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Abstract

The efficacy of biological therapies on intervertebral disc repair was quantitatively studied using a 

three-dimensional finite element model based on a cell-activity coupled multiphasic mixture 

theory. In this model, cell metabolism and matrix synthesis and degradation were considered. 

Three types of biological therapies-increasing the cell density (Case I), increasing the 

glycosaminoglycan (GAG) synthesis rate (Case II), and decreasing the GAG degradation rate 

(Case III)-to the nucleus pulposus (NP) of each of two degenerated discs [one mildly degenerated 

(e.g., 80% viable cells in the NP) and one severely degenerated (e.g., 30% viable cells in the NP)] 

were simulated. Degenerated discs without treatment were also simulated as a control. The cell 

number needed, nutrition level demanded, time required for the repair, and the long-term outcomes 

of these therapies were analyzed. For Case I, the repair process was predicted to be dependent on 

the cell density implanted and the nutrition level at disc boundaries. With sufficient nutrition 

supply, this method was predicted to be effective for treating both mildly and severely degenerated 

discs. For Case II, the therapy was predicted to be effective for repairing the mildly degenerated 

disc, but not for the severely degenerated disc. Similar results were predicted for Case III. No 

change in cell density for Cases II and III were predicted under normal nutrition level. This study 

provides a quantitative guide for choosing proper strategies of biological therapies for different 

degenerated discs.
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Introduction

Low back pain is a prevalent health problem which affects more than 600 million people 

worldwide.1-3 The cause of the low back pain is still not definitive, however, the 

intervertebral disc (IVD) degeneration is strongly associated with it.4; 5 IVD degeneration is 

generally described as a cascade of progressive changes in biological, chemical, electrical, 

and mechanical events, which eventually leads to disc failure.4; 6-11 Traditional treatment 

methods for IVD degeneration involve conservative treatments (e.g., physiotherapy, core 

strengthening and other exercise modalities) and surgical interventions (such as spinal fusion 

or prosthetic disc replacement).7 Although these treatments alleviate some symptoms, they 

cannot stop the degenerative progression, nor restore the structure or function of the IVD.7 

The long-term efficacy of these treatments is not promising either, as many treated patients 

experience recurrent pain, reduced spinal mobility, and/or adjacent segment degeneration.7 

New therapies aiming to halt and/or regenerate the IVD degeneration are of crucial 

significance in treating the IVD degeneration-related spinal disorders. Regenerative 

therapies such as the biological therapy have been intensively studied in recent years. The 

idea of the biological therapy is to restore disc structure and function through implanting 

functional cells, stimulating the matrix synthesis, and/or inhibiting the matrix degradation 

activities in the disc.12; 13

Cell implantation has been applied to a few clinical trials (a detailed review can be found in 

Benneker et al13 and Sakai and Andersson12). These clinical trials showed positive treatment 

outcomes; including increases in tissue water content and disc height in the patients under 

therapy,14-18 except one study in which no improvement in pain relief after one-year follow-

up was reported.19 These studies showed a great potential of the cell therapy in retarding 

and/or reversing disc degeneration. Nonetheless, many critical issues in relation to the 

therapies are unaddressed, such as the number of cells needed, the time required for repair, 

the nutrients demanded by the implanted cells, and the long-term (such as 5, 10, or more 

years) efficacy of biological therapies. These issues are challenging and costly to address 

experimentally. Numerical simulations are an alternative means to investigate the process of 

disc degeneration or regeneration quantitatively and can provide insights into the 

complicated biological, chemical, electrical, and mechanical events in discs under 

pathophysiological conditions, which might be difficult to measure directly or 

simultaneously. Recently, a numerical model for human discs has been developed based on 

the finite element method and cell-activity-coupled mechano-electrochemical theory.20; 21 

This model can be used to predict not only the distributions of cell density, water content, 

glycosaminoglycan (GAG) content, glucose concentration, oxygen concentration, lactate 

concentration, pH value, mechanical stresses and strains in the disc, but also the variations of 

disc height, GAG content, and water content with the progression of disc degeneration.20-22 

