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ARTICLE INFO ABSTRACT
Keywords: Background and objective: The intrinsic link between the compositional and structural attributes
Finite element and the biomechanical functionality is evident in intervertebral discs. However, it remains un-

Cartilage endplate

Degeneration of the intervertebral disc
Quasi-static biomechanics

Daily loading

clear from a biomechanical perspective whether cartilage endplate (CEP) degeneration exacer-
bates intervertebral disc degeneration.

Methods: This study developed and quantitatively validated four biphasic swelling-based finite
element models. We then applied four quasi-static tests and simulated daily loading scenarios to
examine the effects of CEP degradation.

Results: Under free-swelling conditions, short-term responses were prevalent, with CEP perfor-
mance changes not significantly impacting response proportionality. The creep test results
showed the more than 50 % of the strain was attributed to long-term responses. Stress-relaxation
testing indicated that all responses increased with disc degeneration, yet CEP degeneration’s
impact was minimal. Daily load analyses revealed that disc degeneration significantly reduces
nucleus pulposus pressure and disc height, whereas CEP degeneration marginally increases nu-
cleus pressure and slightly decreases disc height.

Conclusions: Glycosaminoglycan content and CEP permeability are critical to the fluid-dependent
viscoelastic response of intervertebral discs. Our findings suggest that CEP contributes to disc
degeneration under daily loading conditions.
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1. Introduction

As one of the most common musculoskeletal conditions, low back pain (LBP) is primarily caused by intervertebral disc degener-
ation (IVDD). Induced by IVDD, LBP has a global incidence rate of 9.4 %. Over the past decade, related healthcare costs have increased
by 43 %, significantly impairing individuals’ quality of life and imposing substantial economic burdens on society [1].Intervertebral
discs (IVDs) principally utilizes endplate diffusion for the transport of nutrients and metabolites, thereby maintaining a stable internal
environment [2]. Endplate degeneration leads to reduced permeability, obstructing this essential exchange and aggravating IVDD [3].
This phenomenon underscores the interplay between the disc’s compositional changes and its biomechanical functions, highlighting
the importance of exploring the biomechanical properties of cartilage endplates under varying conditions.

The nucleus pulposus (NP) is centrally located within the intervertebral discs (IVDs), enveloped by the cartilaginous endplate (CEP)
and annulus fibrosus (AF), crucial for maintaining the disc’s biomechanical function [4].NPs and AFs are mainly composed of water,
glycosaminoglycan (GAG), and collagen fibers. Collagen fibers form a mesh in the IVD, providing the tissue with high tensile and
stiffness strength. GAG is integrated into the collagen fiber mesh, maintaining water content of the IVD, providing osmotic and swelling
pressure, and maintaining the height and swelling of the IVD under heavy pressure or impact [5]. The proportions of composition
between the two tissues were different. NPs are similar to gelatinous tissue with a higher GAG ratio. The AF’s collagen fibers are
meticulously organized in cross-layered concentric sheets, approximately 20 layers thick [6]. Under typical conditions, the AF and NP
collaborate to ensure the IVD possesses the mechanical properties needed to withstand stress on the vertebral body [7]. When
degeneration occurs, the significant loss of GAG in these structures reduces the IVD’s hydration capacity. In the meantime, the decrease
in type II collagen fibers further reduces the mechanical integrity and elasticity, leading to a decreased structural support ability [8].
The CEP, a transparent cartilage layer about 0.6 mm thick, connects the IVD to the neighboring vertebral bodies [9]. It serves as a
transition layer that alleviates stress at the disc-bone interface, effectively balancing the flexibility of the disc with the rigidity of the
vertebral bone. Its low permeability maintains pressure within the disc’s interstitial fluid, forming a barrier that limits fluid movement
and enables the disc to withstand compressive forces [10]. Additionally, the CEP prevents disc bulging into adjacent vertebral bodies
and provides structural anchorage for the fibers of the inner AF and NP [11]. CEP contains about 60 % water, with the remaining
components primarily consisting of type II collagen and proteoglycans [12]. The tensile modulus of the CEP is primarily influenced by
collagen content, while GAG content significantly influences osmotic properties. Multiphysics models indicate that GAG plays a crucial
role in maintaining disc stability by effectively regulating fluid flux between the CEP and NP through the CEP [13]. CEP degeneration is
thought to play a role in the early stages of IVDD.When the CEP undergoes degeneration, such as calcification [14] and dehydration
[15], a decrease in GAG content can lead to a decrease in permeability, which hinders the material exchange of IVDs and affects their
normal physiological function [16,17]. However, CEP is often overlooked in physical simulations and simplified as boundary con-
ditions for IVD [18]. Moreover, it is currently unknown whether CEP degeneration will exacerbate IVDD by altering its biomechanical
properties.

