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Abstract
This study investigated the effect of mechanical strain on solute diffusion in human TMJ discs
(mean cadaver age 77.8) using the electrical conductivity method. The electrical conductivity, as
well as small ion diffusivity, of male and female TMJ discs was determined under three
compressive strains. In the male group, the average disc electrical conductivity (mean ± sd) at 0%
strain was 5.14±0.97 mS/cm, decreased to 4.50±0.91 mS/cm (−12.3%) at 10% strain, and
3.93±0.81 mS/cm (−23.5%) at 20% compressive strain. Correspondingly, the average disc relative
ion diffusivity at 0% strain was 0.44±0.08, decreased to 0.40±0.08 (−8.9%) at 10% strain, and
0.36±0.08 (−16.7%) at 20% compressive strain. In the female group, the average disc electrical
conductivity at 0% strain was 5.84±0.59 mS/cm, decreased to 5.01±0.50 mS/cm (−14.2%) at 10%
strain, and 4.33±0.46 mS/cm (−25.8%) at 20% compressive strain. Correspondingly, the average
disc relative ion diffusivity at 0% strain was 0.49±0.05, decreased to 0.43±0.04 (−11.3%) at 10%
strain, and 0.39±0.04 (−19.9%) at 20% compressive strain. The results indicated that mechanical
strain significantly impeded solute diffusion through the disc. This mechanical strain effect was
larger in the female than in the male human TMJ disc. This study may provide new insights into
TMJ pathophysiology.
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INTRODUCTION
Temporomandibular joint (TMJ) disorders exert significant impact with estimated minimum
annual health care and societal costs of $4 billion 29. Women are about 3 times more likely
to be afflicted than men based on the recent OPPERA study 27. The TMJ is a load bearing
joint with a unique articular structure and function 31. The TMJ disc, a dense
fibrocartilaginous tissue, distributes stress and aids in lubrication of the joint 20. In
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approximately 30% of TMJ disorder patients, mechanical dysfunction of the TMJ disc,
especially displacement due to tissue degeneration, is a common event 1, 25. Degenerative
changes generally occur more than a decade earlier in the TMJ than other human joints (e.g.,
knee and hip) 21, 28. It is generally believed that pathological mechanical loading (e.g.
sustained jaw clenching or traumatic impact) triggers a cascade of molecular events leading
to TMJ disc degeneration 18. However, the link between pathologic mechanical loading at
the tissue level and the resulting biological response at the cellular/molecular level remains
poorly understood.

The normal adult human TMJ disc is a large avascular structure and the nutrients required
by the disc cells are supplied through diffusion by blood vessels and synovial fluid at the
margins of the disc 16, 24. A nutrient concentration gradient is established across the TMJ
disc based on diffusion from the nutrient rich periphery to the interior of the disc and is
balanced by the rate of nutrient consumption from the disc cells. The concentration gradient
has been shown to impact disc cell viability, matrix synthesis and composition, along with
response to inflammatory factors 30, 32. This suggests deviations from physiological levels
may initiate tissue remodeling and matrix degeneration. The rate of solute diffusion in tissue
is governed by solute diffusivities which are affected by the composition and structure of the
matrix, as well as mechanical strains on the tissue. Recently, we examined the effect of
mechanical loading on small ion diffusivity in porcine TMJ discs using the electrical
conductivity method. The results indicated that solute diffusivities in the TMJ disc are much
lower than the values in other cartilaginous tissues, and compressive strain significantly
impeded solute transport in the porcine TMJ disc 13. Moreover, our cell metabolic studies
have shown that porcine TMJ discs have higher cell densities and nutrient consumption rates
than articular cartilage and the intervertebral disc (IVD) 12. Therefore, it is likely that a
steeper nutrient gradient may exist in TMJ discs and is vulnerable to pathological events
which impede nutrient supply, including sustained joint loading due to jaw clenching.
Although pigs have been considered the best TMJ biomechanical experimental model 8, 19,
the mechanical and transport properties of TMJ discs have not been fully compared due to
the lack of human material property data. Especially, to our knowledge, the transport
properties (e.g., solute diffusivity) and the effect of mechanical loading on these properties,
in the human TMJ disc have not been determined. Such knowledge is important for
translating the research findings from an animal model to human.

