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Abstract

This study examines the effects of cartilage endplate (CEP) calcification and the injection of
intervertebral disc (IVD) cells on the nutrition distributions inside the human VD under
physiological loading conditions using multiphasic finite element modeling. The human disc was
modeled as an inhomogeneous mixture consisting of a charged elastic solid, water, ions (Na* and
CI7), and nutrient solute (oxygen, glucose and lactate) phases. The effect of the endplate
calcification was simulated by a reduction of the tissue porosity (i.e., water volume faction) from
0.60 to 0.48. The effect of cell injection was simulated by increasing the cell density in the NP
region by 50%, 100%, and 150%. Strain-dependent transport properties (e.g., hydraulic
permeability and solute diffusivities) were considered to couple the solute transport and the
mechanical loading. The simulation results showed that nutrient solute distribution inside the disc
is maintained at a stable state during the day and night. The physiological diurnal cyclic loading
does not change the nutrient environment in the human IVD. The cartilage endplate plays a
significant role in the nutrient supply to human IVD. Calcification of the cartilage endplate
significantly reduces the nutrient levels in human I\VVD. Therefore, in cell based therapy for IVD
regeneration, the increased nutrient demand as a result of cell injection needs to be addressed.
Excessive numbers of injected cells may cause further deterioration of the nutrient environment in
the degenerated disc. This study is important for understanding the pathology of VD degeneration
and providing new insights into cell based therapies for low back pain.
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INTRODUCTION

Low back pain is a major public health problem which causes significant social and
economic burdens in the United States [1-3]. Although the exact cause for low back pain is
unclear, the degenerative changes of the intervertebral disc (1VVD) have been implicated as a
possible primary etiologic factor [4, 5]. One of the factors which may lead to disc
degeneration is the nutrient supply deficiency in the IVD [6, 7]. The nutrient environment
inside the 1D has a significant effect on cell viability, proliferation rate, and cell energy
metabolism [8-14]. A fall in nutrient supply leads to a lowering of oxygen tension, glucose
concentration, or pH (due to increased lactate concentrations). As a result, the ability of the
disc cells to synthesize matrix proteins (e.g., collagen and proteoglycan) [15-17], and
maintain its extracellular matrix (ECM) homeostasis (synthesize/breakdown) may be
impaired, thus, leading to the onset of disc degeneration.

The IVD is the largest avascular cartilaginous structure in human body which lies between
the bony vertebral bodies. It contributes to the flexibility and load support in the spine. To
accomplish these functions, the disc has a unique architecture consisting of a centrally
located nucleus pulposus (NP) surrounded superiorly and inferiorly by cartilage endplates
(CEP) and peripherally by the annulus fibrosus (AF) [18]. The NP is composed of rich
hydrophilic proteoglycans with negative charge, which helps to sustain axial compression.
The AF is formed by a series of lamellae (concentric rings) within which the rich collagen
fibers lie parallel. This highly organized collagen fiber bundle helps to resist tension and
shearing forces. The CEP is a thin layer of hyaline cartilage surrounding the cranial and
caudal surfaces of the disc, playing an important role in fluid and solute transport in/out of
the disc.

The nutrients in the disc are mainly supplied by the capillaries and canals in the vertebral
body [19-21]. The nutrients have to penetrate through the cartilage endplate layer to reach
the disc extracellular matrix. It is believed that the endplate route is the main pathway for
nutrition supply to the disc cell [7, 17]. Due to aging and other pathological conditions, the
CEP may calcify, which reduces proteoglycan and water content, thus changing the
transport properties (e.g., hydraulic permeability and solute diffusivities) of the endplate [22,
23]. Convection and diffusion through the calcified endplate is likely to be stinted thus
affecting the nutrition supply to the disc [17, 24]. Therefore, under physiological loading
conditions, the calcification of the CEP may significantly affect the nutrient concentrations
within the disc.