The study of IVD includes cell experiments, animal models, organ cultures, and cadaver sample experiments. However, given the
intricate structure of the IVD and the limited availability of clinical samples, current methodologies have limitations. Exploring novel
research pathways to understand the etiology of IVDD is imperative. Finite element analysis (FEA) offers a mean to simulate or analyze
the behavior of structures or components. FEA can combine complex material properties with geometric shapes to model the multiaxial
mechanics of IVDs and tackle research problems that cannot be experimentally tested [19]. Within FEA, the biphasic swelling theory
offers significant advantages by describing the behavior of both fluid and solid phases and accounting for material swelling induced by
electrochemical potential differences [20]. Additionally, the solid mixture theory connects the tissue’s mechanical behavior to its
individual components. These features make the biphasic swelling mixture theory an optimal framework for characterizing the
biomechanical behavior of intervertebral soft tissues, thereby enhancing the accuracy and predictive power of FEA in IVD research
[21]. In recent years, the finite element analysis of IVD has mostly focused on the impact of NP and AF degeneration on IVD [22].
However, from a biomechanical perspective, it remains uncertain whether the occurrence of cartilage endplate degenerations (EPDs)
will lead to intervertebral disc degeneration.

This study aims to employing swelling-based biphasic FEA models to analyze the biomechanical behavior of different IVD con-
ditions under quasi-static loading conditions. Subsequent daily load analyses will approximate the biomechanical behavior under
realistic conditions, offering new insights into the etiology for IVDD. This study not only reveals the critical role of CEP degeneration in
IVDD, providing new insights and theoretical foundations that advance our understanding of the mechanisms of disc degeneration, but
also offers technical and data support for the improvement of artificial discs and the design of patient-specific disc prostheses.

2. Models and methods
2.1. Computational models

In our study, we created four unique intervertebral disc models to represent different stages of endplate and disc degeneration, as
detailed in Table 1(The detailed information on model assumptions, parameter selection, and verification process can be found in the
supplementary documents S1).

Utilizing Hypermesh software (Altair Engineering, Inc., Troy, Michigan, USA) alongside a tailor-made Python script, we con-
structed the initial volumetric model of IVD. The process began with generating a two-dimensional quad mesh for the transverse cross-
section, which served as a foundation for creating three-dimensional 8-node hexahedral elements. The geometry of the IVD model (as
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illustrated in Fig. 1) was inspired by the average dimensions of seven human L4-L5 IVDs [23]. The histological and MR data [9] were
consistent with the specifications for the CEP and bony endplates (BEPs), with CEP comprising four layers at a height of approximately
600 pm, and the BEP consisting of three layers at a thickness of 800 pm. BEP fibers predominantly align parallel to the disc. Subse-
quently, the order of nodes in each hexahedral element belonging to the AF was adjusted, enabling the definition of collagen fiber
orientation through local coordinate frames. The AF was segmented into 20 concentric lamellae across 12 vertical layers, featuring a
typical cross-ply arrangement of collagen fibers. The completed model boasts 69,368 elements, including 8976 in the NP and 23,040 in
the AF, with all neighboring components unified at their interfaces. As depicted in Fig. 1A, the model’s mean height is 11.1 mm, with a
total volume of 20,682 mm3, and the NP contributes to 36 % of the volume. The superior surface area measured 1919.5 mmz, with the
NP accounting for 40 % [12] of this volume."The centroid of the NP is offset toward the rear of the IVD model by 10 % [24], as shown in
Fig. 1B and C.

2.2. Constitutive models

The vertebral bodies (VBs), CEP, AF, and NP all utilize structure-based solid mixture constitutive laws. These laws effectively link
behavior with its constituents. The constitutive behavior of VBs was modeled using a compressible neo-Hookean framework. This
approach can express the hyperelastic strain-energy density as follows:

W:g(11—3)—yan+%(an)2, @

Here, the determinant of the deformation gradient tensor(F), denoted by J, the first invariant of the right Cauchy-Green defor-
mation tensor (C = F'F) is represented by I;, Young’s modulus (E) and Poisson’s ratio (v) are related to the Lamé constants A and p.
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In this work, the VBs were modeled as a biphasic neo-Hookean materials with the Young’s modulus E = 12 GPa and Poisson’s ratio v =
0.3 [25]. In addition, a constant permeability of kg = 5 mm*/N was chosen [26], in order to allow fluids to flow through.