This model is unique in the sense that not only the transport of nutrients and metabolic 

wastes as well as fluid flow are coupled with tissue deformation (or hydration), but also the 

tissue deformation, GAG content, and water content are coupled with cell density.20-22 This 

model was validated by simulating the degenerative progression in the IVD with initial GAG 

and water distributions from a 27-year old healthy lumbar disc.20; 23 The predicted 

distributions of GAG and water contents in the disc with reduced nutrition supply for 27 
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years (i.e., at age of 54 years) were calculated and compared with the experimental data 

measured in human cadaveric discs of average age of 54 years, reported in the literature.24 It 

was found that the model predictions were consistent with the results in the literature.20

In this study, we attempt to use this model to numerically investigate the repair processes in 

the degenerated discs treated with biological therapies and to analyze the long-term efficacy 

of these therapies.

Methods

The details of the finite element model for human lumbar discs used in the current study can 

be found in our previous studies.20-22 Briefly, the model took into account the cell viability 

and metabolism, transport of interstitial fluid, ions, glucose, oxygen and lactate, GAG 

synthesis/degradation, tissue swelling, and mechanical stresses and strains in the disc. The 

coupling of transport properties of fluid and solutes with tissue deformation (or hydration) 

was considered. The cell viability was assumed to depend on the local glucose concentration 

only and the cells were assumed not to proliferate in the disc. The cell metabolisms 

(consumptions of glucose and oxygen, and production of lactate) were related to local 

glucose, oxygen, and lactate (or pH value) concentrations in the tissue according to Bibby et 

al.25 The rate of GAG content change (QGAG) was related to the GAG synthesis rate (Qsyn) 

and the GAG degradation rate (Qdeg) by: QGAG = Qsyn - Qdeg, where Qsyn was a function of 

local cell density (ρGAG) with Qsyn = λ1 ρcell, and Qdeg was assumed to be proportional to 

the value of local GAG content (CGAG) by Qdeg = λ2 CGAG. In the current study, the value 

for GAG synthesis rate per cell (i.e., λ1) was assumed to be an invariant with time (its value 

may vary from region to region20) and it does not directly correlated with the cell 

metabolism. The value of λ1 at the healthy state was used in this study,20 see below. The 

value of λ2 was assumed to be constant, and calculated from the half-life time of GAG 

turnover in the disc.20; 26 More information on the model can be found in Table 1.

The geometry of the disc was generated based on a human L2-3 disc27 (see Fig. 1A). Two 

regions were considered: nucleus pulposus (NP) and annulus fibrosus (AF). The effect of 

cartilage endplate (CEP) on nutrition supply was considered by adjusting the boundary 

conditions at the interface between NP and CEP.22 Due to symmetry, only the upper-right 

quarter of the disc was simulated (Fig. 1B). The mesh contained 7888 hexahedral elements. 

The finite element model was developed with COMSOL software (COMSOL 4.3b, 

COMSOL, Inc., MA). The MUMPS direct solver was used.

In this study, three types of biological therapies were simulated: Case I - increasing cell 

density, Case II - increasing GAG synthesis rate, and Case III - decreasing GAG degradation 

rate. Two degenerative discs were treated with each of the three types of therapies; one was a 

mildly degenerated disc (20% loss in cell number, 7% decrease in GAG content, 5% 

decrease in water content in the NP, and 2.2% decrease in disc height, see Figs. 1C and D. 

