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Structured Abstract

Objectives—To investigate the ploughing mechanism associated with tractional force formation
on the temporomandibular joint (TMJ) disc surface.

Setting and Sample Population—Ten left TMJ discs were harvested from 6-to 8-month-old
male Yorkshire pigs.

Materials and Methods—Confined compression tests characterized mechanical TMJ disc
properties, which were incorporated into a biphasic finite element model (FEM). The FEM was
established to investigate load carriage within the extracellular matrix (ECM) and the ploughing
mechanism during tractional force formation by simulating previous in vitro plough experiments.

Results—Biphasic mechanical properties were determined in five TMJ disc regions (average
tstandard deviation for aggregate modulus: 0.077+0.040 MPa; hydraulic permeability:
0.88+0.37x1073 mm*/Ns). FE simulation results demonstrated that interstitial fluid pressurization
is a dominant loading support mechanism in the TMJ disc. Increased contact load and duration led
to increased solid ECM strain and stress within, and increased ploughing force on the surface of
the disc.

Conclusion—Sustained mechanical loading may play a role in load carriage within the ECM
and ploughing force formation during stress-field translation at the condyle—disc interface. This
study further elucidated the mechanism of ploughing on tractional force formation and provided a
baseline for future analysis of TMJ mechanics, cartilage fatigue and early TMJ degeneration.
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1| INTRODUCTION

Temporomandibular disorders (TMD) are a collective of common musculoskeletal
conditions where approximately 70% of patients have TMJ disc problems! and degenerative
joint disease occurs a decade earlier compared to other synovial joints. TMJ surface
incongruence has been suggested as a contributing factor.2 Understanding TMJ disc
biomechanics is a first step to elucidate how TMJ cartilage develops early mechanical
fatigue and degenerative joint disease.

The TMJ is a load-bearing joint consisting of the mandibular condyle, the fossa and
eminence of the temporal bone, and a fibrocartilaginous disc held between the articulating
surfaces. During jaw motion, the disc serves to distribute stress and lubricate surfaces. Under
load, the sandwiched TMJ disc is repeatedly subjected to tangential tractional forces which
are a potential source for mechanical fatigue.3# The tractional forces are primarily
ploughing forces caused by deformation of the disc extracellular matrix (ECM) solid
component, and pressurization of the fluid component, as the loaded condyle moves.3->6

Ploughing forces were found to be orders of magnitude larger than frictional forces.34
Previous in vitro and in vivo studies have demonstrated that tractional forces on the TMJ
disc surface varied depending on stress-field velocity and geometry.” Effects of solid matrix
deformation and fluid pressurization on ploughing force formation remain unknown.

Due to the difficulties associated with measurements in vivo, computational finite element
models (FEM) have been employed to simulate jaw function and predict the biomechanical
environment inside the TMJ8-10 using single-phase elastic or viscoelastic material
properties. However, this neglects the role of load carriage by interstitial fluid pressurization
in the TMJ disc. Theoretical and experimental findings have shown that interstitial fluid
plays an important role in load carriage.11-14 Previously,1° the TMJ disc was assumed to be
a mixed material with solid and interstitial fluid components, and biphasic theory® was used
to predict load distribution during small jaw movements. More recently, contact loading
patterns during in vitro ploughing experiments were predicted using biphasic FEM,12.13 put
were based on mechanical properties from the literature.

The objective of this study was to measure TMJ disc mechanical properties and use these
data in a biphasic FEM to test the hypothesis that fluid pressurization inside the TMJ disc
influences load carriage between ECM solid and fluid components and is integral to the
formation of ploughing forces during stress-field translation.
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2 | MATERIALS AND METHODS

2.1 | Confined compression tests

To establish constitutive relations for the FEM, biphasic mechanical properties of porcine
TMJ discs were measured using confined compression tests. Left TMJ discs were harvested
from the heads of 6-to 8-month-old male Yorkshire pigs obtained within two hours post-
mortem. Discs exhibiting fissures or bruising were discarded. Ten extracted discs were
photographed, morphologically examined and wrapped in gauze soaked in a normal saline
solution with protease inhibitors and stored at —80°C until mechanical tests were performed.
The mechanical properties of porcine discs were reported to not significantly differ over a
series of five freeze-thaw cycles.l’