The SCEP, ICEP, AF, and NP, each comprise an isotropic, compressible, and hyperelastic solid matrix, characterized by the Holmes-
Mow model. The expression for strain-energy density within the Holmes-Mow matrix framework is as follows:
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The second invariant of the right Cauchy-Green deformation tensor is I, Characterizing the rate of the exponential stiffening is f3,,.
These parameters, along with Young’s modulus (E,,), Poisson’s ratio (v,,,) and other material constants, are specified in Table 2 [27,28].

The solid matrix of the IVD also incorporates an isotropic and deformation-dependent permeability behavior, as described by the
Holmes-Mow permeability model [29].

W 2
%o

where k is the permeability tensor, ko is the initial isotropic hydraulic permeability in the reference configuration, ¢{ is the water
volume fraction, and M is the exponential coefficient of permeability. Both M and ky, were determined by fitting to confined
compressive experimental data [27,28,30]. (Tables 2 and 3).

Within the framework of biphasic-swelling theory, the glycosaminoglycan (GAG) content is correlated with the fixed charge
density. The fixed charge density, prior to deformation, is established in the reference configuration as follows:

CeZe
M’

(5)

Cro =

where ¢ is the GAG content in water with the dimension mg/ml, and M, and Z, are the molecular weight and number of charges of
chondroitin-6-sulfate disaccharide. The latter two parameters were chosen as M, = 502.5 gram and Z. = 2 charges per repeating unit.
Moreover, to reflect the loss of GAG content in degenerated IVD models, lower levels of initial fixed charge densities were assigned for
the AF and NP (Table 3).

Upon applying external loads, the instantaneous fixed charge density changes according to the deformation Jacobian (J), initial

Table 1
Experimental grouping.
Groupl Group2 Group3 Group4
cartilaginous endplate No degeneration degeneration No degeneration degeneration
intervertebral disc Mild degeneration or health Moderate to severe degeneration
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Fig. 1. Schematic illustrations of the IVD include: an isometric view (A) depicting the disc with the height of 11.1 mm; an axial section (B),
providing a profile view; and a sagittal section (C), detailing the AF, NP, CEPs, and VBs.

Table 2
Material properties used in the constitutive models were obtained from experimental data in existing studies [23,27,28,30-33]. SCEP (superior
cartilaginous endplate) and ICEP (inferior cartilaginous endplate) are defined accordingly.

Property Symbol SCEP ICEP AF NP
Initial water fraction (unitless) 4 0.6 0.6 0.7 0.8
Nonlinearity of permeability (unitless) M 5.2 3.3 2.7 (5.7)" 1.92
Initial permeability (10~ mm*/N) ko 8.24 2.87 16 (47)" 5.5
Poisson’s ratio (unitless) Um 0.18 0.18 0.16 (0.24)* 0.24
Osmotic coefficient (unitless) o] 1 1 1 1
Modulus of fibers (MPa) &1/Es 7.01" 7.01" 3.0 (15.6)" N.A.
Rate of fiber stiffening (unitless) P/ B 2.88° 2.88¢ 4 N.A.
Rate of matrix stiffening (unitless) Pm 0.29 0.29 1.5 (3.4)" 0.95
Initial fixed charge density (mmol/L) o —250 —450 —300 (—100)" —400
Critical stretch square (unitless) Iy N.A. N.A. 1.14 (1.06)" N.A.
Modulus of matrix (MPa) E,, 0.305 0.305 0.045 (0.018)" 0.065

# The parameter exhibits a linear variation from the innermost to the outermost lamella of the AF, as indicated by the value in parentheses.
b £, represents the initial elastic modulus of fibers in the ICEP and SCEP.
¢ B. represents the nonlinearity in fiber strain-energy density within the ICEP and SCEP.

water volume fraction (¢y’) and initial fixed charge density (cf)

Cro9g

_ 6
J—1+¢ (6)

Cr =

As deformation occurs, changes in the fixed charge density lead to variations in osmotic pressure.

po =RT®(\/cF + — ), @

The osmotic pressure equation incorporates the temperature (T), gas constant (R), osmotic coefficient(®), and the osmolarity of the
external bath (c;).The entire intervertebral disc (IVD) model was submerged in a 0.15 M phosphate-buffered saline solution, reflecting
ideal bath conditions as outlined in Table 2 for this study.
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Table 3

