner transportation coefficient in inter-lamellar matrix 15.29
3 Outer transportation coefficient in inter-lamellar matrix 7.65

Table 1. Model constants.

The model succeeded to reproduce the stress/volumetric behavior of the bovine annulus
fibrosus [46] and was extended later in [47] to simulate the behavior of the human annulus
fibrosus by adjusting the fluid kinetics and the microstructure contents. The model parameters
have been the outcome of an identification procedure that consisted to minimize the
difference between a few 1D response dataset (stress-strain and transversal response) and
model simulations using a hybrid trans-species experimental/modeling strategy [47]. Our
modeling approach allowed to predict the 3D response dataset of the different human disc
regions. More details of the identification procedure and model verification can be found
elsewhere [47]. The model constants are listed in Table 1. Note that the fluid kinetics are
provided here for the considered loading rate mentioned before.

The human model was implemented into the non-linear finite element software MSC.Marc
using a set of subroutines constituted by (i) a hyperelastic subroutine to account for the ECM
and fibers elasticity, (ii) a viscous subroutine to account for the ECM viscosity, and (iii) a
volumetric subroutine to account for the fluid phase contribution. A flowchart of the model

implementation procedure is represented in Fig. 3. The reader is also referred to
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complementary references [62-63] for the general implementation procedure of coupled

models.

Region ID (A0, PO, Al PI)

Zone ID (Lamellar or inter-lamellar)
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Figure 3. Flow chart of the model implementation. It considers the structural features of the
studied region and the studied zone by mentioning their corresponding identification (ID)
which then affects their corresponding microstructure quantities and free energy functions.

2.3. Aged-related microstructure changes

We tried to investigate the effect of the microstructure changes induced by natural aging on

the mechanical behavior of the annulus tissue. For each disc region, the average water content

and type I collagen fibers and orientation was assigned depending on the studied disc age.

Five different disc ages (13-18, 36, 58, 69 and 82 years old) going from adolescents to elderly

were considered. In order to calculate the wet density of type I collagen fibers @, the

following equation was used:
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@r = (1 T Myioaded ) Gor(romy Cer (11crvm)) (13)

where @er( is the average total collagen fibers and B ) is the type I collagen fibers

1+11) L/(I+IT)
over the total collagen fibers. All fibers data were taken for L3-L4 disc. The values are

provided in Table 2 for each region.

Age AO Al PO Pl

Less than 18 66.5 (68.9) 54 (36.2) 66.5 (68.9) 53.33 (36.25)
36 65.4 (70) 52 (43) 68.65 (79.1) 54.55 (35.95)
58 64.25 (69.45) 50 (49.2) 70.75 (85.7) 56.15 (35.15)
69 62.45 (63.65) 48.9 (49.7) 72.15 (83.85) 57.8 (33.65)
82 60.5 (58.95) 48.1 (48) 76.65 (78.1) 60.45 (35.1)

Table 2. Total collagen and type I collagen contents in each disc region for different ages.
Between brackets (type I collagen content over all collagen content). All values are extracted
from [18] where the annulus width was divided into four parts. The collagen concentrations of
the two outer parts were averaged for AO and PO and the concentrations of the two inner
parts were averaged for Al and PI.

Fibers angle values were chosen to be 23° for AO, 30° for Al and 48° for PO and PI [25].
Since no available data was found about the initial water content in each disc region for the
same ages, the average water content evolution was computed by a logarithmic regression of
Koeller et al. [21] data and providing average water content change in lumbar disc with age.
The calculated curve was adapted for each disc region based on the regional water content
defined in [64] for specimens aged of 58 years old. The finally computed initial water

n initial

contents of the different disc regions and for the different ages are presented in Table 3.

