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Introduction
Approximately 35 million people in the United States are 
affected by temporomandibular joint (TMJ) disorders (TMDs), 
with significant morbidity and financial burden (Stowell et al. 
2007). Although TMD etiology remains unclear, TMJ disc 
degeneration and mechanical dysfunction are found in approx-
imately 30% of TMD patients (Schiffman et al. 2014). 
Significant changes in disc morphology, biochemistry, mate-
rial properties, and function accompany disc degeneration 
(Stegenga 2001), with degenerative processes occurring when 
TMJ disc cells fail to maintain homeostasis between matrix 
synthesis and degradation, potentially as the result of imbal-
ances between nutrient supply and nutrient demand (Nickel  
et al. 2018).

Previous studies found that nutrients (i.e., glucose, lactate, 
and oxygen) play crucial roles in fibrocartilaginous tissue 
homeostasis by affecting cell viability, matrix synthesis, and 
inflammatory factor response (Bibby and Urban 2004; Martin 
et al. 2004). In addition, fibrocartilage cell metabolic rates 
show strong interactions between energy metabolism and oxy-
gen and glucose concentration levels (Heywood et al. 2006). In 

TMJ disc cells, hypoxia with inflammation has been found to 
modulate gene expression of matrix metalloproteinases and 
tenascin-C (Yamaguchi et al. 2005; Tojyo et al. 2008). Our 
recent studies on TMJ disc cells further demonstrate while 
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Abstract
The temporomandibular joint (TMJ) disc nutrient environment profoundly affects cell energy metabolism, proliferation, and biosynthesis. 
Due to technical challenges of in vivo measurements, the human TMJ disc extracellular nutrient environment under load, which depends 
on metabolic rates, solute diffusion, and disc morphometry, remains unknown. Therefore, the study objective was to predict the TMJ 
disc nutrient environment under loading conditions using combined experimental and computational modeling approaches. Specifically, 
glucose consumption and lactate production rates of porcine TMJ discs were measured under varying tissue culture conditions (n = 
40 discs), and mechanical strain-dependent glucose and lactate diffusivities were measured using a custom diffusion chamber (n = 6 
discs). TMJ anatomy and loading area were obtained from magnetic resonance imaging of healthy human volunteers (n = 11, male, 30 
± 9 y). Using experimentally determined nutrient metabolic rates, solute diffusivities, TMJ anatomy, and loading areas, subject-specific 
finite element (FE) models were developed to predict the 3-dimensional nutrient profiles in unloaded and loaded TMJ discs (unloaded, 
0% strain, 20% strain). From the FE models, glucose, lactate, and oxygen concentration ranges for unloaded healthy human TMJ discs 
were 0.6 to 4.0 mM, 0.9 to 5.0 mM, and 0% to 6%, respectively, with steep gradients in the anterior and posterior bands. Sustained 
mechanical loading significantly reduced nutrient levels (P < 0.001), with a critical zone in which cells may die representing approximately 
13.5% of the total disc volume. In conclusion, this study experimentally determined TMJ disc metabolic rates, solute diffusivities, and 
disc morphometry, and through subject-specific FE modeling, revealed critical interactions between mechanical loading and nutrient 
supply and metabolism for the in vivo human TMJ disc. The results suggest that TMJ disc homeostasis may be vulnerable to pathological 
loading (e.g., clenching, bruxism), which impedes nutrient supply. Given difficulties associated with direct in vivo measurements, this 
study provides a new approach to systematically investigate homeostatic and degenerative mechanisms associated with the TMJ disc.
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hypoxic conditions increase cell proliferation, decrease oxygen 
consumption, decrease adenosine triphosphate (ATP) produc-
tion, and decrease matrix synthesis, glucose is the limiting 
nutrient for TMJ disc cell viability (Cisewski et al. 2015).

