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Abstract

Study Design—Investigation of the effects of the impairment of different nutritional pathways
on the intervertebral disc degeneration patterns in terms of spatial distributions of cell density,
glycosaminoglycan content, and water content.

Objective—To test the hypothesis that impairment of different nutritional pathways would result
in different degenerative patterns in human discs.

Summary of Background Data—Impairment of nutritional pathways has been found to affect
cell viability in the disc. However, details on how impairment of different nutritional pathways
affects the disc degeneration patterns are unknown.

Methods—A 3D finite element model was used for this study. This finite element method was
based on the cell-activity-coupled mechano-electrochemical theory for cartilaginous tissues.
Impairment of the nutritional pathways was simulated by lowering the nutrition level at the disc
boundaries. Effects of the impartment of cartilaginous endplate-nucleus pulposus (CEP-NP)
pathway only (Case 1), annulus fibrosus (AF) pathway only (Case 2), and both pathways (Case 3)
on disc degeneration patterns were studied.

Results—The predicted critical level of nutrition for Case 1, Case 2, and Case 3 were around
30%, 20%, and 50% of the reference values, respectively. Below this critical level, the disc
degeneration would occur. Disc degeneration appeared mainly in the NP for Case 1, in the outer
AF for Case 2, and in both the NP and inner to middle AF for Case 3. For Cases 1 and 3, the loss
of water content was primarily located in the mid-axial plane, which is consistent with the
horizontal gray band seen in some T2-weighted MRI images. For the disc geometry used in this
study, it was predicted that there existed a High Intensity Zone (for Case 3), as seen in some T2-
weighted MRI images.

Conclusion—Impairment of different nutrition pathways results in different degenerative
patterns.

"Corresponding author: Weiyong Gu, PhD, Department of Mechanical and Aerospace Engineering, University of Miami, Coral
Gables, FL 33124-0624, 305-284-8553, 305-284-2580 (Fax), wgu@miami.edu.
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Introduction

Methods

Many spinal disorders (such as neck and low back pain) are associated with the degeneration
of the intervertebral disc (IVD),! which may be initiated or accelerated by a nutritional
deficiency.2:3 Due to avascular nature of the IVDs, small molecules (like the nutrients) have
to reach the cells through the extracellular matrix mainly by diffusion,* from the blood
vessels at disc margins via two pathways: the cartilaginous endplate-nucleus pulposus (CEP-
NP) pathway and the annulus fibrosus (AF) periphery pathway.® Several researchers have
reported that the CEP-NP nutritional pathway is primarily responsible for nurturing cells in
the NP and inner AF regions while AF periphery mainly for cells in the outer AF region.>8
These findings clearly indicate that the nutritional pathway plays a significant role in
regulating the spatial distribution of cell density within the IVD.

The disc cells are crucial for maintaining the integrity of tissue structure which is important
for its mechanical functions. Loss of cell numbers and resulting extracellular matrix within
the disc would trigger a cascade of biochemical and mechanical changes within the tissue,
resulting in a tissue failure.%-11 In this study, we are interested in whether impairment of
different nutritional pathways affects the degenerative patterns (e.g., spatial distribution of
cell density, glycosaminoglycan (GAG) content, and water content, etc.) in human lumbar
discs. Thus, the objective of this study was to investigate the effects of variation of
nutritional supply and pathways on degenerative patterns in human lumbar discs. We
hypothesized that variation of nutrition supply or pathways would result in different
degenerative patterns in human lumbar discs. The distributions of cell density, GAG content,
and water content in the disc with different nutritional supplies and pathways were studied
numerically.912