All are relative to the healthy state), and the other was a severely degenerated disc (70% loss 

in cell number, 30% decrease in GAG content, 15% decrease in water content in the NP, and 

8% decrease in disc height, Figs. 1E and F). Examples for the distributions of cell density, 
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oxygen concentration, glucose concentration, lactate concentration, and mechanical stresses 

in the degenerated discs may be found in our previous papers.20; 22

Only the NP region of the discs was treated, as the NP undergoes major compositional and 

morphological changes with disc degeneration. For Case I, three cell density values (4000 

cells/mm3, 8000 cells/mm3, and 12000 cells/mm3) were investigated. In Case II, the GAG 

synthesis rate (i.e., λ1) in the NP was increased by 100% (from 0.911×10−5 mmol/g dry 

weight/hr to 1.822×10−5 mmol/g dry weight/hr). In Case III, the relative GAG degradation 

rate in the NP (i.e., the value of λ2) was decreased by 50%, i.e., 1.997×10−9/s to 

0.9986×10−9/s.20 For comparison, a control case (without treatment) was also simulated.

Effects of the nutrition supply on the therapy outcomes were also studied by adjusting the 

nutrition (i.e., glucose, oxygen) level at disc boundaries. Glucose and oxygen concentrations 

on the IVD boundary at the healthy state were set as: 3.2 mM, and 3.6 kPa on the NP surface 

adjacent to the endplate; 5.0 mM and 5.8 kPa on the AF periphery.20; 22; 28 These values 

were defined as the normal nutrition level on IVD boundaries. Therapies at various nutrition 

levels at the NP surface (0%, 15%, 30%, 50%, and 100% of the normal nutrition level 

mentioned above), while nutrition level at the AF boundary remained the same as normal 

nutrition level, were simulated in the severely degenerated discs for Case I. For Cases II and 

III, the normal nutrition level at the disc boundary was used.

More information on the distributions of the cell density, glucose concentration, oxygen 

tension, lactate concentration, pH value, and mechanical signals in the degenerated disc, as 

well as on the material properties and mechanical boundary conditions can be found in our 

previous publications.20; 22 Results related to changes in GAG content, water content, and 

disc height were presented.

RESULTS

Treatments with increasing cell density in the NP (Case I)

The treatment outcomes were predicted to be cell density dependent. The higher the cell 

density, the more rapid the repair process would occur. For example, in the severely 

degenerated disc after treatments with a cell density of 12000 cells/mm3 and 8000 cells/

mm3, the normalized GAG content (averaged over the NP) increased from the initial value 

of 70.0% to 100% (i.e., the value at healthy state) in 2.57 years and 4.56 years, respectively; 

the normalized water content (averaged over the NP) elevated from the initial value of 85% 

to 100% (i.e., the value at healthy state) in 2.44 years and 4.29 years, respectively; and disc 

height returned (from the initial value of 91.9%) to 100% (i.e., the value at healthy state) in 

2.4 years and 4.3 years, respectively, see Figs. 2, 3 and 4. In contrast, the repair process was 

much slower for the same disc treated with a cell density of 4000 cells/mm3. The GAG 

content, water content, and disc height returned to 84.3%, 92.5%, and 96.2% of the 

corresponding values at healthy state, respectively, at the end of 10 years, see Fig. 4.

The treatment outcomes were also predicted to be nutrition level dependent, see Fig. 5. A 

critical nutrition level (defined as the minimum nutrition level at the NP-CEP boundary) to 

maintain the viability of all the cells within the treated NP were determined (Fig. 6). It was 
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found that the higher the cell density is used for the treatment, the higher the critical 

nutrition level is required.

Treatment with a 100% increase in the GAG synthesis rate in the NP (Case II)

The treatment outcomes were dependent on the disc degeneration stage. For the mildly 

degenerated disc, it was predicted that overall GAG and water contents increased (Figs. 7A, 

B, E and F), and disc height returned back to the value at healthy state (i.e., 100%) after 1.88 

years (Fig. 7G). For the severally degenerated disc, however, it was predicted that there was 

no significant improvement in the GAG content (Figs. 7C and E) or water content (Figs. 7D 

and F) in the NP. The normalized GAG content (averaged over the NP) elevated slightly 

(from initially 70.0% to 71.6%) after 10 years of treatment (Fig. 7E). The normalized water 

content (averaged over the NP) and the disc height continued to decrease with time 

following the treatment (Figs. 7F and G). It was predicted that normal nutrition level at the 

disc boundary was sufficient for this treatment, and there was no change in cell density in 

the disc.