Initial material property values were established based on experimental data (literature) [32,33,34,35].
Property Symbol Groupl Group2 Group3 Group4
Nonlinearity of SCEP (unitless) M 5.99 4.49 5.99 4.49
Nonlinearity of ICEP (unitless) M 3.79 3.08 3.79 3.08
Permeability of SCEP (10 * mm*/N) ko 8.24 3.06 8.24 3.06
Permeability of ICEP (10’4 mm4/N) ko 2.87 1.62 2.87 1.62
Initial fixed density of SCEP (mmol/L) cfo 110 40 110 40
Initial fixed density of ICEP (mmol/L) cfo 110 40 110 40
Fixed charge density of AF (mmol/L) Cfo —300 (—100)" —300 (—100)" —150 (—100)" —150 (—100)"
Fixed charge density of NP(mmol/L) cfo —350 —350 —125 —125

% The parameter varies linearly across the lamellae of the AF, with the inner lamella value in parentheses.

It is noted that, in addition to the fluid pressure (py) and solid stress (o;), the osmotic pressure (p,) also contributes to the total
Cauchy stress ()

o6 =—(pr+p,)+05, ®)

where I is the identity tensor.

Besides the solid matrix, collagen fibers are embedded within the SCEP, ICEP, and AF, enabling them to withstand both
compressive and tensile stresses. For the SCEP and ICEP, the behavior of these fibers is captured using an ellipsoidal fiber distribution
model, whose strain-energy density function is expressed as follows:

¥ (n,I,) = &(n)(I, — 1)"™, ©

The instantaneous square of the fiber stretch is represented by I,, , i.e., I, =N - C- N, with N being the unit vector along the fiber axis
in the reference configuration. n is the unit vector of fiber in the current reference, i.e., n = F- N/J,. In spherical coordinate system, the
unit vector (n) measured by the longitudinal (¢) and latitudinal (6) coordinates. With their help, the material parameters (n) and A(n)
can be defined as

1
cos2 9sin® ¢ sin*@sin® g cos? g\ 2 10)
f(n) = ) + ) ) 5
‘f] ‘52 53
£n) — cos? HZSin2 ¢ sin®0 Zin2 ¢ cosz @ 757 a1
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where &; and g; (i = 1,2,3) stand for the initial moduli and fiber nonlinearity (power coefficient) along three principal axes of the
ellipsoidal fibers. In the CEP, fibers are mainly oriented in the planes that are parallel to VBs and NP. Fibers along the lateral and
anterior-posterior directions share the same modulus (¢; = &,). Along the axial direction of the IVD, much smaller elastic modulus was
assumed, e.g., &3 = 0.1¢;. The fiber nonlinearity was assumed to be independent of coordinate directions, e.g., #(n) = f,, with g, being
a constant. Following a regression analysis by fitting to tensile experimental data, the modulus &, = &, = 10 £&5 = 7.01 MPa and the
fiber nonlinearity ., = 2.88 were obtained [30](Table 2).

The collagen fibers are modeled using a toe-linear stress-stretch constitutive law to capture their nonlinear mechanical properties in
the AF. In terms of the square of the fiber stretch, the strain-energy density can be ued to expresse (I,,)

0,I, <1,

3 (L —1)%1<L <,

¥ — (12)

<
f
B(I, — I) —Ef(\/Z - \/fo) +/§(Io — 1) Iy <1,
f

where I, represent for the critical square of the fiber stretch (A2) corresponding to the point that separates the linear and the toe
regions, and ¢ and B are both functions of the linear-region elastic modulus (Ef), I, and the toe-region power-law coefficient (/)
Ef —
¢= gl
4 -1)°
Parameters of the constitutive law such as Ey, I, and fy were calibrated in terms of the experimental stress-stretch curve of single-
lamella AF samples [31]. From the inner to the outer lamellae, E; increases linearly, whereas I, and B decreases linearly (Table 2). In

Nl

g o, E L
(Io—1)*" B=¢(,— 1)” 1+5fI"2. 13)
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addition, the angle between the fiber axis and the transverse cross-section decreases from +40° in the innermost lamella to +28° in the
outermost one.

The axial element size of the innermost lamella is determined according to the collagen fiber orientation; Assuming that the axial
element size of the innermost lamella is [, the average collagen fiber direction of the innermost lamella is # = 40° with the transverse
cross-section plane, and the element size of the inner boundary curve, is l;,. These three parameters approximately satisfy

tan 6 = li (14

lin
2.3. Quasi-static tests, daily loads and boundary conditions

Before conducting quantitative analysis of the fluid dependent response of IVDs, free-swelling, stress-relaxation, creep, and slow-
ramp are selected to verify the predictive ability of the established IVDs.