The effect of impairment of nutritional pathway on disc degeneration patterns was
numerically studied with a finite element method developed based on the cell-activity-
coupled mechano-electrochemical mixture theory.912:13 |n this model, the disc is considered
as an inhomogeneous, porous mixture consisting of the following phases: a charged solid
phase with cells and GAG fixed to it, a fluid phase, a solute phase with multiple species of
ions, glucose, oxygen, and lactate. The cell metabolic activities were dependent on glucose,
oxygen and lactate (pH value). The cell viability was assumed to be dependent on glucose
concentration only3 as it has been reported that glucose is the most crucial nutrients for disc
cell survival 31415 The rate of GAG content change (Q®A%) was determined by the GAG
synthesis rate per tissue volume (Q¥™) and the GAG degradation rate per tissue volume
(QUe9) by: QGAG = Q9" - QU9 The GAG synthesis rate was assumed to be proportional to
the value of local cell density (p®!): Q" = A4 p®!!, while the GAG degradation rate was
proportional to the value of local GAG content (CCAG):QUed = )\, CGAG 12 The information
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on how GAG synthesis rate per cell (i.e., the value of \;) and the rate of GAG degradation
(i.e., the value of \,) vary with disc degeneration is very limited. It is expected these values
will change during the progression of disc degeneration. However, we do not know when
these values start to change as disc degeneration progresses. So in this study, we assumed
that both proportional constants (i.e., A1 and Ly) in GAG synthesis and degradation were
invariant with time. The value of GAG synthesis rate per cell (i.e., A1) could be calculated
by the values of local cell density, GAG content, and A, (which is related to the half-life of
GAG turnover28) in the disc at mature, healthy state because the rate of GAG content
change in the mature, healthy disc is assumed to be zero.12 The transport of water and
solutes were coupled with hydration (or tissue porosity) which depends on tissue
deformation in the model.17-18

A realistic three-dimensional disc geometry was generated based on an L2-L3 human
lumbar disc (41 years old male, non-degenerated’®), see Figure 1A. The disc was modeled
with two distinct regions: NP and AF. Because of symmetry, only the upper-right quarter of
the disc was simulated (Figure 1B). The finite element model of the disc was developed with
COMSOL (COMSOL 4.3b, COMSOL Inc. MA) based on the method developed by Sun et
al. (1999).20 Disc at the healthy state before degeneration was chosen as the reference
configuration.

The information for cell density in the mature, healthy disc was obtained from experimental
data in literature?: 4000 cells/mm?3 in NP and 9000 cells/mm? in AF. Information for
distributions of fixed charge density (FCD) and water content (i.e., volume fraction of
water) in the mature, healthy disc were extracted from experimental data in literature?2:
fixed charge density in NP was assumed to be homogeneous, with a value of 0.3425 M, and
linearly decreased from 0.3425 to 0.1634 M from the innermost AF region to the outermost
AF region. Water content was 0.85 in the NP, and linearly decreased from 0.85 to 0.7 from
the innermost AF region to the outermost AF region. More information on material
properties, initial and boundary conditions can be found in literature 91213

The concentrations of nutrients and metabolic wastes in the blood were reported to be: 5.6
mM for glucose concentration, 6.4 kPa for oxygen tension, and 1mM for lactate
concentration.23-26 The effect of cartilage endplate (CEP) on nutrition supply was
considered by adjusting the boundary conditions at the interface between NP and CEP.°
Values for glucose concentration, oxygen tension, and lactate concentration at the CEP-NP
boundary were 3.2 mM, 3.6 kPa, and 2.15 mM on the NP surface adjacent to the endplate;
respectively; and at the AF periphery boundary were 5 mM, 5.8 kPa, and 0.9 mM,
respectively.912:23 These values were used as the reference values in this study. The
equilibrium distributions of glucose, oxygen, lactate, and other signals in the healthy disc
with the reference values were calculated and used as the initial condition for the following
simulations. The impaired nutrition supply was simulated by lowering the level of nutrients
(glucose and oxygen) at the inner side of the disc boundaries. Since the flux is proportional
to the difference in nutrient concentration between blood and inner side of the disc
boundaries, varying the nutrient concentration at the inner side of the disc boundaries is
equivalent to change the permeability of the tissues, according to Fick’s law. Three cases
were investigated in this study: glucose and oxygen concentrations reduced at CEP-NP
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boundary only (Case 1), at AF periphery only (Case 2), and at both CEP-NP and AF
periphery boundaries simultaneously (Case 3). In Case 1, discs with nutrition level at the
CEP-NP boundary ranged from 100% to 0% of the corresponding reference values (while
the nutrition level on the AF periphery boundary was kept at the reference level) were
simulated. In Case 2, discs with the nutrition level at the AF periphery boundary ranged
from 100% to 0% of the corresponding reference values (while the nutrition level on the
CEP-NP boundary was kept at the reference level) were simulated. In Case 3, discs with the
nutrition level at both the CEP-NP and AF periphery boundaries ranged from 100% to 0% of
the corresponding reference values were simulated.