Treatment with a 50% decrease in the GAG degradation rate in the NP (Case III)

It was predicted that the outcomes of this therapy were similar to those in Case II. After 

treatment, the GAG content (Figs. 8A, I) and water content (Figs. 8E, J) in the NP as well as 

the disc height (Fig. 8K) increased in the mildly degenerated disc, but not in the severely 

degenerated disc (Figs. 8C, G-K).

Discussion

Three types of biological therapies for disc repair were simulated in this study. The predicted 

results indicate that therapy with increasing cell density in the NP (i.e., Case I) is effective 

for both mildly and severely degenerated discs. Our simulated results for water content and 

disc height in Case I are qualitatively consistent with those reported in the clinical trials and 

in an animal model treated with cell implantation.14-19; 29; 30

For instance, intervertebral disc repair using autologous chondrocyte transplantation has 

been investigated in a dog model for up to 12 months.30 Results from this study indicate that 

cell implantation improves disc height retention and leads to increased matrix components.30 

Similar studies have also been conducted in human intervertebral discs.14; 18; 29 For 

example, one study showed that fluid content in the treated group of human patients was 

considerably higher than that in the control group at a 2-year follow-up.14

Note that this therapy requires higher nutrition supply to the disc in order for the newly 

implanted cells to function. The level of nutrition supply to the disc in this therapy depends 

on the number of implanted cells. When treating discs with implanting a large number of 

cells, or discs with poor nutrition supply from the nearby blood vessels, it is crucial to 

improve the nutrition condition within the disc for successful treatment outcomes.

Our analysis indicates that the therapies with a cell density of 4000 and 8000 cells/mm3 in 

the NP (Case I) do not exceed the nutrition supply when the normal nutrition level is applied 

on disc boundaries (Fig. 6). In the therapy with a cell density of 12000 cells/mm3, however, 
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there is a small amount of cell death in a tiny region (0.34% of total NP volume) near the NP 

center (Fig. 6). Cell density in the NP is dependent primarily on the glucose concentration at 

the boundary, glucose diffusivity, glucose consumption rate per cell, and disc thickness.31 

Using the approach by Maroudas et al (1975),31 we have re-derived their Equation 2 in 

Appendix of their paper (there were a few typos in their original equation) and used it to 

estimate cell density in the NP. Assuming the glucose consumption rate was 5×10−11 mmol/

cell/hour,31 one could estimate the maximum cell density in the NP in the disc (with 9 mm 

thickness) being ~15,000 cells/mm3 for a glucose diffusivity of 5.2×10−6 cm2/s, an average 

value for NP used in our study. Note that the glucose diffusivity in water at 37 °C is around 

9.4 ×10−10 m2/s,32 the value of glucose diffusivity for NP used in our study reflects 55% of 

the value in the water, which is consistent with the values in cartilaginous tissues reported in 

the literature.31; 33; 34

Degenerative progression in the discs with reduced nutrition supply is a very slow process.35 

For example, our previous analysis indicated that a 5% decrease in water content in the NP 

would take about 10 years.20 This is because matrix turnover is very slow.26 In adults, disc 

height and volume do not increase with time, indicating the GAG synthesis rate (per cell) is 

also slow in order to balance the slow rate of GAG degradation. This is why the repairing 

process in the disc with implanting normal cell density (i.e., 4000 cells/mm3) takes a long 

period of time (Figs. 2, 3, and 4).

In the current study, the implanted cells for Case I were assumed to have the same properties 

as those for adult human NP cells. Disc repair with implanting different types of cells can 

also be simulated if information on these cells (e.g., nutrient threshold for cell viability, cell 

metabolism, and GAG synthesis rate) is available.

