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Abstract

The objective of this study was to investigate the spatial and temporal variations of water content
in intervertebral discs during degeneration and repair processes. We hypothesized that the patterns
of water content distribution in the discs are related to the intensity patterns observed in T2-
weighted MRI images. Water content distributions in the mildly (e.g., 80% viable cells in the disc,
2.3% decrease in disc height) and moderately (e.g., 40% viable cells in the disc, 9.3% decrease in
disc height) degenerated discs were predicted using a finite element model. The variation of water
content in the degenerated discs treated with three biological therapies [i.e., increasing the cell
density in the NP (Case 1), increasing glycosaminoglycan synthesis rate in the nucleus pulposus
(Case I1), and decreasing glycosaminoglycan degradation rate in the nucleus pulposus (Case I11)]
were also predicted. It was found that two patterns of water content distributions, a horizontal
region with lower water content at the mid-axial plane of nucleus pulposus and a spot with higher
water content at the posterior region, were shown during the degeneration progress for the disc
simulated in this study. These two patterns disappeared after treatment in Case I, but in Case 1l and
Case I11. The implication of these patterns for the horizontal gray band and high intensity zone in
T2-weighted MRI images was discussed. This study provided new guidance to develop a novel
method for diagnosing disc degeneration and assessing outcomes of biological therapies with MRI
techniques.
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Introduction

Methods

The intervertebral disc (I'VD) is the largest avascular structure in the human body and it
functions to support mechanical loading and to provide flexibility to the spine system. The
most common biochemical characteristics of intervertebral disc degeneration are the loss of
glycosaminoglycan (GAG) and the decrease of water content.!

The three major causes for disc degenerations are nutrition deprivation, inappropriate
mechanical loading, and genetic factors.2 How each of these causal factors leads to the
various patterns (e.g., the spatial distributions of matrix components) in discs during
degenerative progression remains unknown. That is, it is difficult to correlate a specific disc
degeneration pattern to a certain cause. Investigation of these patterns is important for
developing a new method to detect disc degeneration at its early stage, as well as for
assessing outcomes of disc repair with biological therapies, including implanting cells,
enhancing matrix synthesis, and inhibiting matrix degradation.3->

Magnetic resonance imaging (MRI) techniques (e.g., T1- and T2-weighted images) are
widely used in estimating the degeneration stage of human discs. For example, Pfirrmann
scoring is a scaling method to grade the disc degeneration stages based on T2-weighted MRI
images.b It is reported that a horizontal gray band (i.e., a band with lower signal intensity
near the mid-axial plane in the disc) seen in the T2-weighted MRI images of degenerated
discs is an indication for degeneration stages of disc.6 The exact pathology for the ‘band-
like” pattern is unclear. A “bright spot” in the posterior region of the disc seen in T2-
weighted MRI images, known as High Intensity Zone (H1Z), is another characteristic of disc
degeneration.”~10 Some researchers reported that the HIZ was a reliable marker for annular
tears in painful discs,”~% 11 whereas others found the HIZ also appeared in asymptomatic
subjects without annular tears.1%: 12 The mechanisms for the occurrence of the HIZ in the
degenerated discs with annular tears are generally thought to be caused by inflammation
and/or neovascularization into that region.1%: 13 However, the occurrence of HIZ in the
degenerated discs without annular tears is unclear.

Since the principal source of MRI-sensitive protons in the disc is water, we hypothesized
that the patterns of water content distribution in the discs are related to the intensity patterns
observed in T2-weighted MRI images. As a first step to test this hypothesis, in this study, we
aimed to investigate variations of water content distribution in the disc during degenerative
progression and repair processes. Knowledge of water content distribution is important for
understanding degenerative patterns seen in MRI images and may provide guidance to
develop a new quantitative method for detecting early disc degeneration.

A finite element model for human lumbar disc was used for this study.4 This finite element
method was developed based on the cell-activity-coupled mechano-electrochemical theory
for intervertebral discs.14 15 The details of the finite element model can be found in our
previous studies.24-16 Briefly, the disc was modeled as an mixture of solid phase, fluid
phase, and solute phase based on the triphasic continuum mixture theory.1” The coupling
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phenomena among tissue deformation, transport of fluid and solutes, and electro-osmotic
effects were modeled. The cell viability was dependent on local glucose level, and the GAG
content was dependent on cell density, GAG synthesis rate and degradation rate [see Table 1
of Zhu et al (2015) for details].2% 18 This model is able to predict the distributions of cell
density, oxygen tension, glucose concentration, lactate concentration, pH value, GAG
content, ion concentrations, fluid pressure, water content, stresses and strains of the solid
matrix, and tissue deformation in the disc. Moreover, this model has been validated by
comparing model predictions of water content and GAG content distributions with those
from experiments.14: 16