Distribution of cell density in the disc at 40 days after reducing the level of nutrients at the
boundary was analyzed to investigate the degenerative pattern in discs at the initial stage of
degeneration. Forty days was chosen as a time point for the early stage of disc degeneration
because the cell density and nutrient distributions in the disc were predicted to reach new
equilibrium in about 30 days and 40 days, respectively, after a nutrition level has dropped on
disc boundaries.1?

Variations of GAG and water contents with time were also calculated. Distributions of GAG
and water contents in discs after 10 years of disc degeneration (starting from the time when
the nutrient level at disc boundary starts to decrease) were analyzed to elucidate the
degenerative patterns in discs at the developed stage, because disc degeneration is a slow
process.16:27

Results

Effect of impairment of different nutritional supply and pathways on cell density
distribution

The extent of decrease in the nutrition level at disc boundaries greatly affected the
distribution and magnitude of the cell density. After nutrition level decreased to specified
values, distribution of the cell density in the disc reached equilibrium state in about 30
days,12 and was reported in Figures 2, 3 and 4. The equilibrium state for cell density
distribution was defined at when the maximum change of the relative cell density at a
location is less than 0.1% /day.

Case 1: Impairment of CEP-NP pathway only—With the reference values of nutrition
concentrations at the AF periphery boundary, the nutrition level around 30% of the reference
values at the CEP-NP boundary (i.e., glucose concentration of 1.2 mM and oxygen tension
of 1.53 kPa) were predicted to be sufficient for the disc to maintain viability of all the cells
(i.e., 4000 cells/mm3 in NP and 9000 cells/mm? in AF) within the disc (Figure 2A). This
level is defined as the critical level for cells survival in the disc. Below this level cell death
began to occur.

It was predicted that cells started to die from the center of the NP region in this case. When
cell density distribution reached an equilibrium state, the cell death occurred mostly in the
NP region, while the AF region was not affected (Figure 2). The affected region (defined as
the region where cell density decreased by more than 10%) was larger in disc with lower
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nutrition level at the CEP-NP boundary (Figures 2 and 5A). For example, at the equilibrium
state, 54% of the disc volume was affected and the normalized cell density (averaged over
whole disc) was 48% when the nutritional level at CEP-NP boundary was 0%, compared to
no region was affected (or no cell death) when the nutrition level at CEP-NP boundary was
30% or higher (Figures 5A and 5B).

Case 2: Impairment of AF pathway only—With nutrition level at the CEP-NP
boundary kept at reference values, it was predicted that nutrition level around 20% of the
reference values at the AF periphery boundary (i.e., glucose concentration of 1 mM and
oxygen tension of 1.16 kPa) were sufficient for the disc (Figure 3A) to maintain viability of
all the cells within the disc. Below this level, cell death began to occur (Figure 3), mostly in
the outer AF region. The affected region was larger with lower nutrition level at AF
periphery (Figures 3 and 5A). The NP region was not affected in this case (Figure 3). When
the nutritional level on this boundary was 0%, at the equilibrium state, 26% of the disc
volume was affected (Figs 5A), and the normalized cell density reduced to 76% (Figure 5B),
compared to no degenerative region (i.e., 0% of affected volume) or no cell death (i.e.,
100% of normalized cell density) were predicted at 20% or above of the reference values on
AF periphery boundary (Figure 5).

Case 3: Impairment of both CEP-NP and AF periphery pathways—It was
predicted that the nutrition level around 50% of the reference values at both CEP-NP
boundary (i.e., 2 mM for glucose concentration and 2.55 kPa for oxygen tension) and AF
periphery boundary (i.e., 2.5 mM for glucose concentration and 2.9 kPa for oxygen tension)
were sufficient to maintain cell viability everywhere within the disc. Below this level the
cell death began to occur in the lateral regions (Figure 4). When the nutrition level reduced
to 10% or lower (of the reference values) at both CEP-NP and AF periphery boundaries, at
equilibrium, all cells within the disc were dead (Figures 4 and 5).

Effect of impairment of different nutritional supply and pathways on GAG and water

contents

The changes of GAG content (Figure 6) and water content (Figures 7 and 8) distributions
within the disc in the three cases were analyzed. Results of GAG content and water content
after 10 years of degeneration (starting from the time when the nutrient level at disc
boundary starts to decrease) were presented here. It was predicted that the spatial
distributions of GAG and water content distributions were similar (Figures 6 and 7). The
degenerative patterns seen in Figures 6 and 7 were related to the cell density distributions in
Figures 2—4. For Case 3, there was a zone (on the middle plane in the posterior region) with
much higher water content than that in the surrounding areas (Figure 7D), this phenomenon
was only observed in Case 3.