Therapies with increasing the GAG synthesis rate (Case II) and decreasing the GAG 

degradation rate (Case III) are predicted to be effective primarily for mildly degenerated 

discs, and not effective for severely degenerated disc. This may be because the number of 

viable cells in the NP of the severely degenerated disc is low, e.g., only 30% of the normal 

value (compared to 80% in the mildly degenerated disc simulated). The amount of GAG 

synthesized by the viable cells could not exceed the amount of GAG breakdown in this 

simulated disc, even though the GAG synthesis rate (per cell) for the remaining cells in the 

NP is doubled (Case II), or the GAG degradation rate is reduced by half (Case III), thus 

resulting in no improvement in GAG content or water content or disc height within the 

treated disc. Thus, the number of viable cells in degenerated discs is crucial for the success 

of therapies in Case II and Case III.

One of the differences between Case II and Case III is the demand of nutrients for the 

synthesis of GAG; that is, more nutrients are expected for the therapy in Case II than in Case 

III because of the increase in GAG synthesis rate in Case II. From this point of view, the 

therapy with decreasing GAG degradation rate (Case III) may be more attractive for the 

mildly degenerated discs, especially for the degenerated discs with a deficiency in nutrition 

supply.
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Nutrition supply is also important for the therapy in Case II (i.e., increasing the GAG 

synthesis rate). In this study, the GAG synthesis rate by the cells is not directly correlated 

with the cell metabolism. This is a limitation of the current study. However, this limitation 

may not have significant influences on the results in this work because the total nutrition 

supply to the disc is sufficient to maintain the elevated cellular synthetic activities. In our 

model, the total influx of the glucose into the disc from all the boundaries at the mildly 

degenerated disc in Case II (i.e., 7.0×10−10 mmol/s) is about 90 times larger than the rate of 

glucose required for the synthesis of disaccharide units of GAG (7.4×10−12 mmol/s), 

assuming two glucose molecules are required to synthesize one disaccharide unit of a GAG 

molecule.36

Another limitation of this study is that the GAG synthesis rate per cell in the NP is assumed 

to be constant during the repair process. This assumption leaded to the overestimate of the 

GAG and water contents as well as the disc height in all three types of therapies (Figs. 4, 6, 

and 7) because the GAG synthesis rate (per cell) would decrease when the cell volume (or 

cellular environment) deviates from its optimal value.37-41 The third limitation is that the 

intrinsic mechanical properties of the matrix (Lame constants λ and μ) were assumed to be 

constant during degeneration or repair processes (did not change with tissue compositional 

changes). This assumption would have an effect on the estimation of tissue height change. 

These issues will be considered in our future studies.

In conclusion, this study has simulated and predicted the effects of three types of biological 

therapies for disc repair using a finite element method. The predicted results indicate that 

while all three types of therapies are effective for mildly degenerated discs, only the therapy 

with increasing cell density is effective for severely degenerated discs. This study provides 

not only additional insights into disc degeneration and repair processes, but also a 

quantitative guide for choosing proper treatment strategies for disc repair.
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Figure 1. 
(A) A picture of a human lumbar disc (L2-3, male, non-degenerated).27 (B) The upper-right 

quarter of the disc for simulation. (C) GAG content and (D) water content distributions in 

the mildly degenerated disc before treatment. (E) GAG content and (F) water content 

distributions in the severely degenerated disc before treatment. All the values are normalized 

to that at the healthy state.
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Figure 2. 
Comparisons of GAG content (normalized to that at the healthy state) in the severely 

degenerated disc treated with various cell densities in Case I: (A) 4000 cells/mm3, (B) 8000 

cells/mm3, and (C) 12000 cells/mm3. The treatment is under normal nutrition level at the 

disc boundary.
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Figure 3. 
Comparisons of water content (normalized to that at the healthy state) in the severely 

degenerated disc treated with various cell densities in Case I: (A) 4000 cells/mm3, (B) 8000 

cells/mm3, and (C) 12000 cells/mm3. The treatment is under normal nutrition level at the 

disc boundary.
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Figure 4. 
Comparisons of treatment outcomes in the severely degenerated disc treated with various 

cell densities in Case I: (A) GAG content, (B) water content, and (C) disc height. The 

treatment is under normal nutrition level at the disc boundary. Values in (A) and (B) are 

averaged over NP.
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Figure 5. 
Comparisons of treatment outcomes in the severely degenerated disc treated with a cell 

density of 8000 cells/mm3 in Case I between normal nutrition level and lower nutrition level 

