1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
JBiomech. 2010 May 7; 43(7): 1316-1321. doi:10.1016/}.jbiomech.2010.01.020.

The Region-Dependent Biphasic Viscoelastic Properties of
Human Temporomandibular Joint Discs under Confined
Compression

Jonathan Kuol, Lixia Zhangz, Thierry Bacro3, and Hai Yaol:2
1Department of Bioengineering, Clemson University, Clemson, SC

2Department of Craniofacial Biology, Medical University of South Carolina (MUSC), Charleston,
SC

SDepartment of Regenerative Medicine and Cell Biology, MUSC, Charleston, SC

Abstract

The objective of this study was to determine the biphasic viscoelastic properties of human
temporomandibular joint (TMJ) discs, correlate these properties with disc biochemical
composition, and examine the relationship between these properties and disc dynamic behavior in
confined compression. The equilibrium aggregate modulus (Hp), hydraulic permeability (k), and
dynamic modulus were examined between five disc regions. Biochemical assays were conducted
to quantify the amount of water, collagen, and glycosaminoglycan (GAG) content in each region.
The creep tests showed that the average equilibrium moduli of the intermediate, lateral, and medial
regions were significantly higher than for the anterior and posterior regions (69.75+11.47 kPa
compared to 22.0+5.15 kPa). Permeability showed the inverse trend with the largest values in the
anterior and posterior regions (8.51+1.36x10~1> m#/N compared with 3.75+0.72x10~1° m#/N).
Discs were 74.5% water by wet weight, 62% collagen, and 3.2% GAG by dry weight. Regional
variations were only observed for water content which likely results in the regional variation in
biphasic mechanical properties. The dynamic modulus of samples during confined compression is
related to the aggregate modulus and hydraulic permeability of the tissue. The anterior and
posterior regions displayed lower complex moduli over all frequencies (0.01-3 Hz) with average
moduli of 171.8-609.3 kPa compared with 454.6-1613.0 kPa for the 3 central regions. The region
of the TMJ disc with higher aggregate modulus and lower permeability had higher dynamic
modulus. Our results suggested that fluid pressurization plays a significant role in the load support
of the TMJ disc under dynamic loading conditions.
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INTRODUCTION

The temporomandibular joint (TMJ) is a load bearing joint with unique articular structure
and function (Werner et al., 1991). The TMJ disc, a fibrocartilaginous tissue, is a major
component of jaw function by providing stress distribution and lubrication in the joint
(Nickel and McLachlan, 1994a; Nickel and McLachlan, 1994b). The TMJ disc
pathophysiology, such as disc derangement, is central to many TMJ disorders (Stegenga et
al., 1989), which affects more than 10 million Americans. It is generally believed that
pathological mechanical loading, such as sustained mechanical loading during jaw
clenching, is the leading cause of TMJ disc derangement (Milam, 2005). Although the exact
mechanism has not been established, the understanding of the biomechanical behavior of the
TMJ disc is the first step to elucidate the pathophysiology of TMJ disorders.

The TMJ disc has a unique matrix composition and cell phenotype when compared to
hyaline cartilage and other fibrocartilaginous tissues (e.g., the intervertebral disc (VD) or
knee meniscus). The human TMJ disc is comprised mostly of water with a significant
amount of collagen (mainly type 1) and a very small amount of proteoglycans (Berkovitz
and Robertshaw, 1993; Nakano and Scott, 1989). Differences in biochemical composition
and structure distinguish the disc into three regions: the anterior band, intermediate zone,
and posterior band (Rees, 1954). Most recently, finite element models based on the well-
known biphasic (poroelastic) theory (Mow et al., 1980) have been developed to examine the
viscoelastic mechanical behavior and loading support mechanism of the human TMJ disc
(Beek et al., 2003; Donzelli et al., 2004). In these biphasic models, the TMJ disc tissue was
considered as a mixture of water phase and solid phase. However, the major limitation of
these models is the lack of realistic biphasic mechanical properties for the human TMJ disc.
Very few studies have been done to characterize the viscoelastic properties of the human
TMJ disc (Beek et al., 2001; Tanaka et al., 2000), most likely due to the limited access to
human specimens. In all published studies, the TMJ disc was treated as a single phase
viscoelastic solid. To our knowledge, only one study on the porcine TMJ disc has used a
biphasic model to fit the indentation data (Kim et al., 2003). The biphasic mechanical
properties, such as aggregate modulus and hydraulic permeability, have not been measured
for human TMJ disc tissues.