The electrical conductivity method has been employed to determine the effect of mechanical
strains on ion diffusivities in hydrogels, IVD, and porcine TMJ discs 6, 9, 13. In these studies,
a relationship between ion diffusivities and the porosity of the material were also
determined. In this study, we adopted this method to study the impact of mechanical loading
on the solute transport in human TMJ discs. We hypothesized that the electrical conductivity
of the human TMJ disc was mechanical strain-dependent due to changes in tissue porosity
caused by tissue compression. In addition, we sought to determine the electrical conductivity
in both male and female subjects to investigate if there were sex differences. Therefore, the
objective of this study was to measure the electrical conductivity of male and female human
TMJ discs under three compressive strains in five disc regions.

MATERIALS AND METHODS
Specimen preparation

Human TMJ discs were harvested from the left TMJ of fresh cadavers in the MUSC gross
anatomy laboratory with institutional approval. Discs with visible signs of degeneration or
trauma were removed, leaving 12 male and 12 female discs for the study. The mean cadaver
age was 76.0±7.0 for males and 79.6±10.5 for females. The extracted TMJ disc was
wrapped in cellophane and placed into plastic bags. Saline moistened gauze was added to
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the bag to maintain humidity and prevent specimen dehydration. The disc sample was
immediately used for porosity and conductivity measurement. Care was taken to prevent
specimen dehydration during specimen preparation. Cylindrical plugs were punched from
five disc regions (anterior, lateral, intermediate, medial, and posterior) using a 5mm corneal
trephine (Figure 1a). The plugs were microtomed on a freezing stage to remove the natural
concave tissue shape and to allow for a flat surface during electrical conductivity
measurements. Each time, one plug was punched and microtomed in a moisture-controlled
dissection hood. The rest of the disc was wrapped and placed in the same sealed plastic bag.
Prior to the water content measurement, the specimen was thawed at room temperature for
20 minutes in a sealed plastic vial. The initial height of the specimen was measured by a
custom-designed electrical current sensing micrometer to avoid sample compression. The
prepared specimens (n=60 for male, n=60 for female) had an average height of 1.49±0.46
mm. Three conductivity measurements were made on each specimen corresponding to the
three levels of compressive strain (0%, 10%, and 20%) based on the initial height. Both
finite element analysis and MRI imaging data have shown that the change of human TMJ
disc thickness during normal joint motion is about 15–20% 11. The sustained mechanical
loading, such as bruxism, may induce 20–30% change of the disc thickness.

Porosity (water volume fraction) measurement
The porosity or water volume fraction of specimens at the undeformed state ( ) was
determined using a buoyancy method 33. Briefly, the weight of the specimens in air (Wwet)
and the weight in phosphate buffered saline (PBS) solution (WPBS) were measured using the
density-determination kit of a Sartorius analytical balance (Sartorius YDK01, Germany).
After measuring electrical conductivity, specimens were lyophilized and the dry weights
(Wdry) were recorded. According to Archimedes’ principle and the biphasic assumption, the
water volume fraction was determined by:

(1)

where ρPBS is the mass density of PBS (1.005 g/ml), and ρw is the mass density of water.
The TMJ disc tissue was considered as a biphasic mixture, consisting of solid phase and free
water phase. Both phases are assumed to be incompressible. Thus, the water volume fraction
of the specimen at different compression levels (φw) can be calculated by 15:

(2)

where e is the tissue dilatation. Considering one-dimensional confined compression in this
study, the tissue dilatation is equal to the compressive strain.

Electrical conductivity measurement
In this study, the impact of mechanical strain on electrical conductivity of human TMJ disc
was examined in the superior-inferior direction only. This was achieved by using a confined
chamber to ensure that the applied mechanical strain and measured electrical conductivity
were aligned in the same direction. The superior-inferior direction is the main transport
route in the TMJ disc due to its short diffusion distance compared to the anterior-posterior
and medial-lateral directions. The electrical conductivity was measured based on the
principle of a four wire resistance test using a Keithley Sourcemeter (Model 2400, Keithley
Instruments, Inc., Cleveland, OH) and a custom designed conductivity chamber reported
previously 4, 13. Briefly, the conductivity apparatus consists of two stainless steel current
electrodes coaxial to two Teflon-coated Ag/AgCl voltage electrodes placed on the top and
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bottom of a cylindrical nonconductive Plexiglass chamber (5mm diameter). The specimen
was placed inside the chamber for measurement and compression (Figure 1b). The
resistance (R) values across the specimens were measured at a low, constant current density
of 0.015 mA/cm2. The height of the specimen was measured with an electrical current
sensing micrometer. The electrical conductivity ( ) values of the specimens were calculated
by:

(3)

where h and A are the height and cross-sectional area of the specimens, respectively. The
precision for the resistance measurements was 0.5 Ω while the height measured with an
accuracy of ±1.0 μm. The electrical conductivity of the specimen was measured at 0%, 10%,
and 20% compression levels. The confined compression of the tissue specimen was
achieved by lowering the micrometer to the desired height (Figure 1b) and fluid was allowed
to exude from the sample through a small clearance between the chamber and the current
electrodes. A resistance measurement was taken at a 15 minute interval after the specimen
was compressed to ensure the sample had reached equilibrium with no fluid exudation. The
influence of the order of the strain level on the electrical conductivity was not examined in
this study, since the order of the strain level is not expected to affect the equilibrium
response. All conductivity tests were performed in a bathing solution of PBS at a
physiological concentration of 0.15M (pH 7.4) at room temperature (22°C).

Ion diffusivity calculation
Under a zero fluid flow condition, the measured electrical conductivity ( ) of a tissue in
NaCl solution is related to intrinsic cation and anion diffusivities (Di, i = +, − ) by 3, 17:

(4)

where Fc is the Faraday constant, R is the gas constant, T is the temperature, c+ is the cation
ion concentration, and c− is the anion concentration. The TMJ disc was considered as
uncharged in this study, since biochemical studies have shown that the GAG content of
human and porcine TMJ discs is very low (< 4% dry weight) compared to hyaline cartilage
and the IVD 2, 14. More importantly, the high ionic concentration of bathing solution (0.15
M) assured a small osmotic effect on the diffusion process. For uncharged tissues in NaCl
solution, the relative diffusivity (D/D0) of NaCl is simply related to the relative conductivity
by 6:

(5)

where D is the mean ion diffusivity of Na+ and Cl− in tissue, D0 is the mean ion diffusivity
in the bathing solution, χ is the electrical conductivity of the tissue, and χ0 is the
conductivity of the bathing solution. In our analysis, Na+ and Cl− were assumed to carry the
electrical current because these ions are the primary ionic components of PBS.

Statistical analysis
The electrical conductivity, porosity, and relative ion diffusivity were determined for each
specimen (5 regions per disc) under three compressive strains. Mixed effects analysis of
variance (ANOVA) was used to investigate the main and interaction effects on each
outcome of disc region, strain, sex, and age. The models accommodated correlations among
measurements from the same disc both within and between the three strains, allowing that
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measurements on a disc from the same region may be more highly correlated than
measurements from different regions. SAS/STAT® software version 9.3 (SAS Institute Inc.,
Cary, NC) was used for statistical analyses and statistical significance was determined at p-
values < 0.05. Pilot data analyses showed that none of the main and interaction effects
involving region or age emerged as statistically significant. Hence subsequent analyses were
performed using the average response among the 5 regions for each disc at each strain. Two-
way mixed effects ANOVA incorporating a random effect for disc was used to assess the
effects of strain and sex on this average outcome.

RESULTS
Electrical conductivity

The effects of compressive strain on electrical conductivity in the five disc regions are
shown in Figure 2a. No significant regional variation was detected at all strain levels in both
the male and female groups. However, there was a significant decrease in electrical
conductivity with increases of compressive strain in all five disc regions in both the male
and female groups (p<0.0001). In the male group, the average disc electrical conductivity
(mean ± sd) at 0% strain was 5.14±0.97 mS/cm, decreased to 4.50±0.91 mS/cm (−12.3%) at
10% strain, and 3.93±0.81 mS/cm (−23.5%) at 20% strain (Figure 3a). In the female group,
the average disc electrical conductivity at 0% strain was 5.84±0.59 mS/cm, decreased to
5.01±0.50 mS/cm (−14.2%) at 10% strain, and 4.33±0.46 mS/cm (−25.8%) at 20% strain
(Figure 3a). The electrical conductivity was higher in the female than in the male TMJ disc,
although the differences were not statistically significant (p=0.08). Interestingly, the
interaction between strain and sex was found to be statistically significant (p=0.0004). The
impact of the mechanical strain on the electrical conductivity was higher in the female TMJ
disc compared to the male.