After testing four quasi-static testing, this paper simulated daily loads on the model. Daily loads were used to divide a normal day
into two stages to further observe the IVD height and intramedullary pressure under different pressures [36]: there are 8 h of low level
loading and 16 h of medium high level loading, respectively. Under low load cycles, the horizontal pressure of the load is 350N, while
under medium load, the horizontal pressure is 1000N (representing moderate daily activities). The change in pressure load is generally
completed within 10 s.

Two rigid points, named "bc-dot" and "loading-dot," were established to ensure precise application of compressive load, connecting
to nodes on the superior and inferior VBs of the IVD.In the execution of all protocols, the be-dot remains entirely stationary, while the
loading-dot is restricted to axial movement along the IVD. Moreover, the outer surface IVDs is consistently subjected to a condition of
zero fluidic pressure.

2.4. Calculation of intervertebral disc height and intramedullary pressure

2.4.1. Definition of the initial height

S .
Hipigg = 228 (15)

lap

Where S;qqiqt represents the sagittal cross-sectional area of the AF and NP complex, Iy, is the length of the anterior posterior diameter of
the AF and NP. After measurement, the sagittal cross-sectional area of the AF and NP complex is 478.1 mm?, the length of the front and
rear diameters is 43.1 mm, the height of the IVD is 11.1 mm.

2.4.2. Intervertebral disc height in hydrated state
Hiydratea = Hinitiat + dioading—dot (16)
Where digqding-do: is the vertical displacement of the loading point.
2.4.3. Intranuclear pressure
During the hydration process, the intervertebral soft tissue will absorb water and swelling Simply averaging the intramedullary

pressure of all units in the NP region is not the best practice. This article uses an average algorithm weighted by unit volume to
calculate intramedullary pressure,

N
Dnp = ZWiPi-, (17)
i1

Where py, is the average internal pressure of the NP, i is volume weight in units, w' =vi/ 3" 4, p! is the volume of unit o in a deformed
configuration.

2.5. Validation

In order to validate the model, the data generated from quasi-static experiments are validated against the data generated from
experiments [37-39]. Specifically, relative normalized mean square error (RNMSE) is used to quantify the difference between model
predicted data and experimental data (S1.3). The experimental source literature on intervertebral disc nucleus pulposus pressure and
intervertebral disc height are labeled in specific figure annotations.

2.6. Data analysis method

Simulations were performed using FEBio [40]. Additionally, a tailored Python script was created for some processing tasks.
The double Voigt model characterizes the nominal strain-time relationship derived from FEA (free-swelling and creep) [41]:
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where 0o/E, represents the completely elastic response, tc 1 and Ec 1 represent short-term response and tc 2 and Ec 2represent long-
term response.

Appling the double Maxwell model to accurately fit the temporal stress behavior (stress-relaxation test) [42]:

Sl

_t _
6 =E, +eEe T +egEe (19)

The equation is divided into the long-term (ts 2/Es 2), short-term (ts 1/Es 1) and residual (¢o/E,) responses. Engineering equi-
librium time (t95 %) refers to the duration required to reach 95 % of the final response at the end of a simulation.
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Fig. 2. Comparison of simulation data with literature data to verify the model. A: The height of the IVD after free-swelling. The bar chart shows the
disc height after 50N compression and hydration, compared with the literature value [43]. B: NP pressure after free-swelling (NP pressure is
determined as a weighted average, using element volumes as weights, Refer to equation (17) for further details [39,44-46]).(C)The nominal strain
of slow-ramp. (D) The nominal strain of creep, (E) Reaction Force in the stress-relaxation test. (C-E) Exp (mean) in the figure represents the
literature data, while Exp (95 %) represents the confidence interval [37,38,47].
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3. Result

3.1. Model validation

Comparing the model with existing literature data, it was found that the model has a high degree of consistency with the data
(Fig. 2). Because the permeability and fixed charge density during endplate degeneration do not affect the result of hydration, the IVD
height and intranuclear pressure of Group 1 and 2, and Group 3 and 4 are equal. From the comparison results (Fig. 2A and B), the
simulation data are relatively close to the previous data, and the predicted results in this article are acceptable.