Similar to other avascular tissues, critical nutrients required 
for TMJ disc cell metabolism and viability are supplied by 
blood vessels and synovial fluid at the disc margins (Piette 
1993). Within the disc, small nutrient solute (glucose and oxy-
gen) transport is mainly regulated by diffusion, since the con-
vective contribution of “pumping” small solutes is minimal 
(Selard et al. 2003; Ferguson et al. 2004; Yao and Gu 2007). 
Thus, the balance between nutrient/metabolite diffusion 
through the matrix and cell nutrient metabolism establishes a 
concentration gradient across the disc. Furthermore, previous 
studies demonstrated the diffusion of glucose and ions 
decreased with increased compressive strain in fibrocartilage 
tissues (Maroudas et al. 1975; Jackson and Gu 2009; Wu et al. 
2016). Therefore, by impeding solute diffusion, mechanical 
loading may further regulate the nutrient gradient across the 
TMJ disc (Kuo, Wright, et al. 2011; Wright et al. 2013).

Due to difficulties associated with direct in vivo measure-
ments (Urban et al. 2004), computational finite element (FE) 
models have been employed to predict the extracellular mecha-
nochemical environment inside fibrocartilaginous tissues 
under load (Selard et al. 2003; Ferguson et al. 2004). For the 
TMJ disc, previous FE analyses predicted mechanical stress 
distribution, fluid pressurization, and disc lubrication using 
elastic, nonlinear viscoelastic models (Koolstra and van Eijden 
2007; Tanaka et al. 2007; del Palomar et al. 2008) or poroelas-
tic or biphasic mixture models (Beek et al. 2003; Spilker et al. 
2009). However, the impact of joint loading on the TMJ disc 
nutrient environment remains unknown. As such, the study 
objective was to predict the extracellular nutrient environment 
in unloaded and loaded TMJ discs using combined experimen-
tal and computational modeling approaches. Specifically, 
nutrient metabolic rates, solute diffusivities, and TMJ anatomy 
and loading area were experimentally determined, with subject-
specific FE models developed to predict 3-dimensional (3D) 
nutrient profiles in unloaded and loaded human TMJ discs. 
Given its high cell density and oxygen consumption rate 
(OCR) (Kuo, Shi, et al. 2011) and low solute diffusivity 
(Wright et al. 2013), we hypothesized that the TMJ disc has a 
sensitive extracellular nutrient environment with steep nutrient 
gradients. Sustained mechanical loading could further impede 
TMJ disc nutrient transport, leading to steeper nutrient gradi-
ents and increased cellular susceptibility to pathological condi-
tions such as clenching or bruxism.

Materials and Methods

Specimen Preparation

Forty-six porcine heads (American Yorkshire, male, 6–8 mo) 
were collected from a local abattoir within 2 h of slaughter, and 
single TMJs were removed from each porcine head. TMJ discs 
were extracted and washed with 5 changes of phosphate-buffered 
saline (PBS). Specimen explants were harvested from each 

TMJ disc in 5 regions (anterior, intermediate, lateral, medial, 
and posterior) for cellular metabolic rate (n = 40 discs) and 
solute diffusion (n = 6 discs) experiments. Due to the scarcity 
of fresh healthy human TMJ disc tissue and similarities 
between porcine and human TMJ disc biomechanics and biol-
ogy (Kalpakci et al. 2011; Stembirek et al. 2012), porcine TMJ 
disc cellular nutrient metabolic rates and nutrient solute diffu-
sion properties are considered acceptable substitutes for the 
finite element modeling.