Since the in vivo biomechanical response, transport of solutes, and cellular activities in the
human IVD are difficult to measure, numerical simulation using finite element models
(FEM) became an essential tool to help understand the biomechanical and nutrient
environment in the IVD. Earlier studies have been limited to analyzing diffusion of the
nutrient solutes inside the disc without considering the mechanical loading [25, 26]. Based
on the mixture theory, we developed a multiphasic mechano-electrochemical finite element
model to study the effects of static and dynamic loading on fluid and solute transport inside
the human 1D [27-30]. Most recently, cellular energy metabolic rates were considered in
finite element models to predict the nutrient environment within the 1VVD [30-32]. In these
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studies, the consumption rates of oxygen and glucose, as well as the production rate of
lactate, were coupled with local oxygen concentrations and pH values. In addition, the
relationship between cell viability and glucose concentration was also incorporated into the
finite element models of the human VD [14, 33, 34]. However, to our knowledge, the effect
of cartilage endplate calcification on nutrient transport (diffusion and convection) inside the
human VD has not been fully elucidated under physiological loading conditions (i.e., day-
night cyclic loading). Recently, the injection of IVD cells/stem cells in the NP region has
been proposed for IVD regeneration in cell based therapies for low back pain treatment [35—
37]. The success of this therapeutic approach first depends on the cell viability after the
injection. Usually, the nutrient transport in degenerated discs is hindered by the calcified
endplate. The increased nutrient demand due to the increase of cell density may further
deteriorate the nutrient environment in the degenerate disc. Without restoring the nutrient
environment, this procedure may accelerate the process of degeneration [36]. However, the
impact of a cell injection coupled with already present degeneration on the nutrient
environment of the disc has not been determined.

Therefore, the objective of this study was to further develop a multiphasic mechano-
electrochemical 3D finite element model of human IVD by considering the disc cell energy
metabolism. This model was then applied to examine the effects of endplate calcification
and the injection of IVD cells on the nutrition environment inside the human IVD under
physiological loading conditions. The effect of endplate calcification was simulated by a
reduction of the tissue porosity (i.e., water volume faction). The effect of a cell injection was
simulated by increasing the cell density in the NP region. The role of physiological
mechanical loading in regulating the disc nutrient environment was also clarified by
considering strain-dependent transport properties (e.g., hydraulic permeability and solute
diffusivities). This study is important for understanding the pathology of IVD degeneration
and provided new insights into cell based therapies for low back pain.

MATERIALS AND METHODS

Theoretical formulation

A theoretical model [27-29], based on the triphasic theory [38, 39], was used in this study.
The human disc was modeled as an isotropic inhomogeneous mixture consisting of an
intrinsically incompressible elastic solid (with fixed charge), water, ions (Na* and CI”), and
nutrient solute (oxygen, glucose and lactate) phases. The balance of linear momentum for
the mixture and the conservation of mass for each of phases or species led to the following
governing equations [28, 29, 33]:

Tissue: V.o=0 (1)
Water: V- (¥*+IN)=0 (2
Tons: (DY) Jot+V - (J+0%cv)=0 (3)
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Nutrient solutes: (D) /ot+V - (J*+0Yc"v)=Q" ()

where o is the total stress of the mixture (IVD tissue); vS is the velocity of the solid phase;
JW, Ji and J" are the flux of water, ions, and nutrient solutes relative to the solid phase
respectively; @V is the fraction of water volume in the tissue (tissue porosity); ¢ (i: Na* and
CI7) is the cation and anion concentrations in interstitial water; c" (n: oxygen, glucose, and
lactate) is the nutrient/metabolite solutes concentrations in interstitial water; and Q" is the
cellular metabolism rate (consumption/production rate) of nutrient/metabolite solutes.