Age AO Al PO PI
Less than 18 75.85 79.55 78.25 82.65
36 72.15 75.85 74.55 78.95
58 70.6 74.3 73 77.4
69 69.45 73.75 72.45 76.85
82 68.95 73.25 71.95 76.35

Table 3. Initial water content in each disc region for different ages. Values were obtained by
logarithmic fitting of Koeller et al. [21] experimental results where average water content of

13



the disc were computed for different human specimen ages. The averaged curve was adapted
for each region using water content at 58 years old [64].

3. Results and discussion

3.1. Age-related stress response changes

In Fig. 4, the computed stress-strain responses of the four regions were plotted for different
ages. AO region reveals the highest stress-strain slope and PI region the lowest stress-strain
slope. For adolescents (13-18 years) the rigidity is relatively low for the different disc regions.
It increases with age until middle age (36 years) and then it becomes almost constant for
higher ages with a slight increase from 36 to 58 years old. All computed curves are in

accordance with previously found experimental rigidity intervals of Ebara et al. [24].

4 4 4 4
35 35 35 35
3 3 3 3
25 2.5 25 25
[
o
=
2 2 2 2 2
g
s
“ 15 15 15 15
1 1 1 1
1
0.5 0.5 0.5 0.5
0 0 0 0
0 0.04 0.08 0.12 0 0.04 0.08 0.12 0 0.04 0.08 012 0 004 008 0.12
Strain Strain Strain Strain
~———13-18 years 36 years 58 years ~——— 169 years ——82 years

Figure 4. Uniaxial stretching model results for different ages and disc regions compared to the
experimental data (including error bars) extracted from [24].

3.2. Age-related transversal response changes

Fig. 5 presents the computed transversal responses of the four regions as a function of the

circumferential strain. Radial strains in the outer regions are negative for 13-18 age groups

14



but they decrease with age presenting very small values (i.e., Poisson’s ratio values close to
zero). On the other side, the inner regions exhibit an auxetic response with a positive radial
strain (i.e., negative Poisson's ratio) at 13-18 years old. Their auxeticity increases while
getting older until reaching 36 years old then the effect of age decreases gradually and the
values of strains become almost constant. The axial strains of all disc regions demonstrated
unusual Poisson's ratio values exceeding 1.0. Their values increase a little bit with age
inducing a very small decrease in disc height. Transversal strain results are compared to the
typical experimental curves extracted from Baldit et al. [48]. Maximum and minimum values
are selected. All predicted responses fail in the experimental limits curves, except Al regions

that show higher (auxetic) positive radial strain values.

15
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Figure 5. Transversal strain history in radial direction (A) and in axial direction (B) for
different ages and disc regions compared to the upper and lower limits (in symbols) of
experimental data extracted from [48].
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Local stress-strain fields are plotted and compared for 13-18 and 82 years of the four annulus
regions in Fig. 6. The circumferential stress in the lamellae increases with age for all disc

regions except for Al. No change is noticed in the inter-lamellar matrix.

13-18 years old

5.259
4739
4.220
3.701
3151 AO PO Al
2.662
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PO Al
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Young to old =
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0015
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Figure 6. Distribution of the circumfirential stress (A) and the shear strain (B) fields for young
and old disc tissues along with regional dependency; The sketch shows the interpreted
consequences on the disc volumetric change.

(B)
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The shear strain increases with age in all disc regions with a greater effect in the inner regions
where the local values increase by two or three times compared to those of a young disc. The
circumferential strain fields were also calculated but not plotted since no effect of age on the

local results were observed whatever the regions.