(e.g., 1.6 mM for glucose, and 1.8 kPa for oxygen on the NP surface, while normal level 

remains on AF periphery): (A-B) GAG content, (C-D) water content.
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Figure 6. 
The critical nutrition level (minimum level of glucose at the NP surface for cell survival) 

versus the cell density in the NP in severely degenerated disc treated with various cell 

densities in Case I.
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Figure 7. 
Comparison of treatment outcomes between mildly and severely degenerated discs and 

between non-treated (control) and treated discs in Case II (i.e., increasing GAG synthesis 

rate in the NP): spatial distributions of GAG content (A, C) and water content (B, D), and 

temporal variations of GAG content (E), water content (F), and disc height (G). The 

treatment is under normal nutrition level at the disc boundary. All the values are normalized 

to that at the healthy state. Values in (E) and (F) are averaged over NP.
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Figure 8. 
Comparison of treatment outcomes between mildly and severely degenerated discs and 

between non-treated (control) and treaded discs in Case III (decreasing GAG degradation 

rate in the NP): spatial distributions of GAG content (A-D) and water content (E-H) after 5 

year, and temporal variations of GAG content (I), water content (J), and disc height (K). The 

treatment is under normal nutrition level at the disc boundary. All the values are normalized 

to that at the healthy state. Values in (I) and (J) are averaged over NP.
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Table 1

List of Variables and Assumptions used in the Model

Constituent Variable
Diffusion/

Convection*
Bio-

reaction Comment

Solid matrix Displacement
vector No

No
(excluding

proteoglycan)

Deformation is coupled with
swelling pressure (or fixed charge
density) and fluid flow.42; 43

Cell Cell density No Yes

Cells start to die when local glucose
concentration is below the
threshold (0.5 mM).44 No
proliferation is assumed. Cells are
fixed to solid matrix.

Proteoglycan
(GAG) GAG content No Yes

It depends on cell density, GAG
synthesis rate per cell, and GAG
degradation rate. GAG content is
assumed to be proportional to fixed
charge density.20 Proteoglycan is
part of solid matrix.

Water Chemical
potential of water Yes No

Hydraulic permeability is tissue
deformation (or hydration)
dependent.45

Cation (Na+)
Electrochemical

potential of cation Yes See
comment

Its concentration depends on GAG
content (or fixed charge density).20

Diffusivity is tissue deformation
(or hydration) dependent.46

Anion (Cl−)
Electrochemical

potential of anion Yes See
comment

Its concentration depends on GAG
content (or fixed charge density).20

Its Diffusivity is tissue deformation (or
hydration) dependent.46

Glucose
Chemical

potential of
glucose

Yes Yes

The rate of consumption by cells is
a function of local glucose and
oxygen concentrations and pH.25 Its
diffusivity is tissue deformation (or
hydration) dependent.46

Oxygen
Chemical

potential of
oxygen

Yes Yes

The rate of consumption by cells is
a function of local oxygen
concentration and pH.25 Its
diffusivity is tissue deformation (or
hydration) dependent.46

Lactate
Chemical

potential of
lactate

Yes Yes

The rate of production by cells is a
function of local glucose and
oxygen concentrations and pH.25

Its concentration is related to pH
value.25 Its diffusivity is tissue
deformation (or hydration)
dependent.46

*All fluxes are relative to solid matrix

J Orthop Res. Author manuscript; available in PMC 2017 April 01.


	Abstract
	Introduction
	Methods
	RESULTS
	Treatments with increasing cell density in the NP (Case I)
	Treatment with a 100% increase in the GAG synthesis rate in the NP (Case II)
	Treatment with a 50% decrease in the GAG degradation rate in the NP (Case III)

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Table 1