Together with the constitutive relation for each phase, all the variables in the governing
equations were related to the displacement of solid phase u and modified electrochemical/
chemical potential of water &V, ions &, and nutrient/metabolite solutes £" [28]:

Ay ®)

o= — pI+Xtr(E)I+2uE
= — [RT"+RT (o' c'+3¢" ") — pol+(A+By)V - u+p[Vu+(Vu) ®

J¥=— RTk <VEW+ZZ—ivei+Zz—nvg"> @

@wCiDi

El

Ji=HicdJw — Vel (8)

Jr=H"c"JY — @Vsn )
where p is the fluid pressure; | is the identity tensor; A and | are Lame coefficients of the
solid matrix; E is the infinitesimal stain tensor; ¢ is the osmotic coefficient; B, is the
interphase coupling coefficient; R is gas constant; T is absolute temperature; the transport
parameters; k, H, H", D, and D" represent, respectively, the hydraulic permeability of the
water, the hindrance factor of the ions and nutrient solutes for the convection, and the intra-
tissue diffusivity of the ions and nutrient solutes. In this study, notice that the hindrance
factor H (a =i, n) has not been determined for 1\VVD tissue. The values of these parameters
were assumed to be unity [29]. Also, the interphase coupling coefficient B, was assumed to
be zero [40].

The modified electrochemical/chemical potentials (¢¥, €, &1) in equations 5-8 were related
to fluid pressure (p), electrical potential (1), and solute concentrations (c/, c") by [28, 41]:

:_ —¢ (Zc +Zc ) +ﬁe (10)
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where eis the dilatation; F is the Faraday constant, 3 and y, are the mean activity
coefficients for ion and nutrient solutes, v is the electrical potential. Notice that the mean
activity coefficients 3 and 9, in this study were assumed to be unity.

Based on the electroneutrality condition, the concentrations of cation (Na*) and anion (CI7)
are related to the value of negatively fixed charge density (c) in the disc tissues [38] by:

c+:c_+cf (13)
In this study, strain-dependent tissue compositions were taken into consideration. The tissue

fixed charge density and porosity related to the tissue dilatation and the tissue porosity at
reference configuration by [38]:

(= ¢")y

14
A—epor P
w_ Q0+
¢v= 1o (15)

where ¥ and cg; are the initial porosity and negative fixed charge density of the tissue before
deformation (i.e. e = 0), while e is the tissue dilatation.

In this study, the following constitutive relationships were used for strain-dependent
hydraulic permeability (k) and solute diffusivities (D', D"):

w b1

¢
T ¢w) (16)

k’:al(

LA (i)’”
Df}_e p 2 \/E @17

where D& and r (a = ions and nutrient solutes) are the diffusivity in aqueous solution and
hydrodynamic radius of ions and nutrient solutes. a and b are material constants related to
tissue composition and structure (Table 1). Since the tissue porosity was related to the tissue
dilatation and the porosity at the reference configuration, the hydraulic permeability, ion
diffusivity, and nutrient solute diffusivity were all strain-dependent.

The energy metabolic rates of the disc cells were taken into consideration based on the
experimental results in the literature. The consumption rate of oxygen depended on oxygen
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concentration, as well as pH value [12]. The rate of production of lactate was based on that
of NP cells in the literature [11]. A linear relationship between the pH value and lactate
concentration was used to calculate the pH values in the disc [11, 31]. The glucose is
primarily consumed through the process of glycolysis, in which one molecule of glucose is
broken down into two lactate molecules [15, 42]. Thus, the consumption rate of glucose was
set as half of the lactate production rate in this study. The following constitutive relations for
the disc cell metabolic rates were used in this study:

Viaa(PH — 4.95) %
K (pH — 4.59)+co™

Qowy: - Pecell  (18)

QU =eap(—2.47+0.93pH~+0.16] O3] — 0.0058] 05]%)peetr  (19)

pH=— 0.092¢"°+7.33 (20)

1
leu: . 5C\?lac @1

where the unit of oxygen consumption rate Q" (n = oxygen, glucose, and lactate) is nmol/l/h,
the unit of oxygen concentration c® is uM, ‘/rlnaa: is 5.27 nmol/million cells/hr in the NP

region and 3.64 nmol/million cells/hr in the AF region. Km is 3.4 UM in the NP region and
12.3 uM in the AF region, the unit of oxygen tension [O] is kPa which could be converted
into to uM using oxygen solubility in water (1.0268 pmol/kPa-100ml), the unit of lactate
concentration ' is mM, the units of lactate production rate Q2 and glucose consumption
rate QY'Y are nmol/I/h. Note that the single cell metabolic rates in the CEP were assumed to
be equal to the values in the NP due to the lack of experimental data in the CEP.

