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Abstract

Objective—Cartilage fatigue, due to mechanical work, may account for the early development of 

degenerative joint disease in the temporomandibular joint (TMJ), and why women are 3-times 
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more likely to be afflicted. This study tested for gender differences in mechanical energy densities 

in women and men with healthy TMJs.

Design—Eighteen women and eighteen men gave informed consent. Research diagnostic criteria 

including imaging were used to ensure that subjects’ TMJs were normal, without disc 

displacement or signs of degenerative joint disease. Numerical modeling determined TMJ loads 

(Fnormal). Jaw tracking and three-dimensional dynamic stereometry characterized individual-

specific data of stress-field dynamic mechanics during 10 symmetrical jaw closing cycles. These 

data were used to estimate tractional forces (Ftraction). Energy densities were then calculated, 

where: Energy Density=W/Q (W=work done or mechanical energy input=Ftraction* distance of 

stress-field translation, Q=volume of cartilage). Two-way analysis of variance and follow-up two-

group comparisons tested mean energy densities for ipsilateral and contralateral TMJs in women 

versus men.

Results—Mean energy densities ± standard deviations in ipsilateral and contralateral TMJs in 

women were 9.0 ± 9.7 and 8.4 ± 5.5 mJ/mm3, respectively, and were significantly larger (P=0.004 

and 0.001, respectively) compared to ipsilateral and contralateral TMJs in men, which were 5.6 

± 4.2 and 6.3 ± 4.2 mJ/mm3, respectively.

Conclusions—Energy densities were significantly larger in healthy TMJs of women than men. 

Larger TMJ energy densities during normal jaw functions could predispose earlier mechanical 

fatigue of the TMJ disc.
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Introduction

The osseous changes associated with degenerative joint disease (DJD) of the 

temporomandibular joint (TMJ) are late-stage events1 seen in 20–30 year-olds. This is over a 

decade earlier than DJD in other human joints2. TMJ disc displacement appears to precede 

development of DJD in animal models3 and in some humans4. Why TMJ tissues fail so early 

in life, and why women are 2–3 times more likely to develop osteoarthritis compared to 

men5, is not understood.

Early mechanical fatigue is thought to be a factor6 associated with DJD of the TMJ and may 

be playing a role in disease progression. As in the human knee7, mechanical work imposed 

on the articular surfaces of the TMJ is a consequence of tractional (sum of plowing and 

frictional) forces (Ftraction) resulting from stress-field translation,8 which is the movement of 

the loaded contact area that occurs during jaw function. The magnitude of work done per 

volume of cartilage, also known as energy density9 (mJ/mm3), may influence the rate of 

fatigue of the collagen fibers of the TMJ fibrocartilaginous disc. This is especially likely 

along the mediolateral axis of the disc which is more prone to tissue fatigue due to the 

anisotropic nature of the TMJ disc10 and because high stress-field translation velocities, up 

to 110 mm/s, have been recorded along this axis11.
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Given the predilection of TMJ DJD in women, the objective of the current project was to test 

for gender differences in mechanical energy densities in men and women with healthy 

TMJs.

Methods

The protocols used in this project were approved by both the University at Buffalo and 

University of Missouri-Kansas City Institutional Review Boards. Procedures followed were 

in accordance with the ethical standards of the two university institutional review boards and 

with the Helsinki declaration of 1975, as revised in 2000. All subjects gave informed 

consent to participate in this study. Inclusion and classification of subjects were based on 

Diagnostic Criteria for Temporomandibular Disorders12 and magnetic resonance (MR) and 

cone-beam computed tomography (CBCT) images of the TMJs. Individuals were excluded 

from participating if they were pregnant; had a diagnosed systemic musculoskeletal or 

rheumatological disease such as fibromyalgia or muscular atrophy; had TMJ disc 

displacement or degenerative disease based on MR and CBCT images; or if they had 

multiple missing teeth, large dental restorations, or fixed orthodontic appliances.

As previously described9, dynamic stereometry was used to estimate the magnitudes of the 

variables (Table 1) used in energy density calculations of each subject’s right and left TMJs. 