When hydrated soft tissues are subjected to dynamic compression of loading frequencies
higher than the characteristic frequency of the tissue, the interstitial fluid pressure will
increase significantly and the tissue becomes stiffer due to the fluid pressurization effect
(Soltz and Ateshian, 1998). Theoretical and experimental studies in articular cartilage and
IVD have shown that the fluid pressurization effect is related to the biphasic mechanical
properties of the tissue, such as hydraulic permeability and equilibrium compressive
modulus. This effect contributes significantly to the measured dynamic stiffness of the tissue
(Soltz and Ateshian, 2000; Yao et al., 2002).

It has been hypothesized that the compressive mechanical load on the human TMJ disc is
mainly supported by fluid through the fluid pressurization effect (Tanaka and van Eijden,
2003). A biphasic finite element model of the porcine TMJ disc showed that more than 90%
of the load during plowing experiments was supported by the fluid phase (Spilker et al.,
2009). However, it is not clear how the biphasic mechanical properties affect the dynamic
behavior of human TMJ disc tissue during compression. Therefore, the objective of this
study was to determine the regional biphasic viscoelastic properties, as well as dynamic
properties, of human TMJ discs in confined compression. Confined compression allows for
well controlled 1-D strain state experiments, and compared to indentation and unconfined
compression, fewer parameters are needed to be determined by the curve fit in order to
obtain more reliable results (Mow et al., 1980). The biochemical composition of the disc
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was also determined to correlate with the biphasic mechanical properties. The effect of the
aggregate modulus and permeability on the dynamic properties was examined to further
delineate the load supporting mechanisms in the TMJ disc under compression.

MATERIALS AND METHODS

Specimen preparation

Human TMJ discs from the left joint of fresh cadavers were extracted in conjunction with
the MUSC Gross Anatomy Laboratory under institutional approval. The discs were
immediately photographed, morphologically examined, and wrapped in gauze soaked in a
normal saline solution with protease inhibitors and stored at —80°C until mechanical testing.
It has been reported that mechanical properties of porcine discs were retained over five
freeze-thaw cycles (Allen and Athanasiou, 2005). Discs exhibiting physical signs of trauma,
such as fissures or bruises, were discarded. In total, twelve morphologically healthy TMJ
discs from twelve male human heads (mean age = 78 years) were sectioned and used for
mechanical testing. To limit the heterogeneity of the experiment, only samples from male
cadavers were used.

Cylindrical tissue plugs were obtained from the intermediate, posterior, anterior, lateral, and
medial regions of the TMJ disc (Figure 1a), using a 5mm corneal trephine. The plugs were
microtomed to remove the natural concave shape of the tissue with a sledge microtome
(Leica SM2400) and allow for a flat surface for the confined compression test. Thin layers
from both superior and inferior surfaces were removed to prepare disk shaped samples with
an average height of 1.4mm and a diameter of 5mm.

Mechanical testing

All mechanical tests were performed in PBS (pH 7.4) on a Perkin-Elmer 7e Dynamic
Mechanical Analyzer (DMA). The testing chamber with the sample was maintained at
37+0.5°C by a furnace with circulated cooling water. The precision of the DMA for force
was 0.5mN while the precision for displacement measurements was 0.5um. A uniaxial,
confined compression test chamber was used for testing (Figure 1b). The specimen was
confined laterally by a ring and compressed axially between a porous platen (20um average
pore size) on the bottom and the test probe (5mm nominal diameter) on top (Soltz and
Ateshian, 2000; Yao et al., 2002). Figure 1c shows schematically the mechanical testing
protocol which will be described in further detail. Prior to testing, measurements for the wet
weight and weight in PBS were taken to be used in calculating the water volume fraction of
the specimen.