Cellular Metabolic Rates

After tissue dissection, TMJ disc explant volume was immedi-
ately measured in PBS following Archimedes’ principle (Kuo, 
Wright, et al. 2011). TMJ explants from each disc region were 
then minced and placed into 24-well plates (Fig. 1A). Wells 
were filled with fetal bovine serum–free Dulbecco’s modified 
Eagle’s medium (DMEM) (HyClone, Fisher Scientific) solu-
tions with 0.5, 1, 5, or 10 mM glucose. Prior to explant plating, 
the tissue culture incubator was preset to 2.5% or 5% oxygen, 
within the physiologic range for nondegenerate fibrocartilage 
(Heywood and Lee 2010). Glucose and lactate concentrations 
in each culture well were measured after 4 and 18 h (YSI 2700 
Select Biochemistry Analyzer; YSI, Inc.). Following each 
experiment, TMJ disc explants were digested and cell viabili-
ties were determined via trypan blue exclusion to confirm >90% 
viability. Cell counts were compared to reported porcine TMJ 
disc in situ cell density values (Kuo, Shi, et al. 2011). From the 
concentration change of culture medium, time interval, and cell 
numbers (cell density × tissue volume), TMJ disc cell glucose 
consumption (GCR) and lactate production (LPR) rates were 
calculated under the varying oxygen (2.5% and 5%) and glu-
cose conditions (0.5, 1, 5, or 10 mM) (Bibby et al. 2005).

Nutrient Solute Diffusivities

Cylindrical TMJ explants were punched from each disc region 
using a 5-mm corneal trephine (Fig. 1B). Superior and inferior 
TMJ disc explant surfaces were removed via sledge microtome 
to eliminate biconcavity (Wu et al. 2016). TMJ explant initial 
height was measured using a current-sensing micrometer (Kuo, 
Wright, et al. 2011; Wright et al. 2013), with each explant held 
at this initial height in the diffusion chamber to measure diffu-
sivity under 0% strain. Then, 500 µL of 20 mg/mL glucose 
with 10 mg/mL lactate mixed into normal PBS was pipetted 
into the upstream chamber, while 200 µL of concentrated PBS 
solution was pipetted into the downstream chamber to balance 
upstream osmotic pressure. The diffusion chamber was placed 
on a stir plate in an incubator to maintain 37°C, with active stir 
bars to prevent stagnant boundary layers. Glucose and lactate 
concentrations in the downstream chamber (Fig. 1B) were 
measured by YSI 2700 Select Biochemistry Analyzer every  
15 min until steady state was reached (same concentration 
within 5% measured 3 times concurrently), with each test last-
ing approximately 2 h. Following the final 15-min interval, 
TMJ disc explants were reequilibrated in PBS (~1 h) to wash 
out residual glucose and lactate. Following reequilibration, the 
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spacer in the diffusion chamber was adjusted to repeat experi-
mental measurements at 10% and 20% strain. Glucose and lac-
tate diffusivities were calculated at steady state for each strain 
increment (0%, 10%, and 20%) (Jackson and Gu 2009; Wu  
et al. 2016).

Subject-Specific FE Modeling

Eleven healthy human male volunteers (30 ± 9 y) underwent 
magnetic resonance imaging (MRI) (Echelon 1.5T; Hitachi 
America) under institutional approval, and 3D models of the con-
dyle, fossa, and disc were reconstructed (Amira v6.5; Thermo 
Fisher Scientific). To predict TMJ disc nutrient environment, 
subject-specific FE models were built from MRI-based 3D con-
dyle, disc, and fossa geometries (COMSOL), modeled with 0.4 
to 0.6 million second-order tetrahedral Lagrange elements.

Fick’s diffusion equation was used to model TMJ disc nutri-
ent metabolism and solute transport (Selard et al. 2003), with 
nutrient metabolic rates under the varying nutrient levels deter-
mined from the study in vitro cellular metabolic measurements. 
Strain-dependent glucose and lactate diffusivities in the FE 
model were collected from the study solute diffusion experi-
ments, and oxygen diffusivities were calculated using the empir-
ical constitutive relation reported in the literature (Urban et al. 
1977) (see Appendix). By correlating cell viability with glucose 
level, TMJ disc cell viability was predicted following the theo-
retical framework from fibrocartilage cells (Zhu et al. 2012). A 
linear relationship between pH and lactate concentration was 
used to calculate TMJ disc pH values (Selard et al. 2003).