Porosity (water volume fraction)
The effect of compressive strain on tissue porosity (water volume fraction) in the five disc
regions is shown in Figure 2b. No significant regional variation was detected at all strain
levels in both the male and female groups. However, there was a significant decrease in
tissue porosity with increases of compressive strain in all five disc regions in both the male
and female groups (p<0.0001). In the male group, the average disc porosity at 0% strain was
0.760±0.011, decreased to 0.733±0.012 (−3.6%) at 10% strain, and 0.700±0.014 (−7.9%) at
20% strain (Figure 3b). In the female group, the average disc porosity at 0% strain was
0.770±0.014, decreased to 0.745±0.016 (−3.2%) at 10% strain, and 0.713±0.018 (−7.4%) at
20% strain (Figure 3b). The porosity was higher in the female than in the male TMJ disc,
although the differences were not statistically significant (p=0.0533). The interaction
between strain and sex was found statistically significant (p=0.0218), even though the
magnitude of this effect appears very small.

Ion diffusivity
Electrical conductivities of PBS at 22°C were measured using an Orion conductivity meter
(Model 150Aplus, Beverly, MA). The value of 15.5 mS/cm for solution conductivity was
used to normalize the measured conductivity data of tissues to calculate the relative ion
diffusivity. The effect of compressive strain on relative ion diffusivity in the five disc
regions is shown in Figure 2c. No significant regional variation was detected at all strain
levels in both the male and female groups. However, there was a significant decrease in ion
diffusivity with increases of compressive strain in all five disc regions (p<0.0001). In the
male group, the average disc relative ion diffusivity at 0% strain was 0.44±0.08, decreased
to 0.40±0.08 (−8.9%) at 10% strain, and 0.36±0.08 (−16.7%) at 20% strain (Figure 3c). In
the female group, the average disc relative ion diffusivity at 0% strain was 0.49±0.05,
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decreased to 0.43±0.04 (−11.3%) at 10% strain, and 0.39±0.04 (−19.9%) at 20% strain
(Figure 3c). The relative ion diffusivity was higher in the female than in the male TMJ disc,
although the differences were not statistically significant (p=0.1502). The interaction
between strain and sex was found statistically significant (p=0.0004). The impact of the
mechanical strain on the relative ion diffusivity was higher in the female TMJ disc
compared to the male.

DISCUSSION
The objective of this study was to investigate the effect of mechanical strain on small ion
diffusivity in human TMJ discs using the electrical conductivity method. The measured
electrical conductivity and calculated ion diffusivity from this study indicated that
compressive mechanical strain significantly impeded solute diffusion through the disc. Our
results further indicated that this mechanical strain effect was larger in the female than in the
male human TMJ disc.

The decrease in electrical conductivity with increasing mechanical strain in the human TMJ
disc was mainly due to the porosity (water volume fraction) reduction caused by increasing
compression (Figure 4). Tissue compression caused fluid exudation and a corresponding
decrease in tissue porosity. The reduction in porosity resulted in decreased ion diffusivity in
the tissue and subsequently decreased electrical conductivity 6, 9. This is in agreement with
previous studies reporting decreasing diffusivity of solutes with increasing static
compressive strain in articular cartilage 22, 23, IVD tissues 10, 34, and porcine TMJ discs 13.
The strain-dependent electrical conductivity and ion diffusivity indicated that mechanical
strain impeded solute transport in human TMJ discs. Moreover, the impact of mechanical
strain on ion diffusivity was larger in the female than in the male TMJ disc. Figure 4 showed
the association between the electrical conductivity and the porosity for the male and female
human TMJ discs. It seems that the electrical conductivity of the female disc is more
sensitive to the change of the tissue porosity due to the mechanical strain. This suggested
that a subtle tissue structure difference might exist between the male and female TMJ discs.
However, to our knowledge, there is no study to quantitatively compare the biochemical
composition (e.g., water, GAG, and collagen contents) and tissue structure (e.g., fiber
density and orientation) in human male and female TMJ discs. This will be a very
interesting thing to look at in our next study. The pathological implication of this finding
needs to be further explored. Although the recent OPPERA study confirmed a long standing
report of 3 to1 incidence of females to males for TMJ disorders 27, the causes of such a sex
disparity are still poorly understood.

In our previous study of porcine TMJ discs, transport properties were region-dependent with
the electrical conductivity and ion diffusivity in the anterior region significantly higher than
in the posterior region. This regional difference is likely due to the significant differences of
tissue porosity between these two regions in the porcine TMJ disc. In contrast, no significant
regional variation of tissue porosity was found in the human TMJ disc. The diffusive
transport in both porcine and human TMJ discs was dependent upon tissue composition.
Consequently, the electrical conductivity and ion diffusivity were not region-dependent in
the human TMJ disc.