The testing protocol of confined compression was similar to our previous studies on IVD
tissues and hydrogels (Yao et al., 2002; Gu et al., 2003). First, the specimen was subjected
to a minute compressive tare load (5mN) to measure specimen height prior to the addition of
PBS and this height served as the initial height for all mechanical tests. The specimen was
then compressed to the height corresponding to 10% compressive strain (relative to the
initial height). This offset strain was to ensure interdigitation between the porous platen and
the specimen and to fully confine the specimen at its periphery. The specimen was allowed
to reach equilibrium (~60 minutes) and the stress was then recorded. Second, a 2-hour creep
test was performed by applying a stress equal to 1.2 times the equilibrium stress at 10%
strain. Steady state was achieved after 2 hours of compression and the resultant creep strain
at the end of the creep test was on average 2—3% of the initial specimen height. This small
creep strain was chosen to satisfy the linear biphasic theory. Finally, the specimen was
subjected to a dynamic frequency scan test (0.01 to 3 Hz). The amplitude of the sinusoidal
dynamic stress was equal to 50% of the static offset stress (i.e. creep stress). The criterion
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for choosing the amplitude of the dynamic loading was based on the dynamic displacement
amplitude of the specimen at 3 Hz (=5 microns). Using this requirement, our pilot study
showed that the maximum dynamic strain, occurring at the lowest testing frequency (0.01
Hz), was less than 2.0%. Thus, the dynamic response of the specimen could be considered
within the linear range (Lee et al., 1981).

The equilibrium compressive aggregate modulus ( Hp ) and hydraulic permeability
coefficient ( k') were determined by curve-fitting the creep data to the biphasic theory
developed by Mow et al (Mow et al., 1980). The dynamic complex modulus and phase angle
were automatically recorded by the DMA over the frequency range of 0.01 to 3 Hz (Menard,
1999). After mechanical testing, each specimen was lyophilized for water, GAG and
collagen content measurements.

Volume fraction of water

The volume fraction of water for each specimen was determined in PBS (pH 7.4) using a
density determination kit (Sartorius YDKO1, Germany) and an analytical balance.
According to the Archimedes’ principle and biphasic assumption, the volume fraction of
water was determined by (Gu et al., 1996)

w_ Wiver — Wdl}‘ Ppgs
Wier = Wpgs P (1)

where W ¢t is Specimen wet weight, W pgs is the weight of specimen measured in PBS,
W gry is the dry weight, ppgs is the mass density of PBS (1.005 g/ml), and pyy is the mass
density of water. The volume fraction of solid (¢°) is related to the volume fraction of water

by ¢5=1 - ¢".

Collagen and GAG content

Biochemical analysis was performed on the lyophilized specimens. The total collagen
content was determined with a modified chloramine-T hydroxyproline assay (Bergman and
Loxley, 1970). Instead of using hydroxyproline standards, collagen standards (Accurate
Chemical and Scientific Corporation, Westbury, NY) were chosen for a more direct
comparison. The total glycosaminoglycans (GAG) content was quantified using the Blyscan
Glycosaminoglycan Assay kit (Biocolor, Newtonabbey, Northern Ireland), based on 1,9-
dimethylmethylene blue binding, with standards provided by the manufacturer.

Statistical analysis

RESULTS

The biphasic viscoelastic properties and biochemical quantities were examined for
significant differences among the five TMJ disc regions using SPSS statistic software. One-
way ANOVA and Tukey’s post hoc tests were performed to determine if significant
differences existed between regions. Linear regression was performed to correlate biphasic
properties with tissue composition. Statistical differences were reported at p-values < 0.05.

Creep compression behavior

The creep data were well fitted to the biphasic theory to determine the equilibrium
compressive aggregate modulus ( H p ) and hydraulic permeability (k) (Figure 2). The
aggregate moduli of the peripheral bands of the disc (anterior: 18.61+3.02 kPa and posterior:
25.44+7.27 kPa) were approximately 1/3 that of the regions running mediolaterally (medial:
59.81+11.2 kPa, intermediate: 74.93+10.99 kPa, and lateral: 74.51+12.23 kPa) (Figure 3a).
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Significant differences were also observed for hydraulic permeability (Figure 3b). The
anterior and posterior regions (anterior: 8.95+1.17x10~1% m#/N and posterior:
8.07+1.55x1015 m4/N) were ~40% more permeable than the central regions of the disc
(intermediate: 3.64+0.67x10715 m4/N, lateral: 3.74+0.78x1071> m4/N, and medial:
3.86+0.70x1015 m4/N). Therefore, a strong inverse relationship between aggregate
modulus and permeability was found with significant regional variation.