Briefly, dynamic stereometry processes involved the three-dimensional reconstruction of 

subject-specific anatomical structures captured from MR images, and the animation of these 

structures using motion data captured from jaw tracking recordings. Anatomy and motion 

data sets were linked via a common head reference system attached to a custom occlusal 

registration appliance that each subject bit into and held stable during both types of data 

collection. The MR images of each reference system and TMJ were made at serial oblique 

sagittal slices perpendicular to the main condylar axis using 1.5 T MR equipment with TMJ 

surface coils of 12 cm radius.9 Jaw tracking recordings were made in another clinical setting 

via an optoelectronic system with 3 linear cameras mounted at fixed geometry and 

resolution >5 µm at a sampling frequency of 200 Hz. These cameras captured the relative 

positions of triangular target frames, carrying 3 non-collinear light emitting diodes (LEDs) 

each, attached to the head reference system and the upper and lower jaws via the teeth. 

During the jaw tracking sessions, static positions of the jaws and reference system were 

recorded while each subject bit into the occlusal registration appliance. In addition, time-

varying upper and lower jaw LED positions were recorded during 10 symmetrical jaw 

opening-closing movements.

Reconstruction and animation of each TMJ to within errors of ≤0.9% were performed on a 

graphics workstation as previously described9. Briefly, the reconstruction processes entailed 

first tracing on each MR slice anatomical and reference structure contours defined by driving 

points of spline functions, then triangulating the contour sets to depict the three-dimensional 

surface relationships. Visualization and resolution were improved by use of shading and 

smoothing algorithms, respectively. The reconstructed TMJ structures were animated via 

mathematical transformations based on the spatial positions of the vertices of polygons that 

represented the recorded surfaces as these changed during the jaw opening-closing 

movements.
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For each TMJ, the condylar long axis was defined as the mediolateral axis and magnitudes 

of the variables of interest (Table 1) were determined from the reconstructed and animated 

MR images over 5 ms time intervals of jaw closing as previously described9. That is, to 

quantify the geometry of the stress-field for each time interval, first the area of minimum 

distance between TMJ fossa and eminence was identified. Next, the 30 smallest adjacent 

fossa-eminence distances, measured between polygon vertices, were identified and:

• the distances averaged to determine the minimum disc thickness, h;

• the centroid of the area defined by these distances was calculated to determine 

the mediolateral position of the stress-field, D;

• the standard deviation about the centroid was quantified to determine the radius 

of the stress-field, a.

Once D was determined, the local volume of cartilage (Q, mm3) under the translating stress-

field was calculated by integrating under the area of the stress-field for each time interval. 

Then, the coordinates of D were smoothed over 30 ms and velocity of the stress-field 

translation (y, mm/s) quantified. The magnitudes of these variables were used in an 

empirical model8 that describes the relationship between stress-field geometry and dynamics 

and a tractional coefficient (μtraction):

where a, b, c, x0 and y0 are constants derived from laboratory experiments,8 x is aspect 

ratio•compressive strain3 (a/h•(Δh/h)3, where Δh/h≈0.1) and Fnormal is the perpendicular 

TMJ loading force. Fnormal for right and left TMJs in each subject for an ordinary bite-force 

(20 N) applied on the mandibular canine at a range of directions representing normal 

function were determined using established numerical modeling techniques9, 13. The 

computer-assisted numerical model employed each subject’s three-dimensional 

craniomandibular geometry extracted from CBCT images and right and left TMJ eminence 

morphologies derived from dynamic stereometry plus the objective function of minimization 

of muscle effort (sum of muscle forces squared) to predict right and left Fnormal for a given 

biting condition. Average Fnormal for the range of biting angles represented were then 

calculated for TMJs ipsilateral and contralateral to the applied bite-force and used in the 

rearranged μtraction equation to determine subject- and TMJ-specific Ftraction. Ultimately, 

these results then applied to determine mechanical work done (Ftraction*ΔD) and energy 

densities (ψ = (Ftraction*ΔD)/Q, mJ/mm3) in the ipsilateral and contralateral TMJs of each 

subject during 5 ms intervals of jaw closing.

The series of instantaneous energy densities calculated at 5 ms intervals during 10 

consecutive symmetrical closing cycles of the mandible were then averaged for ipsilateral 

and contralateral TMJ in each subject. Descriptive statistics were reported as mean and 

standard deviation. Two-way analysis of variance (ANOVA) investigated whether or not 

significant effects existed in gender, side, and the interaction of gender and side. Follow-up 

two-group comparisons tested mean energy densities in the ipsilateral and contralateral 
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TMJs of women versus men. Partial eta2 for effect size was estimated in the two-way 

ANOVA. Statistical significance was indicated by P<0.05. All analyses were performed 

using commercial software (SPSS version 23, IBM SPSS Inc., Chicago, IL).