Initial and boundary conditions

The human IVD was modeled as an inhomogeneous material with three different regions
(NP, AF and CEP, Figure 1a). Responses of nutrient solute transport in the human lumbar
disc to unconfined compression (cyclical loading) were analyzed. For this 3D problem of
interest, only the upper quadrant of the sample was modeled due to the symmetry with
respect to plane X=0 and plane Z=0. Initial conditions:

t=0,u=0, e¥=e"* &'=c™ =0 (22)
Boundary conditions:

x=0:u;=0, 04, =0,,=0,J"=0,J"=0 (23

z=0iu,;=0,0,,=0,,=0,J"=0,J"=0 (24
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e _ * L _ix __nx
Top CEP surfaceru= —u(t),e"=e"" e'=e"" "=e"" (25

Lateral AF surface:a-nzO,Ew:é‘w*,Ei:Ei*aEnzfz* (26)

(a: fons and nutrient solutes) Here uy and u, are the components of the solid displacement u
in X and Z directions, respectively. —u(t) is the pre-described displacement history (Figure
1d) to simulate physiological loading during the day and night.

Finite Element analysis

A human lumbar IVD was modeled as an inhomogeneous material with three distinct
regions: NP, AF and CEP (Figure 1a). The size and geometry of the human IVD in the
simulation are based on previous experimental results [29, 43]. The thickness of the VD
sample was 10 mm. The thickness of the CEP was 0.6 mm [6, 44]. To investigate the effect
of the CEP thickness on the nutrient environment, a thin calcified CEP with the thickness of
0.3mm was also defined and simulated. The I\VVD sample was initially equilibrated under
pre-loaded conditions to maintain the original disc thickness. The solute concentrations at
the boundaries were: cNaCl js 0.15 M, c9'Y is 4 mM at the CEP boundary and 5 mM at the
lateral AF surface, '@ is 0.8 mM at the CEP boundary and 0.9 mM at the lateral AF surface,
c®is 5.1 kPa at the CEP boundary and 5.8 kPa at the lateral AF surface. The VD sample
was then subjected to a cyclical loading between the two endplates (Figure 1d). The
amplitude of the compressive strain on the whole disc for the cyclical loading was 10%. The
cyclic loading included 16-hour compression and 8-hour recovery to mimic the
physiological diurnal disc height changes [26]. The boundary of CEP was permeable to both
water and solutes.

The 3D weak form of the finite element formulation was based on the previous work [24,
29, 41]. COMSOL software (Version 3.4, COSMOL Inc., Burlington, MA) was used to
solve this 3D initial- and boundary-value problem. The program was set to the weak form
mode. The upper right quadrant of the disc was modeled with 7016 second-order, tetrahedral
Lagrange elements (Fig. 1a). As for the cyclic loading, the maximum time step for
beginning each ramp compression was 10 seconds. The time step used in cyclic loading
ranged from 5 seconds to 100 seconds. The convergence of the numerical model was
examined by refining the mesh and tightening the tolerance. The numerical accuracy of this
study was validated with the results of the 3D stress relaxation cases published in the
literature [28, 29].