Cylindrical tissue plugs (N=10/region) were obtained from anterior, intermediate, lateral,
medial and posterior regions of each TMJ disc (Figure 1A), using a 5-mm corneal trephine
(Biomedical Research Instruments Inc., Silver Spring, MD). Thin layers from the superior
and inferior surfaces were removed via sledge microtome (Model SM2400, Leica
Instruments, Nussloch, Germany) with a freezing stage (Model BFS-30, Physitemp
Instruments Inc., Clifton, NJ) to eliminate the biconcave shape and allow for flat surfaces
during testing. The resulting specimens averaged 5 mm in diameter and 1 mm in thickness.

Compression tests were performed in phosphate-buffered saline (PBS, pH 7.4, 37°C) using a
mechanical tester (Dynamic Mechanical Analyzer (DMA) Q800, TA Instruments Inc., New
Castle, DE) with 0.1 um and 0.1 mN precision. The confined compression testing protocol
was similar to those of previous studies®19 (Figure 1A,B). Firstly, the specimen height was
measured with a small compressive tare load (0.01 N) before injection of PBS into the
testing chamber. The equilibrium swelling stress of the specimen in PBS (after ~60 minutes)
was measured while probe position was held constant. Secondly, a 2-hour creep test was
performed by applying a compressive stress (1.2 times equilibrium swelling stress) on top of
the specimen and recording viscoelastic deformation. The equilibrium compressive
aggregate modulus (H,4) and hydraulic permeability (K) were then determined by curve-
fitting creep data to biphasic theory.1® The load amplitude criterion for the creep test was
based on linear biphasic theory assumptions made during curve fitting for small creep strain
(<5%)_18,19

A buoyancy method was used to determine the porosity (water volume fraction) of the disc
specimens.20 The density-determination kit of an analytical balance (Sartorius Corp.,
Gottingen, Germany) was used to measure the specimens’ wet weights in air (Wyt) and
PBS (Wpgs). After the mechanical testing, specimens were lyophilized using a freeze-dry
system (Labconco Corp., Kansas City, MO) for dry weight measurements (Wgyy). The
porosity (¢") was determined by

=~ Wary PpBs
— Wpps Py,

W
wo_ wet
¢ - Wwet (1)

where ppgs and py, are PBS and water densities, respectively.
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Aggregate moduli, hydraulic permeabilities and porosities data were tested for statistically
significant differences amongst regions (SPSS 16.0, IBM, NY). One-way ANOVA and
Tukey’s post hoc tests were performed with significant differences defined by A<.05.

2.2 | FEM of in vitro ploughing experiments

To simulate the in vitro ploughing experiments reported previously,3# a numerical model
with 7242 hexahedral elements was built using open source software (FEBIio.org, Salt Lake
City, UT) and the confined compression test results. In the FEM, the disc material was
considered biphasic, with solid and fluid components, while the indenter was assumed to be
a rigid body (Table 1). The FEM simulation incorporated reported in vitro testing
protocols3# (Figure 2A). In millimetres, the geometry of the TMJ disc strip was 24 (length)
x6 (width)x2 (thickness). Static compressive loads of 1, 5 or 10 N were applied on the
indenter. The stress relaxation period was either 10 or 60 seconds, after which the indenter
was oscillated £4 mm mediolaterally for four sliding cycles (3.5 Hz). Biphasic contact with
an augmented Lagrangian control method was used for the sliding boundary between disc
and indenter.2! Plus, a biased mesh was used on the initial contact area to decrease rapid
variation of the fluid pressure.