Dynamic compression behavior

The dynamic compression behavior of the human TMJ disc was highly frequency-
dependent. The complex modulus, a ratio of dynamic stress to dynamic strain, increased
with increasing frequency (0.01Hz to 3.0Hz) in all five disc regions (Figures 4a). The
anterior and posterior regions displayed lower complex moduli over all frequencies (average
complex moduli over 0.01-3Hz for peripheral regions: 171.8-609.3 kPa and central regions:
454.6-1613.0 kPa). The three central regions had complex moduli approximately 2.5-3
times greater in magnitude over all frequencies tested. The phase angle shift, a measure of
energy lost in one cycle of oscillation in a viscous deformation, decreased with increasing
frequency in all five disc regions (Figure 4b). The anterior region demonstrated a greater
phase angle over all tested frequencies indicating a greater viscous response during dynamic
compression.

Biochemical composition

Mean and standard deviation values of the water content (% wet weight), volume fraction of
water, total collagen content (% dry weight), and total GAG content (% dry weight) of
human TMJ discs were listed in Table 1 for each disc region. The average tissue water
volume fraction across the human TMJ disc was 80%. Significant differences were found
between the central 3 regions and the posterior region which contained ~3% more water by
total weight. Although it was not significantly different, anterior region samples on average
contained slightly more water. The average total collagen and GAG content were 62% and
3.2% by dry weight, respectively. There were no significant differences of total collagen and
GAG in disc regions for human TMJ discs.

Correlation between biphasic properties and tissue compaosition

The correlation between the aggregate modulus and water content, as well as the correlation
between the permeability and water content, was found statistically significant, as shown in
Figure 5. The aggregate modulus was negatively correlated with the water content (R=
—0.587, P<0.0001), while the hydraulic permeability positively correlated with the water
content (R=0.522, P<0.0003).

DISCUSSION

The confined creep data of human TMJ disc in this study were well fitted to the biphasic
model with an average R? value of 0.987. This result indicates that confined compression is
a reliable testing method to characterize biphasic properties of TMJ disc tissues. The
biphasic mechanical properties of the human TMJ disc in this study are substantially
different from the properties observed in cartilage from other human diarthrodial joints. In
this study, the average aggregate modulus of the human TMJ disc was 50.66 kPa which is
1/25 of human hip joint cartilage and 1/12 of human knee joint cartilage (Athanasiou et al.,
1994). The average permeability of the human TMJ disc was 5.652x10~1° m#/N which is 6
and 4 times higher than in human hip and knee cartilages, respectively (Athanasiou et al.,
1994). These results indicate that the human TMJ disc is much softer and permeable than
human hip and knee cartilage which is likely due to the difference of the tissue composition
and structure.
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The equilibrium aggregate modulus and permeability of cartilaginous tissues are highly
correlated with the water and proteoglycan content. It has been shown that the equilibrium
aggregate modulus for human cartilage correlates in an inverse manner with the water
content and in a direct trend with the proteoglycan content (Armstrong and Mow, 1982).
The hydraulic permeability is proportional to the water content (Yao and Gu, 2003), but
varies inversely with proteoglycan content (Maroudas, 1975). In this study, we confirmed
that the aggregate modulus of human TMJ disc negatively correlates with the water content,
while the hydraulic permeability positively correlates with the water content (Figure 5). The
correlation between the GAG content and biphasic properties, however, was not statistically
significant due to extremely low GAG content in human TMJ disc tissues. The average
water volume fraction of the human TMJ disc was 80% which is higher than the typical
value for adult human articular cartilage (75%) (Mow and Ratcliffe, 1997). Moreover, the
human TMJ disc has 3.2% (dry weight) total GAG content which is significantly lower than
that of human articular cartilage (15-25%) (Mow and Ratcliffe, 1997). The pig TMJ disc
has similar biochemical compositions to the human TMJ disc (Detamore et al., 2005). A
study by Kim et al using indentation tests reported that the porcine TMJ disc was much
softer and permeable compared to the human articular cartilage with the average aggregate
modulus of the porcine TMJ disc as 21 kPa and an average permeability of 24.1x10715 m#/
N (Kim et al., 2003).

Regional variations were detected for both aggregate modulus and permeability for human
samples with the anterior and posterior regions being significantly softer and more
permeable than the other regions of the disc. These regional differences are likely due to the
higher water content in the anterior and posterior regions compared to the central regions.
Beek et al. examined seven human discs under indentation compression on the anterior
band, intermediate zone, and posterior band (Beek et al., 2001). They reported a similar
observation that the modulus of the intermediate zone was approximately 2 and 3 times the
modulus of the anterior and posterior bands, respectively.