In this study, the effect of endplate calcification on nutrient solute transport was simulated
by a reduction of the tissue porosity (i.e., water volume faction), since the hydraulic
permeability and solute diffusivity are related to the tissue water content, see equations (16—
17). The tissue porosity of normal CEP was 0.6, while this value in calcified endplate was
0.48 (i.e., a 20% reduction) [6, 22]. In addition, the cell density in the NP region was
increased by 50%, 100%, and 150% in order to analyze the effect of cell injections in cell
based therapies for low back pain treatment. The material properties for the AF, NP, and
CEP were summarized in Table 1.
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The biomechanical response (strain, stress, water flux, and water pressure), electrical signals
(ion concentrations and ion current/potential), and nutrient solutes transport (oxygen,
glucose, and lactate concentration) in the human 1\VVD under the physiological loading were
simultaneously obtained from this multiphasic finite element model of the IVD. Only the
results for the oxygen, glucose, and lactate concentration profiles were reported here.

Effect of diurnal cycle loading

The human IVD was subjected to a diurnal cyclic loading, including a 16-hour compression
and 8-hour recovery. The oxygen, glucose, and lactate concentration distributions in the
normal 1D at the end of the day (i.e., the end of compression), as well as at the beginning
of the day (i.e., the end of recovery), were shown in Figure 2. It was apparent that the
nutrient concentration profiles remained almost identical during the day and night. The
changes of the concentration profiles were less than 1% under the diurnal cyclic loading.
Although the nutrient concentration levels were different compared to the IVD with a
normal CEP, the concentration profiles also remained almost identical during the day and
night in the VD with a calcified CEP (results not shown).

The nutrition concentration distributions were not uniform in the human IVD (Figure 3).
Generally, the oxygen and glucose concentrations decreased moving away from the blood
supply at the margin of the disc. In contrast, the lactate concentration increased toward the
center of the disc. Significant nutrient concentration gradients existed inside the disc with a
normal CEP. The posterolateral region of the disc within the AF possessed the lowest
glucose concentration of 0.540 mM, compared to the concentration of 5mM at the lateral
boundary of the AF. This region also had the highest lactate concentration of 5.207 mM,
compared to the concentration of 0.9mM at the at the lateral boundary of the AF. The center
region of the disc within the NP possessed the lowest oxygen concentration of 0.3 kPa,
compared to the concentration of 5.1 kPa at the boundary of the CEP.

Effect of CEP calcification

The calcification of the CEP dramatically decreased the glucose and oxygen concentrations
and increased the lactate concentration inside the IVD (Figure 3). There were 69.3% and
33.9% decreases in minimum glucose and oxygen concentrations in the disc with a calcified
endplate, respectively. In contrast, there was a 7.3% increase in maximum lactate
concentration in the disc with the calcified endplate. Moreover, the nutrient concentration
levels in the NP region, compared to the AF region, were more significantly affected by the
calcified CEP (Figure 4). There were 23.0% and 23.7% decreases in the mean
concentrations of oxygen and glucose in the NP region, while 5.1% and 8.2% decreases
were found in the AF region. Meanwhile, a 16.5% percent increase of mean lactate
concentration was found in the NP region while an 8.7% increase was found in the AF

region. The mean concentration was calculated by: cf) ..,=[ [ [ ¢ dxdydz/ [ [ [ ,dxdydz a
= oxygen, glucose, and lactate.
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Effect of NP cell injection

The increase in cell density within the NP region due to the NP cell injection significantly
decreased the extreme oxygen and glucose concentrations (lowest concentration inside the
disc), while increasing the extreme lactate concentration (highest concentration inside the
disc), as shown in Figure 5. The magnitude of the change of the extreme concentrations due
to the cell injection also depended on the conditions of the CEP (i.e., normal, calcified, and
thin calcified). Moreover, the condition of the CEP had a more significant impact on the
extreme glucose concentration, than on the extreme lactate and oxygen concentrations.
Specifically, the extreme glucose concentration sharply reached zero (Figure 5) when the NP
cell density increased only 50% with the calcified CEP. Glucose concentration is a limiting
factor for disc cell viability [8-10]. A Critical Zone was defined as a disc region in which
the glucose concentration is lower than 0.5mM [10]. With the normal CEP, a small volume
Critical Zone (0.016 cm?3) appeared in the AF region when the NP cell density increased
50% (Figure 6a—b). With the calcified CEP, a 50% increase of the NP cell density caused a
105. 6% increase in the volume of the Critical Zone (Figure 6¢—d). With the thin calcified
CEP, the increase in the volume of the Critical zone was reduced to 75.8% (Figure 6e—f).