Discussion

It is well known that impairment of different nutritional pathways affects the cell density
distribution within the disc,>~8 however, little is known on the degenerative pattern (spatial
distributions of cell density, GAG content, water content, etc.) of disc in relation to
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nutritional supplies and pathways. Results from present study indicate that impartment of the
CEP-NP nutritional pathway would cause tissue degeneration mostly in the NP region, while
impartment of the AF periphery nutritional pathway is primary responsible for the tissue
degeneration in the outer AF region.

When the nutrition level to disc is decreased to a critical level, cell death initiates at the
location where the local nutrition concentration is the lowest [and below the threshold value
for cell survival (e.g., 0.5 mM)3:13-1528] Thyjs |ocation depends on many factors, such as
disc shape and size, the level of nutrition supply at disc boundary, and the transport
properties of disc tissues. Note that the effects of disc shape and size or transport properties
on degenerative patters were not simulated in current study. As the local glucose
concentration decreased below the threshold value for cell survival, cell death occurs and the
cell density distribution would reach a new equilibrium (where the demand and supply of
nutrients are balanced) in about 30 days.1? At this early state (around 30 days), the integrity
of the extracellular matrix is close to intact because the change of extracellular composition
is a much slower process.12:16 Thus, the reduction of cell number is the earliest degenerative
sign in the disc caused by poor nutrition supply.

In the healthy, adult human lumbar discs before degeneration, we assumed that the GAG
synthesis and degradation rates are balanced and the net GAG content does not change with
time. When the cell death occurs, the overall GAG synthesis rate within the disc decreases,
causing a decrease in the total GAG content over time until a new equilibrium is reached.12
The slow decrease in GAG content gradually reduces the swelling pressure in the disc,
resulting in the lower water content within the disc.929:30 This explains why the pattern for
the distribution of cell density in the disc is similar to the patterns of GAG and water content
distributions in the disc at much later stages (e.g., 10 years later), see Figures 2—4 and 6-7. It
also explains that different nutritional supplies and pathways would result in distinctive
patterns of disc degeneration. Knowledge of these patterns may help to diagnose disc
degeneration in relation to poor nutrition supply. Quantitative imaging techniques like the
T2-weighted magnetic resonance imaging (MRI) can be used to identify a decrease in disc
height and a loss of water content in the disc, both suggestive of a loss of mass in the disc.
Our predicted results in cases in which there has been a loss of nutrition supplies through the
CEP-NP and/or AF periphery pathway (Figures 6B and 6D) are similar to those seen on
MRI.31-34 |_jkely, poor-nutrition-related disc degeneration in the clinical patient falls on the
spectrum between these two cases (i.e., Case 1 and Case 3). For these two cases, the poor-
nutrition-related disc degeneration was predicted to start at the middle axial plane of the
disc, where the water content was lower than the surrounding regions, see Figure 8. This is
consistent with the horizontal gray band seen in T2-weighted MRI images for degenerated
discs.3! In addition, the higher water content zone predicted in Case 3 (shown in Figure 7D)
is consistent with the High Intensity Zone (H1Z) seen in T2-weighted MRI images.3°-38 The
HIZ was initially proposed as a marker to diagnose low back pain,37:3% whereas it was also
found in asymptomatic subjects later.38 Nevertheless, the results in this study clearly
indicate that this zone is related to the disc degeneration in Case 3, which could be a
radiographic marker for disc degeneration.35-38 Although the nature of the HIZ is still not
clear, we speculate that the HIZ might be related to the geometry of degenerated discs. More
studies are needed in order to understand this phenomenon.
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In this study, there are several limitations. One limitation is that the GAG synthesis rate per
cell (i.e., the value of A1) in the present model was assumed to be uncoupled with cell
metabolism. Assuming the synthesis of one disaccharide unit of the GAG molecule requires
two glucose molecules, it is expected the consumption rate of glucose by cells should be
greater than twice the rate of the GAG synthesis. In this study, this condition is satisfied
with the value of A, from the literature.12 (data not shown)