The geometry of the disc was generated based on a human L2-3 disc (41 years old male,
non-degenerated,15 19 Fig. 1a). The disc was modeled as an inhomogeneous structure with
two regions: nucleus pulposus (NP) and annulus fibrosus (AF). Due to symmetry, only the
upper-right quarter of the disc was simulated (Fig. 1b). The mesh in the model contained
7888 hexahedral elements. 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 mechanical properties (Lame constants A and 1) used in the study were A=0.39 MPa
and p=0.01 MPa for the NP region, and A linearly increased from 0.39 to 1.01 MPa and p
linearly increased from 0.01 to 0.29 MPa from the innermost AF region to the outermost AF
region.21-23 Cell density was 4000 cells/mm3 in NP and 9000 cells/mm? in AF, which were
taken from experimental data measured in mature, healthy discs.24 Fixed charge density
(FCD) and water content in the mature, healthy disc were also extracted from experimental
data in the literature:2° that is, fixed charge density was assumed to be homogeneous with a
value of 0.34 M in the NP, and linearly decreased from 0.34 to 0.16 M from the innermost
AF region to the outermost AF region. Water content (i.e., volume fraction of water) was
0.85 (water volume over tissue volume) in the NP, and linearly decreased from 0.85 to 0.70
from the innermost AF region to the outermost AF region. More information on material
properties, initial and boundary conditions can be found in Zhu et al (2014).16

In this study, the effect of cartilage endplate (CEP) on nutrition supply was considered by
adjusting the boundary conditions for nutrients at the interface between NP and CEP (to save
computational time),16 in order to account for the changes in solute diffusivity and hydraulic
permeability in CEP seen in mildly and moderately degenerated discs.2%: 27 More
specifically, the following nutrition boundary conditions were used for the heathy disc: 3.20
mM for the glucose concentration and 3.60 kPa for the oxygen tension on the NP surface
(adjacent to the CEP), and 5.00 mM for the glucose concentration and 5.80 kPa for the
oxygen tension on the AF periphery.14: 16: 28 The degenerated disc models (without annular
tears) were virtually created by reducing the nutrition levels at the disc boundary. For
generating a mildly degenerated disc, the glucose concentration was reduced to 1.12 mM
and oxygen tension to 1.25 kPa on the NP surface (adjacent to the CEP), and the glucose
concentration was reduced to 1.40 mM, oxygen tension to 1.62 kPa on the AF periphery. For
generating a moderately degenerated disc, the glucose concentration was reduced to 0.64
mM and oxygen tension to 0.71 kPa on the NP surface (adjacent to the CEP), and the
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glucose concentration was reduced to 1.00 mM and oxygen tension to 1.16 kPa on the AF
periphery. The degeneration processes for both mildly and moderately degenerated discs due
to insufficient nutrient supply were simulated (Figs. 2 and 3).

The discs at 10t year of degeneration (Fig. 2) were treated with biological therapies and
their repair processes (for another 10 years) were simulated (Figs. 4-6). The discs without
treatment (i.e., the discs with 20 years of degeneration in Figure 2) were served as a control.
Three types of biological therapies for disc repair were investigated numerically: increasing
cell density in the NP (Case I), increasing GAG synthesis rate in the NP (Case 1), and
decreasing GAG degradation rate in the NP (Case I1). For Case I, two different values for
cell density in the NP (4000 cells/mm?3 and 8000 cells/mm3) were investigated. In Case I,
the GAG synthesis rate per cell in the NP was assumed to increase by 100%, i.e., from
0.91x10~° mmol/g dry weight/hr to 1.82x10~°> mmol/g dry weight/hr. In Case IlI, the
relative GAG degradation rate in the NP was assumed to decrease by 50%, i.e., from
2.00x1079/s to 1.00x1079/s.14 Note that the nutrition level at the disc boundary during the
therapy was assumed to be the same as those at the healthy condition.

Change in water content distribution in the discs with degenerative progression

Water content distribution in the healthy disc (before degeneration) is shown in Figure 2a.
With the disc degeneration progression, the water content was predicted to decrease in the
disc (Fig. 2b and c). A horizontal region with lower water content appeared at the middle of
NP (compared with the rest of the NP region). This region was defined as the degenerated
region in this study. This region was wider in the disc with lower nutrition level at the disc
boundary (Fig. 2b and ¢, mid-sagittal plane view). A spot at the posterior region with higher
water content was predicted in the mildly degenerated disc (Fig. 2b, mid-axial plane view).
However, the spot was not distinctive in the moderately degenerated disc (Fig. 2c). The
water content distributions along the axial direction at the center of NP were predicted and
compared with an experimental measurement?? (Fig. 3). Disc height (the red line marks the
original geometry of the disc before degeneration and repair) decreased slightly in the mildly
degenerated disc, but noticeably in the moderately degenerated disc after 10 years of
degeneration.