DISCUSSION

The object of this study was to develop a multiphasic mechano-electrochemical 3D finite
element model of human IVD to investigate the effects of endplate calcification and the
injection of VD cells on the nutrition environment inside the human 1D under
physiological loading conditions. In comparison with earlier models [25-33], the present
study is the first to compute the 3D concentration profiles of oxygen, glucose, and lactate in
a human lumbar disc under physiological diurnal cyclic loading. For the baseline case (i.e.,
no CEP calcification and no cell injection), the computed minimum oxygen concentration of
0.3 kPa at the center region of the disc falls within measured range of 0.3-1.1 kPa [42]. The
computed minimum glucose concentrations of 0.54 mM in the inner AF is in agreement with
the measured range of 0.5-2.5 mM in the AF of scoliotic discs [9]. The computed maximum
lactate concentration of 5.21 mM also falls within measured range of 2-6 mM [45]. These
agreements between the model predictions and experimental measurements validated the
present finite element model of human IVD to a certain extent. In addition, the values of the
extreme oxygen, glucose, and lactate concentrations in the disc with a normal CEP are also
consistent with the previous simulation studies [14, 46, 47].

The advantage of our model was that it was capable of simulating the nutrient solute
transport inside the disc coupled with mechanical loading. The strain dependent hydraulic
permeability and nutrient solute diffusivities, as shown in Equations (16) and (17), were
determined in previous experimental studies (Table 1). A decrease in water content due to
the tissue consolidation could thus reduce the hydraulic permeability and solute diffusivities.
Consequently, the convection and diffusion could be hindered. The human IVD experiences
a diurnal cyclic loading in vivo [26]. In this study, a cyclical loading (compression during
the day then recovery during the night) was considered to mimic the physiological loading
on the IVD. Our results showed that there were no significant differences in nutrient solute
concentration distributions inside the disc between the day and night (Figure 2). It indicates
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that the loading induced fluid flow doesn’t alter the nutrient transport and the nutrient
environment maintains stable inside the VD under the physical diurnal loading condition.
Previous studies [48-50] have proposed that fluid flow induced by the mechanical loading
may enhance or hinder the solute transport in the disc. However, for small solutes such as
oxygen, glucose, and lactate, diffusion is a dominate transport mechanism inside the disc
since the convective contribution by ‘pumping’ of small solutes is relatively small [23, 26,
42, 51]. Although several studies have shown that the long-term sustained static
compression may change the nutrient concentration distribution inside the 1'VD [27, 28, 30,
33, 34], the present study further confirmed that the nutrient environment maintains a stable
state under the physiological diurnal loading condition. With a stable nutrient environment,
the disc cell energy metabolism also keeps a constant rate during the day and night under the
physiological condition. This may be beneficial to disc cell homeostasis.

Along with the aging process, calcification of the CEP may appear and cause perturbation in
its transport properties [22, 23]. The reduction of the fluid and solute permeability due to the
CEP calcification may impede nutrition supply to the disc [14, 46, 47]. As shown in our
results, calcification of the CEP significantly changes the nutrient solute distribution inside
the human 1VD, including a significant fall of the minimum oxygen and glucose
concentrations and a significant increase of maximum lactate concentration (Figure 3).
Moreover, the effect of CEP calcification is more significant in the NP region (Figure 4) as
the main source of nutrition supply for the NP is from capillaries and canals in the vertebral
body adjacent to the endplate [19-21]. Our results also showed that the CEP calcification
significantly increased the size of the Critical Zone (Figure 6). Note that the Critical Zone is
defined as a disc region in which the glucose concentration is lower than 0.5mM. The
glucose concentration is a limiting factor for the disc cell viability. A previous cell culture
study has shown that disc cell death occurs if the glucose concentration is lower than 0.5
mM for more than 3 days [8]. Therefore the CEP calcification results in a decrease of
nutrient supply to the disc. This may lead to changes in the disc cell viability and cellular
metabolism, which in turn alters the extracellular matrix homeostasis (breakdown/
synthesize). The imbalance of the matrix synthesis and degradation implies the onset of the
process of disc degeneration.