Validation of FEM output was performed by comparing computed total normal compressive
stresses under the disc with reported in vitro pressure gauge data.34

3 | RESULTS

3.1 | Measured properties

There was good agreement of the creep data with biphasic theory as evidenced by average
R2=0.99 for all specimens (eg Figure 1C). Creep data were used to determine aggregate
modulus (H4) and hydraulic permeability (k) for each specimen (Figure 1C). No significant
regional differences (Table 1) were found for aggregate moduli (P=.231, Figure 1D);
hydraulic permeability (P=.195, Figure 1E); or porosity (P=.940, Figure 1F). Overall
averages (xSD), by combining results from all regions, for aggregate modulus, hydraulic
permeability and porosity, were 0.077+0.040 MPa, 0.88+0.37x1073 mm#/Ns and
65.34+7.26%, respectively (Table 1).

3.2 | FEM simulation

The loading configuration (7.6 N compressive load; 3.5 Hz sliding frequency; Figure 2A)
from the in vitro ploughing experiments was applied3# and FEM output validated by
comparing indenter vertical displacement profile and magnitude (Figure 2B) and predicted
total normal stresses at pressure gauges (PG) 4-6 (Figure 2C), with measured experimental
data.34

Fluid pressure (ofiuid pressure), Normal solid stress (osolig stress) and total tissue normal

compressive stress (oiotal stress) iNSide the porcine TMJ discs during stress-field translation
were simultaneously obtained from the biphasic FEM (Figure 3A). Peak fluid pressure and
total tissue normal compressive stress were one order of magnitude higher than the normal
solid stress. Peak normal solid stress and fluid pressure markedly increased to one order of
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magnitude higher after compressive loads were increased from 1 to 10 N. In contrast,
biomechanical response changes inside the disc were relatively smaller after load duration
was increased from 10 to 60 seconds. Correspondingly, the fluid support ratio (fluid
pressure/total tissue normal stress) increased 11% and 20% after compressive loads
increased from 1 to 5 and 10 N, respectively, whereas it dropped approximately 2% after
load duration was increased from 10 to 60 seconds (Figure 3B). Compared to 1 N
compressive load effects, tractional forces on the indenter increased by 57 and 173 times
while compressive strain increased 140% and 224% under 5 and 10 N compressive loads,
respectively. After load duration was increased from 10 to 60 seconds, tractional force and
compressive strain showed maximum increases of 19% (Figure 3C) and 4% (Figure 3D),
respectively, under a 10 N compressive load.

4 | DISCUSSION

This study created and tested a new biphasic FEM to investigate ECM load carriage and
ploughing. The loading parameters were consistent with in vivo data where average
nocturnal TMJ forces of <10 N22 and peak TMJ stress-field translation velocities of <40
mm/s23 were reported. The biomechanical responses determined by the new FEM were in
the same range as those from previous in vitro ploughing experiments3# and simulation
studies.12:13 The disc’s fluid component sustained >80% of the compressive load during
ploughing. These data further validated the hypothesis that interstitial fluid pressurization is

a dominant element concerning TMJ disc load bearing, stress distribution and lubrication.
11-14,24,25

The FEM also showed that increased magnitude and duration of the compressive load
produced increased solid matrix deformation and increased ploughing-related tractional
force due to loss of interstitial fluid pressurization. Although fluid pressurization played a
protective role by increased fluid support with increased load, the consequences of increased
duration of load resulted in fluid pressure dissipation and larger solid matrix stress and
ploughing force. Hence, one possible mechanism for disc fatigue could be chronic TMJ
loading, which leads to elevated solid matrix strain and larger ploughing forces.

The use of confined compression tests to obtain appropriate TMJ disc material properties for
the current FEM is supported by the excellent fit (average £2=0.99) of creep data with
biphasic theory. Compared to results from previous indentation compression studies,14.26
current results showed the average aggregate modulus (0.077 MPa) was approximately 2—-3
times greater, and the average hydraulic permeability (0.88x1073 mm#/Ns) was one order of
magnitude lower, possibly due to differences in testing configurations.