3.2. Free-swelling

During free-swelling, the displacements of the IVD in each group were 3.34 mm, 3.31 mm, 1.59 mm, and 1.56 mm, respectively,
with the compressive strains are of 30.2 %, 30.0 %, 14.5 %, and 14.2 %. Under these operating conditions, the contribution of the
short-term response plays a dominant role (Fig. 4A), and the proportions of the short-term and long-term responses are not signifi-
cantly related to changes in the endplate permeability. The nominal strain-time curve was numerically fitted using formula (18)
(Fig. 3A), and the double Voigt model fitted the curve very well (R2>0.995, Table 4). Meanwhile, Table 4 shows that 7§ and 75 in the
IVDD model were shorter than those in the normal model, while endplate degeneration led to the elongation of 7§ and 75.

3.3. Slow-ramp

In slow-ramp tests, as shown in Table 5 and Fig. 3B, the average nominal strains of the IVD in each group were approximately 24.2
%, 23.7 %, 27.4 %, and 26.3 %. Fig. 2C compares the predicted values and experimental results of various models under slow
compression conditions. From the image, the predicted results of the model built in this paper are all within the confidence intervals of
the experimental results, indicating that the model has high reliability for slow-ramp conditions.

3.4. Creep
In creep test, the nominal compressive strains of each IVD group were approximately 40.8 %, 39.4 %, 52.7 %, and 50.0 % (Table 5).
A B

Strain-time curves in free-swelling test Stress-strain curves in slow-ramp test
0.4p———S! Growp2 = — Group3 _— — Groupd
- 1 I 1

T " —— Groupt GrOUp2 = e GIOUPS e e Groupd
i 2000 T : ; — T
,\; l,/t /:/
S 03F @00 s ee——— —_— /
- B £ 1500 v, -
© Ps @ i
5 oo/ : s
@ 0.2} g 0 s
- & 1000 Ry 1
= | R ——— . L i
E b B A
o 0.1~ -1 ] Pl &
2 ": é 500 » /,"‘/ -l
0.0 1 1 1 1 1 ‘T// ! ! | |
)] 5 10 15 20 25 30 ol==2
Time(h) 0 5 10 15 20 25 30
ime! . .
Norminal Strain(%)
C D
Strain-time curves in creep test Stress-time curves in stress-relaxation test
— — Groupt GrOUP2 == e GIOUPS e e GrOUPS — — Groupi o GIOUP2 e GOUPS e e GrOUPA.
300 T T T T T
2 z
[ Q
£ 200 e
g s I\
£ § 100 — = =F=———F————r—ememee——c———
2 1 — 4 \
0 1 | 1 1 1 0 1 1 1 1 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (h) Time (h)

Fig. 3. Strain-time curves (A, C) for free-swelling and creep tests; stress-strain curves (B, D) for slow-ramp and stress-relaxation tests.
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Table 4
Parameters obtained from free-swelling using the double Voigt model.
0o /E. 00/E1 7§ (hr) 00 /Ez 75 (hr) R2 o5y, (hr)
Groupl 0 18.8 0.48 11.4 3.49 0.998 7.28
Group2 0 18.1 0.55 11.9 4.34 0.998 9.26
Group3 0 6.9 0.42 7.3 2.10 0.998 7.68
Group4 0 7.6 0.53 6.3 3.13 0.998 10.33

% 09 /E.:Complete elastic response. 6y /E;:Short-term response. 75 (hr): Short-term response time constant. 75 (hr): Long-term response. 75 (hr): Long-
term response time constant. R%: Goodness of fit. 7gsy, (hr): Time to reach 95 % of the final response.

Table 5
The nominal compressive strain table at the time of Slow-ramp and Creep results (relative to the height of the hydrated equilibrium intervertebral
disc, the creep test corresponding to this table corresponds to a compressive load of 1000N).

Slow-ramp Group 1 Group 2 Group 3 Group 4
Compressive Strain (%) 24.2 23.7 27.4 26.3
Creep

Compressive Strain (%) 40.8 39.4 52.7 50.0




Y. Zhang et al. Heliyon 10 (2024) e37524

Using the dual Voigt model to fit the strain-time curve (Fig. 3C), it can be found that the model fits well with the data (R2>0.995,
Table 6). Meanwhile, comparing the predicted values of the model with the experimental results, it is evident that the (Fig. 2D) model
also has high reliability in creep testing. However, the specimens used in the experiment were degenerative IVD, so Group 1 and Group
2 are not included in the comparison. Finally, as shown in Table 6, the elastic response, long-term response, and short-term response all
increase with intervertebral disc degeneration. Fig. 4B further provides the proportion of strain caused by each response, and it was
found that there was no significant correlation with intervertebral disc and endplate degeneration.