3.4. Correlation between intrinsic mechanics of disc and its functionality

As any other soft tissue, the microstructure components that vary with age inside the
intervertebral disc annulus should normally influence its mechanical response. An unexpected
result was noticed by many experimental contributions which did not evidence a significant
effect of age on the rigidity of the annulus and globally on its mechanical behavior under
stretching. For this reason, a microstructure-based modeling approach previously validated for
reproducing the multiaxial behavior of the intervertebral disc annulus is used to investigate
this issue and to try to figure out the effect of aging on the mechanical behavior of the soft
tissue. By varying the oriented fibers amount and the equilibrated water content as a function
of the age, the effect of age on the stress-strain and transversal strains was studied and
analyzed by means of the model. From the obtained in-silico results, we can notice that the
rigidity of the disc is relatively low for young individuals (below 20 years old); then it
increases while individuals are getting older until reaching maturity and then it remains
almost constant for the rest of their life. It is important to mention that most of the in-vitro
experimental tests of the literature are made on specimens of old cadavers because of their
availability compared to specimens of young individuals. As an illustrative example, the in-
vitro tests of Ebara et al. [24] and Holzapfel et al. [25] were established on specimens
extracted from spines of an age varying between 26 to 53 years old, and between 27 and 82
years old, respectively. Weak effect of age was found on the annulus rigidity since most of the

experiments are done on cadavers of mature or quasi-mature discs that have an almost stable
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stress-strain conduct. This observation was reported by Yammine [65] who mentioned that
experimental results available in the literature that were established on human cadaveric are
biased toward elderly. Also, we can see from the stress-strain curves in Fig. 4 that the rigidity
of the posterior disc regions (PO and PI) are lower than that of anterior disc regions (AO and
PO) for the different life stages. The PI region remains the weakest part of the disc with the
lowest slope of the stress-strain response and hence the lowest rigidity. This result is in
accordance with the medical observations stating that many disc degeneration problems such
as hernia often starts from the PI region of the annulus for the different life stages. The
transversal strains conducts highlight a very important mechanical parameter that varies with
age, that is, the ‘Poisson's ratio’. Since the disc is always under quasi-permanent load caused
by the body weight, the Poisson's ratio will usually be active and will be a factor affecting the
height and diameter of the disc (as illustrated in Fig. 6). Any effect of age on this parameter
will directly affect the disc morphology. Despite the major importance of this mechanical
property, no previous contributions investigated the aging effect on it. Under controlled
circumferential strain, the absolute value of the radial strain describing the change of the
annulus width and as a consequence the disc diameter increases largely with age. At the same
time, the absolute value of the axial strain affecting disc height slightly increases. Generally,
these changes will not influence the global disc height, but it could be apparent in the thinner
parts of the disc as the posterior outer region. This would be seen especially for discs of the
lowest part of the spinal column where big differences of the anterior and posterior thickness
in the unloaded state are often witnessed. This is in line with many experimental observations
in the literature where we could see that the diameter highly increases with age [21, 66]
causing in some cases disc bulging problems that were found to be correlated with age [2]. As
well, although the disc is known to lose a part of its hydration, the healthy annulus height

affected by only microstructure changes is found not to change a lot with age [21, 66-67]. The
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positive strain in the radial direction (equivalent to a negative Poisson's ratio) indicates the
tissue swelling in this direction and shows an auxetic effect. The axial transversal strain
values are very close from the applied circumferential strain (equivalent to a Poisson's ratio
between 0.7 and 1). These Poisson's ratios are unusual since the normal range of this material
property is between 0 and 0.5 which points out an extraordinary response of this soft tissue
allowing it to accomplish its damping function under the different applied external
mechanical loads. With age, we notice that the values get farther from the normal values
which could affect the disc functionality and decreases its resistance. Seeking for more
explanations about the effect of age on the different zones of annulus lamellar structure, local
numerical stress and strain fields of the different disc regions are plotted and analyzed in Fig.
6. With age the circumferential stresses increase in the lamellae while remaining constant in
the inter-lamellar matrix. The strain field in the same direction were constant for the different
ages highlighting the stiffening of the lamellae induced by the microstructure changes. All the
disc lamellar zones undergo noticeable stiffening except for PI which makes it the weakest
part of the disc and increases the risk of injury initiation inside it under high mechanical
loads. The observation of local strain fields shows that the shear strains are higher in the inner
parts of the disc. Their amounts increase with age especially in the lamellar/inter-lamellar
transition zones alerting for a high risk of delamination initiation. Great resemblances are
identified between the aging effect and hyper-osmotic effect reported by recent experimental
contributions [68-70]. Both effects decrease the water content, increase the rigidity and affect
the annulus Poisson's ratios in a close manner. These common points open the way to the use

of the hyper-osmotic conditions as an alternative accelerating aging method.