In contrast to the inhomogeneous properties of human TMJ discs,18 the porcine TMJ discs
used had homogenous compressive moduli, which may be due to the young age of the pigs.
Also, the disc superficial layers were removed. Future research should consider if there are
age and surface effects on the biphasic properties of TMJ discs.

The current FEM did not include strain rate-dependent non-linear tensile behaviour of the
TMJ disc. This likely created errors in estimated tractional forces during rapid stress-field
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translation. The in vitro non-linear ploughing forces produced during rapid sliding speeds?
were not achieved in the current study. Appropriate constitutive properties are required to
study the effects of rapid stress-field translation conditions.

5 | CONCLUSIONS

Fluid pressurization plays a dominant role in supporting TMJ disc loads during movement.
The magnitude and duration of loads markedly affected the tractional force formation due to
the time-dependent loss of fluid pressurization. These results suggest that chronic jaw-
loading activities may promote mechanical fatigue of the TMJ disc.
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(A) Specimen preparation. (B) Uniaxial confined compression chamber, where the polished
stainless-steel confining ring prevented radial deformation and rigid permeable porous
platen (20 um average pore size) allowed water flux. (C) Typical creep behaviour of porcine
TMJ disc specimen compared to biphasic theory.16 Means+standard deviations of (D)
aggregate modulus, (E) hydraulic permeability and (F) porosity for specimens from five disc

regions
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FIGURE 2.
(A) Schematic of biphasic FEM simulating in vitro ploughing experiments. Static normal

compressive load (Feompression) ON the indenter was kept constant for a designated time (top
right), and then, the indenter was oscillated along the disc’s mediolateral axis (bottom right).
The sandpaper annulus that prevented disc translation in vitro3 was simulated in the model
by fixing the far left 1 mm of the disc’s bottom surface while the remainder was allowed to
slide horizontally. (B) Vertical displacement of the indenter during the initial compression
period (t<tp; A top right). Note that the stress relaxation period after initial compression was
neglected to be consistent with the corresponding experimental setting (top=t;; A bottom
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right).312.13 (C) Model prediction of total normal stress during a full cycle of indenter
oscillation at linearly aligned pressure gauges (PG) 4-6 separated by 3 mm. PG5 was under
the disc centre
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Model results for multiple compressive loads (1 N, 10 N) and stress relaxation periods (10 s,
60 s) when the indenter reached the lateral end of the oscillation. (A) Biphasic estimated
three-dimensional distributions of fluid pressure (ofjyig pressure)» Normal solid stress

(0solid stress) @nd total tissue normal stress (ootal stress) inside the porcine TMJ discs, wherel6
—Ofluid pressuret Osolid stress=Ototal stress N€gative and positive values indicate compressive and
tensile stresses, respectively. Relationships of compressive load and (B) fluid support ratio;
(C) normalized tractional force, where 10 N compressive load and 60 s stress relaxation
period were used for normalization; and (D) compressive strain (defined by vertical
displacement of the indenter/disc thickness)
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Biphasic porcine TMJ disc properties (meanzstandard deviation) obtained from the confined compression
experiments and used in the FE modelling. The Poisson’s ratio () for the TMJ disc was assumed to be

0.125%1.24
Location of
specimen Ha(MPa)  E(MPa) k(1073mm?Ns) (¢%) (%)
Average data  0.077+£0.040 0.074 0.88+0.37 65.34+7.26
Anterior 0.061+0.034 0.87+0.34 63.29+8.50
Intermediate  0.079+0.037 0.84+0.38 63.37+9.51
Lateral 0.073+0.034 1.05+0.34 65.46£7.02
Medial 0.097+0.046 0.67+0.38 68.78+5.76
Posterior 0.071+0.041 0.96+0.38 65.80£6.40

where HA4 is the aggregate modulus, £is elastic modulus which was calculated based on the aggregate modulus and Poisson’s ratio as shown in the

equation (2), kis hydraulic permeability and (¢V) is porosity.

E=H,x(A+v)x(1-2v)/(1-v)

O]
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