Previous FE analysis and MRI imaging data have shown 
that changes in human TMJ disc thickness under physiologic 
joint loading is 15% to 20% (Koolstra and van Eijden 2005). 
In this study, the effect of TMJ disc compression under static 
biting on disc nutrient environment was simulated by mim-
icking the attenuated localized solute exchange through the 
loading surfaces and considering strain-dependent solute dif-
fusion in the loading region of the disc. Specifically, the con-
tact areas between the mandibular condyle, disc, and fossa 
were approximated using a previously reported minimal dis-
tance method (Gallo et al. 2000). Within the disc loading 
region between the superior and inferior contact areas, uni-
form strain distributions (i.e., nonloaded, 0% strain, 20% 
strain) and a 4-h loading period were assumed to predict the 
envelope of the effect of sustained mechanical loading on the 
TMJ disc nutrient environment. Accordingly, superior and 
inferior TMJ disc contact areas were defined as impermeable 
in the FE model to mimic localized blocking of solute 
exchange. Effect of compressive strain on solute diffusion 
was incorporated using the strain-dependent diffusivities 
from the study solute diffusion experiments. The detailed 
derivation of the diffusion governing equations and constitu-
tive relationships for the FE modeling are fully described in 
the Appendix.

Statistical Analysis

TMJ disc explant metabolic rates were analyzed for significant 
differences by oxygen level, glucose concentration, and disc 

Figure 1. Experimental designs to measure cellular metabolic rates and nutrient solute diffusivities. (A) Schematic of porcine temporomandibular 
joint (TMJ) disc explant harvest cultured in a 24-well culture dish with 0.5, 1, 5, or 10 mM glucose media in a low-oxygen (2.5% or 5% oxygen level) 
incubator. (B) Schematic of TMJ disc explant harvest and custom solute diffusion chamber.
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region using a 3-way analysis of vari-
ance (ANOVA), including a random 
effect for TMJ disc to accommodate 
within-disc correlation. Where sig-
nificant differences among nutrient 
conditions were detected, t tests 
(2.5% vs. 5% oxygen) or 1-way 
ANOVA with Tukey’s post hoc 
(among 4 glucose levels: 0.5, 1, 5, or 
10 mM) were used for pairwise com-
parisons. Differences in TMJ explant 
solute diffusivities by disc region and 
strain increment were determined by 
2-way ANOVA, including a random 
effect for disc, with Tukey’s post hoc 
test to determine pairwise differ-
ences. Similarly, differences in mini-
mum glucose and oxygen levels, 
maximum lactate level, minimum 
cell viability, and volume of critical zone (glucose level below  
0.5 mM) from the FE simulations were determined by loading 
condition using 1-way ANOVA with Tukey’s post hoc. All statis-
tical analyses were conducted using SPSS (version 23.0; SPSS, 
Inc.). Statistical significance was determined at P < 0.05, with 
descriptive statistics reported as mean ± standard deviation.

Results

Cellular Metabolic Rates

Decreasing oxygen level and increasing glucose concentration 
increased GCR (P = 0.033; Fig. 2A). GCR significantly 
increased with a decrease in oxygen level at 0.5 mM glucose  
(P = 0.031; 2.5% oxygen: 8.3 ± 5.5 nmol/million cells/h; 5% 
oxygen: 3.8 ± 2.4 nmol/million cells/h) and 1 mM glucose (P = 
0.028; 2.5% oxygen: 9.9 ± 4.4 nmol/million cells/h; 5% oxygen: 
6.6 ± 2.5 nmol/million cells/h) but not at 5 mM (P = 0.063) or  
10 mM glucose (P = 0.088). Under 2.5% and 5% oxygen condi-
tions, significant glucose effects were observed, with highest 
GCR at 10 mM glucose (2.5% oxygen: P < 0.001; 19.6 ±  
7.8 nmol/million cells/h; 5% oxygen: P < 0.001; 16.5 ±  
15.5 nmol/million cells/h) and lowest GCR at 0.5 mM glucose.