3.5. Remarks

20



The effect of age on disc tissues has been considered in numerous empirical studies. Over the
years, different basic observable macro features (thickness, diameter, cracks, tears, rigidity,
degeneration state, etc.) have been collected to obtain comprehensive data as a function of age
[1-2, 8-9, 11, 24-25, 66-67]. In parallel, many experimental findings showed that disc
microstructural components undergo variations with age. The total collagen fibers (type I and
type 1I), the proteoglycan and water contents change continuously [18, 21]. However, the
connection between the macro observations and the local structure-property relationship is
still an open issue and reveals many unexplained findings [24-25]. Indeed, even if the local
stiffness (that is the tissue resistance to applied deformation) is certainly a fundamental
characteristic, no age influence has been reported earlier. Our modeling approach
demonstrated that the (anisotropic) volumetric response, translated by the Poisson effect (that
is the transversal expansion/contraction), is a key characteristic to consider in the disc
mechanics analysis and its age sensitivity. In this regard, the introduction of the inter-lamellar
matrix, allowing to capture both chemical sensibility and time-dependency of the annulus
transversal response [46], acts as an actuator of the volumetric response. This functionality of
the inter-lamellar matrix is not considered in previous models. Stiffness and volumetric
behavior are directly correlated to the solid (ECM and fibers) and fluid phases that evolve
with age as reported by many experimental studies [18, 21]. Behind the microstructure
evolution is hiding biological events interacting in a complex manner with the disc human
annulus disc response. According to the challenging task of age effect prediction, our
approach takes into account the mechano-biochemical interactions but indirectly through the
material kinetics with age. The use of comprehensive relationships between constituents and
local properties allows to provide a quantitative prediction of the age-sensitive mechanics of

the healthy disc along with regional dependency.
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3.6. Limitations

It is worth noticing that our in-silico results were obtained with some restrictions. The fibers
and water contents for each age could vary between individuals, gender, disc levels and could
be even affected by the testing conditions that change from an experiment to another. The
goal of this contribution is to qualitatively identify the effect of aging on the annulus
mechanics and to try finding explanations about previously captured in-vitro observations.
For this reason and due to the complexity of such study, including age effect on the regional
dependency, the average of the fibers and water contents was used for the calculations. The
input data were designed using the same disc level in order to avoid any effect of testing or
specimen preparation conditions. As well, it is important to mention that each region of the
disc does not have an exact value of fibers and water contents inside the disc. They vary
gradually in both the circumferential and radial directions. Experimentally, these gradients are
very difficult to identify. For this reason, the use of average values from each disc region is
often used in this type of studies. Finally, the ECM rigidity is known to alter with age [71-72].
But there is no reliable data available in the literature about the amount of change of this
parameter with age from adolescent to elderly. However, we believe that the contribution of
the ECM is very small compared to the oriented fibers contribution in the disc stress-strain
behavior. For this reason, the same rigidity modulus was used for all ages. This should have a
negligible impact on all the results, except the PI stress-strain curves that demonstrate very

small rigidity values.

4. Conclusion
The effect of natural aging mechanisms on the human annulus fibrosus mechanics are very
complex to identify experimentally. By means of a microstructure-based mechanistic

modeling approach, the disc mechanics in terms of rigidity, radial and axial transversal

22



responses was found to alter going from adolescent to middle age where the disc reaches a
certain maturity. After reaching maturity the mechanical properties undergo very slight
changes until becoming almost constant with age. For future works, the application of the
developed approach on a complete spinal unit structure seems important in order to
investigate the age effect on more complex mechanical loads and combined spinal

movements.
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