Changes in water content distribution in the degenerated discs after treatment

Before treatment, there were a 20% loss in cell number, 8% decrease in GAG content, 4%
decrease in water content, and 2.3% decrease in disc height in the mildly degenerated disc.
Whereas in the moderately degenerated disc, there were a 60% loss in cell number, 26%
decrease in GAG content, 14% decrease in water content in the disc, and 9.3% decrease in
disc height.

After treatment with increased cell density in the NP (i.e., Case 1), the water content was
predicted to increase in both the mildly and moderately degenerated discs (Fig. 4). The
increase rate depended on the cell density in the NP, that is, the higher the cell density was
used, the faster the water content would increase in the treated disc. Consequently, the
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horizontal region with lower water content (mid-sagittal view) disappeared faster in the
degenerated disc treated with a higher value of cell density. Similarly, the spot with
relatively higher water content (mid-axial view) disappeared faster in the degenerated disc
treated with a cell density of 8000 cells/mm3, compared to that treated with a cell density of
4000 cells/mm3. Disc height increased after the treatment (Fig. 4).

In Case I, the water content was predicted to further decrease in the degenerated region and
to increase in the non-degenerated region (Fig. 5). The overall water content increased in the
mildly degenerated disc after treatment, resulting in an increase in the disc height (Fig. 5a),
while there was no significant increase in overall water content or disc height in the
moderately degenerated disc after treatment (Fig. 5b). The spot with higher water content in
the posterior region at mid-axial plane remained after treatment (Fig. 5). The results
predicted by our model for Case Il were similar to those for Case Il (Fig. 6).

Discussion

The first goal of this study was to numerically investigate the temporal and spatial variations
of water content during disc degeneration process. The predicted variation of water content
distribution along the axial direction at the center of NP in the degenerated discs is
consistent with experimental findings reported by latridis et al,2° see Figure 3, indicating
that the water content distribution predicted by our model is realistic.

Two patterns of water content distributions, a horizontal region with lower water content and
a spot with higher water content at the posterior region, were predicted to appear during the
degenerative progression. The horizontal region with lower water content appeared at the
mid-axial plane of NP is due to the fact that nutrition levels are lowest,1# 30 and more cells
die in this region when nutrient concentrations at the disc boundaries reduce to a level below
the critical level (defined as the minimum nutrition level at the disc boundary to maintain the
viability of all the cells within the disc), resulting in a lower GAG content in this region.14
Since lower GAG content corresponds to lower osmolarity (or swelling pressure),16: 31 less
water is retained at the mid-axial plane of NP.16 The water content distribution in the disc
depends not only on the GAG distribution, but also on the tissue deformation (i.e.,
dilation)32 which is related to the disc geometry and tissue mechanical properties. It seems
that the appearance of the bright spot in the posterior region (Fig. 2b) may be related to the
nutrition level in this particular region33, where the change in relative tissue volume (i.e.,
dilation) is found to be small (data not shown) and there is no cell death for the nutrition
boundary condition in the case of mildly degenerated disc. This may be partially attributed
to the relatively short diffusion distance between this region and nutrition supply source at
the disc edge.

The predicted patterns of water content distributions in degenerated discs were similar to
those observed in T2-weighted MRI images (e.g., Fig. 1B and C in Pfirrmann et al., 2001,
Fig. 1aand b in Peng et al., 2006).5-8 It is reported that the intensity of T2-weighted MRI
images depends on three factors (a) collagen concentration, (b) tissue anisotropy (orientation
of collagen), and (c) water content in the tissue;34-36 and water is the main source of MRI-
sensitive protons in the tissue.3® During disc degeneration, variation of water content and
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collagen structure might occur simultaneously. Thus, it is not surprising to see a correlation
in patterns between water content distribution (Fig. 2) and the intensity of T2-weighted MRI
images.5-10 More investigation is needed to further confirm this correlation. Incidentally, our
results indicate that the nutrition level at disc boundary is a factor influencing the pattern of
water content distribution in the degenerated disc (Fig. 2b and c), which may be used for the
diagnosis of disc degeneration.