The electrical conductivity and tissue porosity of cartilaginous tissues were compared and
are listed in Table 1. The electrical conductivity in human TMJ discs was the lowest
compared with human articular cartilage and human annulus fibrosis. The lower solute
diffusion in the human TMJ disc is likely due to a lower tissue porosity compared to other
human cartilaginous tissues. The normal adult TMJ disc is a large avascular structure 16, 24,
so the nutrients required by disc cells are supplied through diffusion. This study showed that
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solute diffusivities in the human TMJ disc are lower than the values in other human
cartilaginous tissues, and compressive mechanical strain can further impede solute diffusion
in the human TMJ disc. Moreover, the TMJ disc has a higher cell density and nutrient
consumption rates than in articular cartilage and the IVD 12. Therefore, it is likely that a
steeper nutrient gradient may exist in human TMJ discs and might be vulnerable to
pathological events which impede nutrient supply, including sustained joint loading due to
jaw clenching. The strain distribution in the TMJ disc in vivo is complex and can be
determined through finite element analysis 11. The strain-dependent diffusivity established
in this study needs to be incorporated into finite element models to assess the overall impact
of physiological/pathological loading on solute transport in human TMJ discs.

The electrical conductivity and tissue porosity of the human TMJ disc in this study were
much higher than the values of porcine TMJ discs (Table 1). It is unclear whether this
difference is an intrinsic difference between the species, or due to sample ages. The human
TMJ discs were harvested from old donors (>70 yr), while the porcine TMJ discs were
collected from young pigs (6–8 month) 13. The donor age may affect the tissue composition
and structure of human TMJ disc, resulting in the change of the material properties, such as
electrical conductivity. Thus, it is necessary to further examine the age effect in future
studies. In this study, the electrical conductivity was measured in the superior-inferior
direction. However, considering the fiber structure of the TMJ disc, the diffusion in the TMJ
disc is significantly anisotropic 26. Although the superior-inferior direction is the main
transport route in TMJ disc, the impact of mechanical strain on solute diffusion in the
anterior-posterior and medial-lateral directions still needs to be examined. It is also
necessary to determine the impact of mechanical strain on the diffusivities of other essential
solutes, such as oxygen and glucose. In summary, the effect of mechanical strain on small
ion diffusivity in human TMJ discs was investigated using electrical conductivity methods.
The results indicated that mechanical strain significantly impeded solute diffusion through
the disc. This mechanical strain effect was larger in the female than in the male human TMJ
disc. Although pigs have been considered as a good animal model to study human TMJ disc
mechanics, the similarity in terms of tissue material properties still needs further validation.
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Figure 1.
(a) Schematic of specimen preparation. The region and size of test specimens are shown. (b)
Schematic of apparatus for measuring electrical conductivity, consisting of two stainless
steel current electrodes, two Ag/AgCl voltage-sensing electrodes, a nonconductive
Plexiglass chamber, a current sensing micrometer, and a sourcemeter.
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Figure 2.
Effect of compressive strains on regional distribution of electrical conductivity (a), porosity
(water volume fraction) (b), and relative ion diffusivity of human TMJ disc (c). Mixed
effects ANOVA as described in the Statistical Analysis section confirmed the lack of
significant difference in outcomes among the disc regions and among two-factor interactions
between disc region and strain or sex or age of disc donor.
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Figure 3.
The effect of sex on the strain-dependent electrical conductivity (a), porosity (water volume
fraction) (b), and relative ion diffusivity of human TMJ disc (c). Note that the average value
of the five regions from the same disc (male n=12, female n=12) were used to represent the
outcomes of that disc since the regional variations were found not statistically significant in
this study.
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Figure 4.
Association between the electrical conductivity and the porosity (water volume fraction).
Each dashed line depicts the data for one disc.
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Table 1

Comparison of electrical conductivity and tissue porosity in an unstrained state between the TMJ disc and
other cartilaginous tissues (mean±sd).

Electrical conductivity (mS/cm) Water volume faction (porosity) Reference

Human TMJ disc (male) 5.14±0.97 0.760±0.011 Present study

Human TMJ disc (female) 5.84±0.59 0.770±0.014 Present study

Porcine TMJ disc 2.97±0.90 0.726±0.038 Reference [13]

Human articular cartilage 6–10 ~0.8 Reference [7]

Porcine annulus fibrosis 5.60±0.89 0.74±0.03 Reference [5]

Human annulus fibrosis 7.5±0.8 0.80±0.02 Reference [9]
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