Another limitation is that the mechanical loading in this study was assumed to be constant
over time (i.e., the diurnal activity was not considered). Based on the study of the effect of
dynamic loading on cell viability in the disc,13 consideration of diurnal activity would not
affect the distinct patterns of cell density, and GAG content and water content distributions
in relation to decreased nutrition supply. Other limitations of this study include the lack of a
thin layer of CEP in the model; instead, its effect on nutrition transport was simulated by
varying the nutrition level at the CEP-NP interface. Another limitation is that the intrinsic
mechanical properties of the disc (Lame constants A and p) were assumed not to change with
disc degeneration. This simplification would affect the value water content, however, its
effect on degenerative patterns are not expected to be significant, because the spatial
distributions of GAG and water contents are mainly determined by the spatial distribution of
cell density, while the spatial distribution of cell density is determined by the nutrition
environment. Thus, the simplifications on the mechanical properties are not significant on
the spatial distributions of the cell density, GAG and water contents.

In summary, the effects of different nutritional supplies and pathways on the disc
degeneration patterns (in terms of distributions of cell viability, GAG content, and water
content) were quantitatively studied using a three-dimensional finite element model
developed based on the cell-activity-coupled mechano-electrochemical multiphase mixture
theory.912 The disc degenerative patterns were quantitatively predicted and linked to the
levels and pathways of the nutrition supply. This study provides a better understanding of
the mechanisms of poor nutrition related disc degeneration as well as new knowledge on the
diagnosis of early disc degeneration.
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Figure 1.
(A) Geometry and size of the disc from human lumbar spine (L2-3, male, non-

degenerated3®) and (B) Schematic of the right-upper quarter of the disc used in the
simulations. The cell density in the healthy disc was assumed to be 4000 cells/mm3 in NP
and 9000 cells/mm3 in AF.16
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Figure 2.
Three-dimensional distributions of normalized cell density at steady state after nutrient

concentrations on CEP-NP boundary decreased to 30%, 20%, 10%, and 0% of the
corresponding reference values.
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Figure3.
Three-dimensional distributions of normalized cell density at steady state after nutrient

concentrations on AF periphery decreased to 20%, 15%, 10%, and 0% of the corresponding
reference values.
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b

Three-dimensional distributions of normalized cell density at steady state after nutrient
concentrations on both NP and AF boundaries decreased to 50%, 40%, 30%, 20% and 10%
of the corresponding reference values.

Figure4.
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Figureb.
(A) Percent of the affected regions (relative to the whole disc volume) where cell death is

greater than 10% of the corresponding value at healthy state for Case 1 (black line), Case 2
(red line), and Case 3 (blue line). (B) Changes in normalized cell density (averaged over the
whole disc volume) for Case 1 (black line), Case 2 (red line), and Case 3 (blue line). All the
results presented in this figure were values at steady state.
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Figure6.
Comparison of the GAG content distributions (A) in the healthy disc with reference values

of nutrition level, (B) in Case 1 where nutrition level was decreased in CEP-NP pathway
only, (C) in Case 2 where nutrition level was decreased in AF pathway only, and (D) in Case
3 where nutrition level was reduced in both pathways. The results shown in (B-D) are GAG
distributions at 10 years after cell density reached steady state as nutrition level reduced to
15% of the reference values.
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Figure7.
Comparison of the water content distributions on the disc mid-axial plane (A) in the healthy

disc with reference values of nutrition level, (B) in Case 1 where nutrition level was
decreased in CEP-NP pathway only, (C) in Case 2 where nutrition level was decreased in
AF pathway only, and (D) in Case 3 where nutrition level was decreased in both pathways.
The high water content zone is clearly shown in the posterior region in the disc for Case 3.
The results shown in (B-D) are water content distributions at 10 years after cell density
reached steady state as nutrition level reduced to 15% of the corresponding reference values.
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Figure8.
Comparison of the water content distributions on the mid-sagittal plane (A) in the healthy

disc with reference values of nutrition level, (B) in Case 1 where nutritional level was
decreased in CEP-NP pathway only, (C) in Case 2 where nutrition level was decreased in
AF pathway only, and (D) in Case 3 where nutrition level was decreased in both pathways.
The results shown in (B-D) are water content distributions at 10 years after cell density
reached steady state as nutrition level reduced to 15% of the corresponding reference values.
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