Similarly, LPR increased with decreasing oxygen level and 
increasing glucose concentration (P = 0.031; Fig. 2B). LPR sig-
nificantly increased with a decrease in oxygen level at 0.5 mM 
glucose (P = 0.001; 2.5% oxygen: 17.2 ± 5.5 nmol/million 
cells/h; 5% oxygen: 7.0 ± 3.4 nmol/million cells/h), 1 mM glu-
cose (P = 0.031; 2.5% oxygen: 17.5 ± 4.2 nmol/million cells/h; 
5% oxygen: 11.5 ± 3.8 nmol/million cells/h), 5 mM glucose  
(P = 0.004; 2.5% oxygen: 24.2 ± 3.9 nmol/million cells/h; 5% 
oxygen: 16.4 ± 6.0 nmol/million cells/h), and 10 mM glucose (P 
< 0.001; 2.5% oxygen: 33.7 ± 7.8 nmol/million cells/h; 5% oxy-
gen: 18.6 ± 9.8 nmol/million cells/h). Furthermore, a significant 
glucose effect was observed, with highest LPR at 10 mM glucose 
under 2.5% (P < 0.001) and 5% oxygen conditions (P < 0.001).

No significant regional differences were observed for GCR 
and LPR under varying oxygen (P = 1.0) or glucose levels (P = 

0.983), and results are reported as averages for each disc across 
all regions.

Glucose and Lactate Diffusivities

A significant strain effect was found for glucose and lactate 
diffusivities (P < 0.001; Fig. 3). Cross-region glucose diffusiv-
ity at 0% strain was 4.7 ± 1.6 × 10−7 cm2/s, decreasing at 10% 
strain to 3.7 ± 1.3 × 10−7 cm2/s (−21%) and at 20% strain to 2.7 
± 1.0 × 10−7 cm2/s (−27%). Lactate diffusivity was 7.9 ± 
2.0 × 10−7 cm2/s, 6.6 ± 1.6 × 10−7 cm2/s (−16%), and 5.2 ± 
1.3 × 10−7 cm2/s (−21%) for 0%, 10%, and 20% strains, 
respectively. No significant regional effect was found for 
strain-dependent glucose (P = 0.088) or lactate (P = 0.075) dif-
fusivities, and results are reported as averages for each disc 
across all regions.

Human TMJ Disc Nutrient Environment Prediction

From healthy TMJ disc nutrient environment FE models, 
physiologic ranges of glucose, lactate, and oxygen concentra-
tions without loading were 0.6 to 4.0 mM, 0.9 to 5.0 mM, and 
0% to 6%, respectively (Fig. 4). In the anterior and posterior 
bands, steep glucose and lactate concentration gradients were 
found. Except for disc surfaces, oxygen concentrations were 
lower than 2.5%. TMJ disc pH values ranged from 7.0 to 7.4 
without loading. A significant loading effect was found for 
minimum glucose and maximum lactate levels (P < 0.001) in 
the TMJ disc (Fig. 5A, B). The minimum glucose level 
dropped more than 50% in the loaded disc after 4 h (0% strain: 
0.3 ± 0.1 mM; 20% strain: 0.2 ± 0.1 mM) compared to the 
unloaded disc (0.6 ± 0.3 mM). By comparison, maximum lac-
tate level increased more than 32% in the loaded disc (0% 
strain: 6.6 ± 0.2 mM; 20% strain: 6.7 ± 0.1 mM) compared to 
unloaded disc (5.0 ± 0.3 mM).

Given fibrocartilaginous cells start to die when glucose lev-
els fall below 0.5 mM (Bibby and Urban 2004; Cisewski et al. 