In order to develop new treatments for the IVD degeneration associated low back pain,
injection of autologous NP/chondrocyte cells or mesenchymal stem cells (MSCs) to the
degenerated disc has been proposed for disc regeneration [35-37]. Our results have shown
that increasing the cell density in the NP region may increase cellular metabolism, which in
turn causes further deterioration of the nutrient environment in the degenerated disc. Even in
a disc with a normal CEP, a critical zone appeared immediately once the cell density in the
NP region increased by 50% (Figure 5(b)). The critical zone was doubled with the presence
of a calcified CEP. Interestingly, after cutting down the calcified CEP to a half of its
thickness, the volume of the Critical Zone was decreased to a half of its volume with the full
thickness CEP. Our results suggested that nutrient supply is an essential factor which needs
to be considered in cell based therapies for human IVD regeneration. Unless it can be
assured that a degenerate disc has a nutrient supply which can support the implanted cells,
treatment using a cell therapy approach is both pointless and unethical [52]. Our results also
suggested that reducing the thickness of the calcified CEP could be an option to restore the
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nutrient environment in degenerative discs for cell based therapies. In addition, in order to
address the nutrition supply concern, large animal species will be a more appropriate model
for testing this approach.

There are a few limitations in our finite element model. In order to improve the accuracy of
the simulation, more information about the geometry of the CEP and the region of
calcification are needed. The simplified geometry in this study may overestimate the size of
the CEP. The mechanical and transport properties (Table 1) used in this study are mainly
from the animal data. These properties for human 1VD, especially for the CEP, are largely
unavailable. The anisotropy of the mechanical and transport properties need to be
considered, especially in the AF region, in our future work [53, 54]. As for energy
metabolism properties in the NP and AF, there is barely any data available for the human
IVD. Consequently, bovine and porcine cell data were used in this study. Moreover, the
glucose consumption rate (GCR) was assumed to be the half of the lactic production rate
based on the glycolysis assumption. The GCR may also depend on the oxygen level [8].
Meanwhile, the cell viability needs to be considered in future studies by correlating it with
the pH value and glucose concentration. The development of a new constitutive relation for
IVD cell viability, based on experiment data, is needed to further improve our model.

The effect of mechanical strain on fix charge density was incorporated in this model, see
equations (14) and (15). Mechanical loading could alter extracellular osmotic environment
by changing the fixed charge density in the ECM. Moreover, disc degeneration will induce
loss of PG content from the matrix, resulting in change of fix charge density and the
extracellular osmatic environment. Previous studies have found that cellular responses such
as gene expression and collagen synthesis were significantly affected by the osmotic
environment [55,56]. Therefore, the energy metabolic activities of 1\VD cells may also be
changed due to the change in the extracellular osmotic environment. A more accurate
prediction of the nutrient distribution in the human 1VVD could be expected once the effects
of osmolarity on energy metabolic activities of VD cells are quantitatively characterized in
the future.