The dynamic modulus of the TMJ disc is much greater than the equilibrium modulus even at
a low frequency of 0.01Hz (Figure 3a and Figure 4a). This is due to the interstitial fluid
pressurization effect occurring within the tissue under dynamic loading conditions (Soltz
and Ateshian, 1998). Based on the biphasic theory, the value of the dynamic modulus of
hydrated soft tissue in the confined compression is proportional to Haa (for a > >1, which is
true for this study). o is an amplification factor, reflecting the effect of fluid pressurization

on dynamic modulus, and is given by: @=+/21/h*H, /k (where h is the thickness of the
sample) (Lee et al., 1981; Soltz and Ateshian, 2000). This relationship indicates that the
sample with higher aggregate modulus and lower permeability correlates to a higher
dynamic modulus. Using the biphasic mechanical properties obtained through creep

experiments in this study, the ratio of the value of y/H, / for the central regions to that of
the anterior and posterior regions was approximately 2.68, which agrees well with the
averaged modulus ratio (2.75) of the central regions to the anterior and posterior regions
over all loading frequencies (Figure 4a).

In our sample preparation, the superficial layers from the top and bottom surface were
removed by a sledge microtome to create flat surfaces for the confined compression test. For
the porcine TMJ disc, it has been reported that there is significant surface variation between
mechanical properties (Allen and Athanasiou, 2005). Therefore, it is necessary in the future
to examine the surface differences of the biphasic mechanical properties in human discs.

In summary, regional biomechanical and biochemical characterization of the human TMJ
disc was conducted to address the lack of data on human TMJ disc tissue currently available
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in the literature. Due to higher water content and lower GAG content, the human TMJ disc
is much softer and permeable when compared to the human articular cartilage. The central
regions of the disc have higher aggregate modulus and lower permeability when compared
to the anterior and posterior regions, which correlated to the region-dependent water content.
The dynamic modulus of the specimens in confined compression is related to the aggregate
modulus and the hydraulic permeability of the tissue as a result of the biphasic nature of the
tissue. The region of the TMJ disc with higher aggregate modulus and lower permeability
had a higher dynamic modulus. The fluid pressurization plays a significant role in the load
support of the TMJ disc under dynamic loading conditions.
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Figure 1.

(a) Schematic of specimen preparation. The region and size of test specimens are shown. (b)
Schematic of a uniaxial and confined compression test chamber. (c) Schematic of the
mechanical testing protocol.
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Figure 2.
Typical biphasic creep behavior of a human TMJ disc specimen. A good agreement is
shown between the theoretical prediction and the experimental result.
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Figure 3.

(a) Mean and standard deviation values for aggregate modulus of the five regions of interest.
Significant regional variations were detected. *P<0.05 compared to anterior and posterior
regions. (b) Mean and standard deviations for permeability of the five regions of interest.
Significant regional variations were detected. *P<0.05 compared to anterior and posterior
regions.
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Figure 4.

(@) Mean complex modulus of each region over the frequency range of 0.01-3Hz. The
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differences in magnitude between the regions indicate that the dynamic material properties
vary significantly across the disc surface. (b) Mean phase angle over five regions of interest.
The values remain constant for each region over high frequencies, but below ~1 Hz the
phase angle increases significantly. This increase in phase angle indicates a greater viscous
response during low frequencies.
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Figure 5.

(a) Correlation between the aggregate modulus and the water content. Significant negative
correlation was detected (R= —0.578, P<0.0001). (b) Correlation between the hydraulic
permeability and the water content. Significant positive correlation was detected (R=0.522,
P<0.0003).
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Table 1

Results (mean £ SD) of biochemical assays measuring water, total collagen, and total GAG content for each
region of human TMJ discs. Significant differences were only found for water content, showing the posterior
region contained a greater percentage of water than all other regions.

Water Content  Water volume  Collagen Content GAG Content

(% Wet Wt.) faction (%) (% Dry Wt.) (% Dry Wt.)
Anterior 74756 80.9+4.8 1.9+10.2 32+21
Intermediate 73527 79.0+3.0 60.2 +13.0 31+10
Lateral 73.0+£25 787+25 61.6+12.0 32+12
Medial 735%3.1 79.4+18 63.1+8.9 32+14
Posterior 785+5.2 82.8+45 62.5+14.7 33x15
Total 74542 80.0+3.6 62.0+11.4 32+14
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