Figure 2. Effect of nutrient levels (glucose and oxygen) on glucose consumption rate (GCR) and 
lactate production rate (LPR) of porcine temporomandibular joint (TMJ) disc cells. (A) GCR and (B) 
LPR (nmol/million cells/h) of TMJ disc explants versus glucose media concentration (0.5, 1, 5, and 10 
mM) and oxygen level (2.5 and 5%). *P < 0.05. Sample size n = 40 porcine TMJ discs (n = 5 discs for 
GCR and LPR experimental runs under each nutrient condition).
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2015), glucose levels were correlated with cell viability, allow-
ing cell death due to nutrient deficiency to be predicted. A sig-
nificant loading effect was found for minimum cell viability  
(P < 0.001) and critical zone volume where glucose concentra-
tions were less than 0.5 mM (P < 0.001) after 4 h of loading. 
Minimum cell viabilities dropped to 92.5% ± 5.4% and 87.4% 
± 5.2% under 0% and 20% strain loading conditions, respec-
tively (Fig. 5C). Critical zone volume increased from 0% of 
total disc volume under no loading to more than 13.5% of total 
disc volume under loading conditions (0% strain: 13.5% ± 
5.8%; 20% strain: 16.3% ± 6.3%) (Fig. 5D). In addition, cor-
relating lactate levels with pH values, an acidic extracellular 
environment was predicted inside the loading region (mini-
mum pH value: ~6.8 for both 0% and 20% strains).

Discussion
It has been postulated that alterations to TMJ disc nutrient sup-
ply trigger a cascade of events leading to disc degeneration 
(Yamaguchi et al. 2005; Tojyo et al. 2008; Kuo, Wright, et al. 
2011; Wright et al. 2013; Cisewski et al. 2015). However, 
given difficulties associated with in vivo measurements of the 
nutrient environment of fibrocartilaginous tissues, little is 
known about the nutrient profile within the human TMJ disc or 
the effect of loading on the extracellular nutrient environment. 
As such, the study objective was to predict the nutrient envi-
ronment in unloaded and loaded TMJ discs using combined 
experimental and computational modeling approaches.

Study results showed unloaded human TMJ disc has a sen-
sitive extracellular nutrient environment with steep nutrient 
gradients in the anterior and posterior bands. The minimum 
glucose level in the disc was ~0.6 mM, near the critical glucose 
level for fibrocartilage cell viability (0.5 mM) (Bibby and 
Urban 2004; Cisewski et al. 2015). Except for disc surfaces, 
the TMJ disc was predicted to be hypoxic (oxygen concentra-
tion lower than 1% in 90% of the disc volume) (Fig. 4B), 
unique from other fibrocartilage tissues (Zhou et al. 2004; 

Travascio and Jackson 2017). The 
delicate TMJ disc environment could 
be due to its unique tissue and cellular 
properties, with nutrient solute diffu-
sivities 30% to 70% lower, oxygen 
consumption rates 2 to 10 times 
higher, and cell densities 2 to 13 times 
higher than other fibrocartilages 
(Maroudas et al. 1975; Jackson and 
Gu 2009; Kuo, Shi, et al. 2011).

Study results demonstrated sus-
tained mechanical loading signifi-
cantly alters the nutrient distribution 
inside the TMJ disc by impeding sol-
ute transport, leading to steeper glu-
cose and lactate gradients (Fig. 4C). 
Restriction of nutrient supply and 
waste removal in the loaded disc were 
due to localized blocking of solute 

exchange through the loading surfaces and the impedance 
effect of compressive strain on diffusion. As shown in the in 
vitro diffusion experiments, glucose and lactate diffusivities 
decreased with increasing compressive strain, with significant 
differences at 20% compression. Strain effects on diffusivity 
are likely associated with fluid exudation and decreased tissue 
porosity under load, consistent with other fibrocartilaginous 
tissues (Maroudas et al. 1975; Jackson and Gu 2009; Wu et al. 
2016).