In summary, we found that the nutrient solute distribution inside the disc is maintained at a
stable state during the day and night. The physiological diurnal cyclic loading does not
change the nutrient environment in the human IVD. The cartilage endplate plays a
significant role in the nutrient supply to the human 1VVD. Calcification of the cartilage
endplate significantly reduces the nutrient levels in the human IVD. Therefore, in cell based
therapies for IVD regeneration, the increased nutrient demand by cell injection needs to be
seriously considered. Excessive amounts of injected cells may cause further deterioration of
the nutrient environment in the degenerated disc. This study is important for understanding
the pathology of 1\VD degeneration and providing new insights into cell based therapies for
low back pain.
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Figure 1.
Geometry of the human lumbar 1VD model and loading protocol in the simulation. (a) 3D

view of the disc model, (b) disc geometry, (c) test configuration, and (d) cyclic loading on
the top and bottom of the disc (Strain = cyclic displacement u(t) / initial height of the disc h).
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Nutrient solute (oxygen, glucose and lactate) concentration distributions inside the human
IVD in the morning (end of the recovery) and at night (end of the compression): (a) in the x-
direction from the center to the lateral and (b) in the y-direction from the posterior to the

anterior.
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Figure 3.
Effect of CEP calcification on 3D nutrient solute (oxygen ¢, glucose cgand lactate ¢;)

concentration distributions inside the human IVD: (a) (c) (e) with a normal CEP and (b) (d)
(f) with a calcified CEP. (Concentration unit: mM)
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Effect of CEP calcification on mean concentrations in the NP and AF regions. The change

of the concentration was normalized by the concentration with a normal CEP.
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Figureb5.
Effect of increase in cell density on the extreme nutrient concentrations inside human 1\VD.

Cell density in the NP region is increased by 50%, 100%, and 150%. The simulated cases
include disc with a normal CEP, calcified CEP, and thin calcified CEP (50% of the full
thickness).
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(a)

(c)

(e)

Figure6.
Effect of increase in cell density on 3D glucose concentration distribution in the disc with a

normal CEP (a) (b), calcified CEP (c) (d), and thin calcified CEP (e) (f). The grey color
regions indicate the Critical Zones in which the glucose concentration is lower than 0.5 mM
[10].
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Table 1
Disc tissue properties used in the numerical model.
NP AF CEP
Initial water content @y
0 0.862 0752 Normal:0.6 b
(Water content: @ = (Q‘(’)V +e)/(1+e) Calcified.0.45
(E'\I/?Fs’g;: constant A 0.02¢ 02¢C 01d
(E,\'j‘égf constant 0.015¢ 0.15¢ 0.2d
Cell densit Normal:4000 €,
(cells/mmI%/ Cell based therapy: 9000 € 15000 ©

Parameter for hydraulic

permeability

6000, 8000, 10000

2,=0.00339 nm? f,

a;=0.00044 nm? 9,

2,=0.0248 nm2 N,

1duasnuely Joyny vd-HIN

1duasnuely Joyny vd-HIN

k = ay (BVIZS)P1 hy=3.24 h,=7.193 9 b;=2.154h
Parameter for diffusivity

a . . .
D% _ exol (ri) ] a,=1.25nm !, a,=1.29 nm !, a,=1.29 nm !,
D(;l AW b,=0.681 b,=0.3721 b,=0.372

a: ions and nutrient solutes

Where rf‘ is hydrodynamic radius of ions and nutrient solutes

(r=0.197nm;r; =0.142nm;r ¥ =0.1nm;r*=0.255nm;r9"=0.3nm), D is diffusivity of ions and nutrient solutes in

aqueous solution

(DF=1.28+10""m?/s, Dy =1.77%10""m? /s, D™ =3.0+10""m? /s, D!**=1.28+x10""m? /s, DI"=0.92+10""m?/s)

aYao and Gu, 2007.
bRoberts et al., 1989; Setton et al., 1993.
C.
Yao and Gu, 2006.
dMow etal., 2002; Yao and Gu, 2004.
e
Maroudas et al., 1975.
qu et al., 2003, from agarose gels.
gGu and Yao, 2003, from porcine AF tissue.
hMaroudas etal., 1975; Yao and Gu, 2004.

IGu et al., 2004, from porcine AF tissue and agarose gels.
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