Results

Eighteen women and eighteen men with average (±standard deviation) ages of 31.1 (±9.4) 

and 30.9 (±10.7) years, respectively, participated. Contralateral TMJs showed average 

Fnormal that were generally higher than for ipsilateral TMJs and were not markedly different 

between women (16.3±4.2 N) and men (15.7±2.6 N). Instantaneous energy densities per 

closing cycle for all subjects ranged from 0.1 to 146.1 mJ/mm3. Mean (±standard deviation) 

energy densities per closing cycle for ipsilateral and contralateral TMJs in women were 9.0 

(±9.6) and 8.4 (±5.5) mJ/mm3, respectively, and in men were 5.6 (±4.2) and 6.3 (±4.2) 

mJ/mm3, respectively (Fig. 1). That is, mean energy densities for TMJs in women were 

significantly higher than men by 38% on the ipsilateral side (P=0.001; 95% confidence 

interval of mean difference 1.38–5.54) and 25% on the contralateral side (P=0.004; 95% 

confidence interval of mean difference 0.67–3.42). The effect of gender on TMJ energy 

densities showed partial eta2 of 0.046 in two-way ANOVA at the overall level.

Discussion

The current work demonstrates how individual- and joint-specific contact mechanics can be 

quantified in living humans. The results show significantly higher mean energy densities 

during jaw closing in women compared to men with healthy TMJs. TMJ loads (Fnormal) do 

not appear to account for these gender differences. However, velocity of stress-field 

translation (y, mm/s), which contributes to the magnitude of surface Ftraction, and ultimately 

energy densities imposed on articular cartilages, may be an important variable that has been 

shown previously to vary between joints and functions11, 14 and should be investigated 

further in future research. Reports show remarkable similarities for y measured in human 

TMJs, where average peak values were 47 mm/s in normal joints during jaw closing,14 and 

in human knees, where average values at heal strike were 29.1 and 43.9 mm/s in healthy and 

arthritic joints, respectively7. Due to the lack of vascularity of both the TMJ disc and knee 

meniscus, solute movement within the cartilage matrix is determined by osmotic pressure 

for fluid absorption and mechanical loading for exudation. Higher cell densities and nutrient 

consumption rates in the TMJ disc compared to hyaline cartilages and the intervertebral disc, 

increase the vulnerability of TMJ disc fibroblasts to oxidative stress.15 Stress-field 

translation related plowing forces8 can move fluids through the TMJ disc to ensure adequate 

nutrition to fibroblasts. However, energy densities of sufficient magnitude potentiate the 

fatigue of the collagen fibers of the disc. The significantly higher energy densities in the 

TMJs of women compared to men could escalate the rate of mechanical fatigue of 

articulating surfaces, and may explain, in part, the gender bias of degenerative joint disease 

in the TMJ.
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Fig. 1. 
Mean energy densities (mJ/mm3) in the ipsilateral and contralateral TMJs of women and 

men during jaw closing movements, where vertical bars indicate ±standard errors. P-values 

show results of follow-up comparisons after significance was found at the overall level in the 

two-way ANOVA. Significance was defined by P<0.05.
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Table 1

Symbols and units for variables of interest

Symbol Variable Units

Ftraction Surface tractional forces N

h Thickness of TMJ disc mm

D Mediolateral position of the centroid of the stress-field mm

a Radius of stress-field mm

Q TMJ disc volume under the translating stress-field mm3

y Velocity of stress-field translation mm/s

μtraction Tractional coefficient = Ftraction/Fnormal (none)

a Constant=0.23* (none)

x Aspect ratio•compressive strain3 = a/h•(Δh/h)3 (none)

a/h Aspect ratio (none)

Δh/h Compressive strain ≈ 0.1
=TMJ disc thickness change due to loading/original thickness

(none)

x0 Constant=0.82* (none)

b Constant=0.49* (none)

y0 Constant=260* mm/s

c Constant=141* mm/s

Fnormal TMJ load N

ΔD Distance of stress-field translation mm

Ftraction•ΔD Work done mJ

ψ Energy density mJ/mm3

*
Constant derived from previous laboratory experiments8.
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