3.5. Stress-relaxation

Fig. 2E shows the predicted results of the model and the experimental results. From the results, the model also has good reliability
in the relaxation experiment. However, the specimen used in the experiment was a degenerative intervertebral disc, so Group 1 and
Group 2 were not included in the comparison. The dual Maxwell model was used to numerically fit the nominal stress time curve
shown (Fig. 3D), and all four curves were well fitted (R2>0.99, Table 7). From Table 7 showed that the residual component, long-term
response, and short-term response all decreased with the increase of degradation, while the change in strain corresponding to endplate
degeneration is relatively small. The further contribution data of Fig. 4C can indicate that there is no significant correlation between
the contribution ratio and the degeneration of the endplate.

3.6. Daily loads

According to a previous article [36], the study of the daily loads of the models are divided into two angles, compressive
displacement and nominal strain (Fig. 5A and B). Both results are relative to the IVD height at the conclusion of the first daily load. As
shown in the figure, both IVDD and EPD can cause the height of the IVD to be lower than the normal model. Finally, the entire process
of NP pressure was fitted, and the IVDD leads to a significant decrease in pulposus pressure in the day night cycle, while EPD leads to
higher pulposus pressure in the daily working state. (Fig. 5C).

4. Discussion

This article used a FEA model to analyze the quasi-static mechanical behavior of IVDs under different endplate permeabilities and
simulated the loading of IVD in daily human life. Our aim was to elucidate the biomechanical implications of EPD on IVD through finite
element analysis.

In fluid-dependent viscoelastic responses, the content of GAG in the soft tissue of IVD is an important factor affecting fluid
dependent viscoelastic response, followed by the permeability of CEP. In free-swelling scenarios, both long-term and short-term re-
sponses diminish with the IVDD. Conversely, EPD prolongs the time of each response. Variations in GAG content in degenerative
tissues account for the differential responses observed between degenerative and healthy IVD. Furthermore, changes in CEP perme-
ability increase response times, indicating that CEP degradation alters the fluid pathways, potentially facilitating fluid ingress into the
IVD from the AF [39]. However, the changes caused by CEP degeneration may affect the long-term stability of IVD and increase the risk
of degeneration. Specifically, reducing fluid flow through CEP can disrupt the uniform stress distribution within the IVD [48].During
the slow-ramp test, the compressive load applied by the quasi-static protocol determines that the influence of CEP permeability can be
overlooked. Consequently, variations in response are predominantly due to alterations in the GAG content within NP and AF. These
changes affect the response by influencing the initial stiffness and deformation of IVD within the neutral zone [49].During the creep
test, all responses exhibit a correlation with the IVDD, and individual contributions to total deformation are independent [50,51].
Within the four models, the AF primarily influences the long-term response, contributing to more than 50 % of it, marking a distinct
contrast to the predominance of short-term response observed in free-swelling conditions. Earlier research has identified that the NP
and CEPs chiefly govern short-term responses, whereas the AF is more influential in long-term responses [52]. Additionally, perme-
ability’s flow direction-dependency offers greater resistance to fluid outflow than inflow [53].This means that in creep test, the applied
force overwhelms the osmotic pressure and quickly drives the fluid out of the system. Howvere, osmotic pressure is the sole force,
directing fluid flow from the CEP into the IVD in free swelling. In fact, the hydraulic permeability of the fibrous ring is 10 times that of
the cartilage endplate [27]. When the fluids of CEP and IVD remain stable, the remaining liquid will continue to exchange through the

Table 6
Parameters obtained from creep using the double Voigt model.
60/Ee 7§ (hr) 00/E1 75 (hr) 60/Ez R? Tosy (hr)

Compressive load of 1000N
Groupl 12.0 0.17 6.7 5.84 21.4 0.997 17.95
Group2 12.0 0.19 6.7 6.81 20.0 0.997 20.02
Group3 14.0 0.24 9.8 6.75 28.0 0.997 19.86
Group4 14.0 0.22 8.9 8.17 26.6 0.996 21.99

#: 69/E.:Complete elastic response. 6 /E;:Short-term response. 75 (hr): Short-term response time constant. 6o /E,: Long-term response. 75 (hr): Long-
term response time constant. R?: Goodness of fit. 7gsy, (hr): Time to reach 95 % of the final response.
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Table 7
Parameters obtained from stress-relaxation using the double Maxwell model.
Ejeo (MPa) 7 (hr) Ejeo (MPa) 7, (hr) R2 ES &9 (MPa) Tosy, (hr)