Study results further indicated nutrient deficiency due to 
abnormal sustained loading (e.g., clenching or bruxism) may 
result in homeostasis disruption and initiate cell death, poten-
tially associated with TMJ pathologies (Kuo, Wright, et al. 
2011; Wright et al. 2013). Energy metabolic experiments deter-
mined that TMJ disc cell GCR and LPR increased with decreas-
ing oxygen level or increasing glucose concentration, indicating 
TMJ cells are sensitive to oxygen availability and could switch 
to glycolysis under hypoxic conditions (Cisewski et al. 2015). 
FE analysis demonstrated that, in the hypoxic TMJ disc region, 
increased cell glycolytic rate could increase glucose demand, 
leading to steeper glucose gradients across the disc, and 
increase risks to cell viability under pathologic loading condi-
tions. By correlating critical glucose level with cell viability, 
sustained mechanical loading results in cell death in a critical 
zone greater than 13.5% of the total disc volume (Fig. 5C, D). 
Furthermore, while glucose may be the critical nutrient for 
TMJ disc cell survival, the production of ATP, collagen, and 
proteoglycan was severely inhibited under hypoxic conditions 
(Cisewski et al. 2015), indicating TMJ disc matrix synthesis 
homeostasis may be vulnerable to pathologic loading conditions.

Study limitations include the collection of cellular nutrient 
metabolic rates and nutrient solute diffusion properties from 
healthy male porcine TMJ disc tissue due to scarcity of fresh 
healthy human TMJ disc tissue. These properties from porcine 
TMJ discs are expected to be similar to human characteristics, 
given similarities in biomechanics and biology (Kalpakci et al. 
2011; Stembirek et al. 2012). Further validation is warranted 

Figure 3. Effect of compressive strain on regional distribution of glucose and lactate diffusivities in 
porcine temporomandibular joint (TMJ) discs. (A) Glucose and (B) lactate diffusivities of TMJ discs 
versus mechanical strain (0%, 10%, and 20%) and disc region (anterior, intermediate, lateral, medial, 
and posterior). Sample size n = 6 porcine TMJ discs: 6 (disc) × 3 (strain) × 5 (region) = 90 diffusivity 
measurements.
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once fresh healthy human TMJ disc tissue is available. FE 
model loading conditions were simplified to 4-h static com-
pression on the disc (Koolstra and van Eijden 2005), which 
rarely occurs in vivo (Raphael et al. 2012). Physiological load-
ing conditions (predominately dynamic) are anticipated to be 
more complex (Iwasaki et al. 2017; Wei et al. 2017), with the 
results from this study anticipated to capture the envelope of 
effect of joint loading on mechanobiological environment. 
Other factors such as sex, age, or disc displacement affecting 
TMJ disc nutrient environment (e.g., morphology, loading con-
ditions, hormone levels, synovial environment, and cell meta-
bolic behaviors) were not included, so further studies are 
highly necessary. As suggested by the clinical study Orofacial 
Pain: Prospective Evaluation and Risk Assessment (OPPERA), 
TMD is a complex “multifactorial” disease: a number of risk 
factors in many domains (e.g., genetic, environmental, behav-
ioral) may contribute to TMD development (Slade et al. 2013). 
Further systematic investigations of the risk factor interactions 
may help to better elucidate TMJ disc degeneration pathophys-
iology and TMD etiological mechanisms.

In conclusion, this study experimentally determined por-
cine TMJ disc metabolic rates, solute diffusivities, and human 

TMJ disc morphometry, and through subject-specific FE mod-
eling, it predicted the sensitive nutrient environment with steep 
nutrient gradients in healthy human TMJ disc and identified 
that TMJ disc homeostasis may be vulnerable to pathological 
sustained loading (e.g., clenching, bruxism), which impedes 
nutrient supply. Given difficulties associated with direct in 
vivo measurements, this study provides a new approach to fur-
ther investigate systematically homeostatic and degenerative 
mechanisms associated with the TMJ disc.
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