The second goal of this study was to numerically investigate the variation of water content
distribution with biological therapies. Our predicted results indicate that increasing cell
density (such as by cell implantation) may be the only therapy (among the three therapies
investigated in this study) which is effective for eliminating the two patterns of water content
distribution appeared in the degenerated discs. Therapies with increasing the GAG synthesis
rate (Case Il) or decreasing the GAG degradation rate (Case I11) may be effective for
increasing the overall water content and the disc height in the mildly degenerated discs, but
not in the moderately degenerated discs (Figs. 4 and 5). Therapies in Cases Il and 111 are not
effective for eliminating the two patterns. The difference in treatment outcomes between
mildly and moderately degenerated discs in Case Il and Case 111 may be due to the
difference in viable cell number remaining in the NP. As the number of viable cells in the
NP of the moderately degenerated disc (40% of the normal value) is much lower than that in
the mildly degenerated disc (80% of the normal value) in this study, the amount of GAG
synthesized by the viable cells in the NP of the moderately degenerated disc could not
exceed the amount of GAG breakdown, even though the GAG synthesis rate (per cell) for
the remaining cells in the NP is doubled (Case Il), or the GAG degradation rate is reduced
by half (Case Il1). This results in no improvement in GAG content or water content within
the treated NP of the moderately degenerated disc. Results from these two Cases indicate
that the number of viable cells in degenerated discs is crucial for the success of therapies in
Case Il and Case Il1. These results are helpful to assess the therapy outcome with MRI
techniques.

There are some limitations in this study. The solid matrix of the tissue was assumed to be
isotropic and linearly elastic, which may not be able to accurately describe the large
deformation of the disc. This would affect the value of the water content predicted, but may
not affect the patterns of water content distribution significantly, as the predict patterns in the
degenerated discs were consistent with those experiment findings.14: 22 For a more realistic
simulation, the anisotropic and nonlinear model should be considered.3” The other limitation
of this study is that only one disc geometry was studied. Since the shape and size of discs are
important factors affecting the diffusion of nutrients and deformation, more disc geometries
will be studied in the future.

In conclusion, the change in water content distribution with disc degenerative progression
and repair process has been investigated with a finite element model. The horizontal region
with lower water content at the mid-axial plane of NP and the spot with higher water content
at the posterior region may imply the gray band and HIZ observed on T2-weighted MRI
images. This study provides new guidance to develop a novel method for diagnosing disc
degeneration and assessing outcomes of biological therapies with MRI techniques.
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Figure 1.
(a) Geometry of a human lumbar disc (L2-3, male, non-degenerated)® and (b) its upper-

right quarter were used for simulations.
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(a) Healthy disc Mid-axial plane
Mid-sagittal plane Anterior
Anterior Posterior,

Posterior

(b) Mildly degenerated disc (c) Moderately degenerated disc

5 years ' I l '

10 years ' I

20 years '—. I |

Figure 2.

Page 10

(a) Water content (water volume over tissue volume) distribution in the healthy disc at the

mid-sagittal plane (Left) and at the mid-axial plane (Right). Change of water content

distribution with time (b) in the mildly degenerated disc and (c) in the moderately

degenerated disc (both without therapies). Discs with 10 years of degeneration were treated
with biological therapies (see Figs. 4-6) and discs with 20 years of degeneration (last row)

served as a control for treated discs (see Figs. 4-6).

J Orthop Res. Author manuscript; available in PMC 2018 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhu et al.

1.00

0.95

0.90

0.85

Water content

0.80

0.75

0.70

Figure 3.

®  Experimental results (Iatridis, et al, 2007)
5 years (Mildly degenerated disc)

— 10 years (Mildly degenerated disc)

— 20 years (Mildly degenerated disc)

----- 5 years (Moderately degenerated disc)
----- 10 years (Moderately degenerated disc)
----- 20 years (Moderately degenerated disc)
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Page 11

Predicted variations of water content (water volume over tissue volume) distributions along
the axial direction at the center of NP, and comparison with an experimental measurement.2?
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(a) Treatment in mildly degenerated disc
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Figure 4.
Variation of water content (water volume over tissue volume) distribution with time in the

discs treated with a cell density of 4000 or 8000 cells/mm?3 (Case I): (a) in the mildly
degenerated disc, and (b) in the moderately degenerated disc.
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(a) Treatment in mildly degenerated disc (b) Treatment in moderately degenerated disc
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Figureb.
Variation of water content (water volume over tissue volume) distribution with time in the

discs treated with increased GAG synthesis rate by 100% (Case Il): (a) in the mildly
degenerated disc, and (b) in the moderately degenerated disc.
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(a) Treatment in mildly degenerated disc (b) Treatment in moderately degenerated disc
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Figure6.
Variation of water content (water volume over tissue volume) distribution with time in the

discs treated with reduced GAG degradation by 50% (Case Il1): (a) in the mildly
degenerated disc, and (b) in the moderately degenerated disc.
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