5 % compressive norminal strain
Groupl 82.4 0.710 86.2 0.034 0.996 101.6 7.02
Group2 81.7 0.826 88.0 0.040 0.995 100.8 8.63
Group3 47.5 0.492 54.4 0.028 0.995 39.6 11.05
Group4 43.5 0.629 56.2 0.036 0.996 39.4 12.06

a E} ey (MPa):Residual Component. Ej &y (MPa):Short-term response. 75 (hr): Short-term response time constant. E e, (MPa): Long-term response. 7,
(hr): Long-term response time constant. R?: Goodness of fit. 795y, (hr): Time to reach 95 % of the final response.
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Fig. 5. Daily load: Curve graph of intervertebral disc height over time under the second daily load: (A) compressive displacement; (B) Nominal-
strain. C: NP pressure.

annulus fibrosis. This explains why AF accounts for over 50 % of the long-term response in creep. EPD results in diminished fluid
discharge, subsequently lowering nominal compression. These changes affect the balance of pressure and the distribution of stress,
leading to reduced mechanical stability of the IVD under long-term loading conditions and an increased risk of structural damage [54].
In stress-relaxation tests, stress is negatively correlated with the degeneration of intervertebral disc soft tissues. This suggests that the
degeneration process weakens the aggregate modulus and swelling pressure of the disc soft tissues, leading to a more rapid decrease in
stress under the same deformation conditions [55].Nevertheless, EPD does not significantly alter stress-relaxation outcomes. Although
the primary fluid flow is anticipated to occur axially through the CEP, alterations in CEP properties could be offset by an enhanced
radial flow through the AF [23].Furthermore, reactive force rapidly decreases to a stable value, leading to minor changes in the overall
disc load response over time. In summary, high GAG content in IVD ensures sufficient fluid retention and swelling pressure, providing
compressive strength and maintaining intervertebral disc height [56]. On the contrary, the increased permeability of degenerated CEP
allows for excessive fluid outflow, reducing the ability of the intervertebral disc to withstand compressive loads and altering its
viscoelastic properties [39].

To more accurately mimic the normal physiological activities of human body, we also examined the behavior of IVD under con-
ditions that simulate daily loading.Because reference [36] only analyzes the second daily load, this article also analyzes the second
daily load. In alignment with prior human studies, more than 50 % of the height loss is observed within the first hour of pressure
increase, and approximately 80 % occurs within the first 3 h following compression [57]. In daily loads, the height of the IVD and the
pressure inside the NP decrease with the degeneration of the IVD soft tissue. The degenerated NP loses its ability to bind water,
resulting in a decrease in pressure inside the NP and intervertebral disc height [58]. The pressure inside the NP increases with the EPD,
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while the height of the IVD decreases. With EPD, the pressure within the NP escalates, accompanying a reduction in intervertebral disc
height. Creep tests have previously shown that the EPD group exhibits a lower nominal compressive displacement compared to the
control group. However, under daily loading conditions, the EPD group’s intervertebral disc height is observed to be lower. This
discrepancy might stem from the predominant role of disc hydration during a typical 24-h activity cycle. Reduced endplate perme-
ability diminishes fluid outflow, leading to increased NP pressure. This decrease in disc height alongside elevated NP pressure are key
indicators of intervertebral disc degeneration, suggesting that endplate degeneration could precipitate overall disc degeneration [59].

This study acknowledges certain limitations. Firstly, this study constructs a finite element model using image and assumes that it is
in a state of osmotic dehydration.However, these images were pre-strained due to swelling, which could lead to discrepancies in the
simulation results. Secondly, modeling fluid flow within an intervertebral disc under load encompasses a sophisticated three-
dimensional challenge, characterized by anisotropy, non-uniformity, strain-dependent permeability, varying solid matrix modulus,
along with heterogeneous fixed charge density and osmotic pressure [60]. This complexity necessitates the formulation of more refined
and intricate constitutive models. Finally, we controlled the GAG content in CEP by setting the charge density. We only used one
experimental data, but in fact, the content and structure of CEP are constantly changing during the degeneration process, which can
affect biomechanical behavior.

Future research should consider further evaluating the biomechanical behavior of CEP and IVD under dynamic and cyclic loading
conditions. In addition, the current intervertebral disc modeling process can further introduce ionic diffusion and convection
constitutive relationships to explore the coupling mechanism between biochemical reactions and mechanical behavior of the IVD.

5. Conclusion
In summary, the following conclusions emerge from the current research. Firstly, the content of GAG in the soft tissue of IVD is an

important factor affecting fluid dependent viscoelastic response, followed by the permeability of CEP. Secondly, degeneration of the
CEP may alter the height and intramedullary pressure of IVD, potentially accelerating disc degeneration.
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