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Abstract

Approximately 30% of temporomandibular joint (TMJ) disorders include degenerative changes to 

the articular disc, with sex-specific differences in prevalence and severity. Limited tensile 

biomechanical properties of human TMJ discs have been reported. Stress relaxation tests were 

conducted on TMJ disc specimens harvested bilaterally from six males and six females (68.9 ± 7.9 

years), with step-strain increments of 5%, 10%, 15%, 20% and 30%, at 1% strain-per-second. 

Stress versus strain plots were constructed, and Young’s Modulus, Instantaneous Modulus and 

Relaxed Modulus were determined. The effects of direction, region, and sex were examined. 

Regional effects were significant (p<0.01) for Young’s Modulus and Instantaneous Modulus. 

Anteroposteriorly, the central region was significantly stiffer than medial and lateral regions. 

Mediolaterally, the posterior region was significantly stiffer than central and anterior regions. In 

the central region, anteroposteriorly directed specimens were significantly stiffer compared to 

mediolateral specimens (p<0.04). TMJ disc stiffness, indicated by Young’s Modulus and 

Instantaneous Modulus, were higher in directions corresponding to high fiber alignment. 

Additionally, human TMJ discs were stiffer for females compared to males, with higher Young’s 

Modulus and Instantaneous Modulus, and female TMJ discs relaxed less. However, sex effects 

were not statistically significant. Using second-harmonic generation microscopy, regional collagen 

fiber organization was identified as a potentially significant factor in determining the 

biomechanical properties for any combination of direction and region. These findings establish 
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structure-function relationships between collagen fiber direction and organization with 

biomechanical response to tensile loading, and may provide insights into the prevalence of TMJ 

disorders among women.
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INTRODUCTION

Over half the population over age 50 shows radiographic evidence of degenerative changes 

to their temporomandibular joints (TMJs), increasing to 85% by age 75 (Haskin et al., 1995; 

Lawrence, 1987; Moskowitz, 1988; Peyron and Altman, 1992). Individuals seeking 

treatment for temporomandibular symptoms is approximately 2-4% of the total population 

(Haskin et al., 1995), with approximately 30% of all temporomandibular joint disorders 

(TMJDs) including degenerative changes to the articular disc (Ahmad et al., 2009; 

Schiffman et al., 2010). Sex-specific differences exist in TMJDs, with women predominately 

affected with greater severity of symptoms (LeResche, 1997; Warren and Fried, 2001). 

Biomechanical factors such as joint architecture and tissue mechanical quality may be 

predictive of TMJD development and progression, similar to other joints showing sex-based 

differences among young patient populations (Ford et al., 2010a; Ford et al., 2010b; Griffin 

et al., 2000; Hughes et al., 2008; Kernozek et al., 2005).

The TMJ disc is located between the head of the mandibular condyle and articular eminence 

of the glenoid fossa. During jaw opening and closing, the disc translates anteroposteriorly 

with the condyle (Piette, 1993), supported by anterior attachments to the lateral pterygoid 

muscle, anterior insertions into the condyle, and posterior attachments to the retrodiscal 

tissue (Tanaka and van Eijden, 2003). As a result of translation, the disc experiences tension 

as it is stretched anteroposteriorly and mediolaterally over the condyle (Gallo et al., 2000; 

Osborn, 1985; Rayne, 1987).

Described as biconcave (Taguchi et al., 1980), the disc is divided into an anterior band, 

intermediate zone, and posterior band (Rees, 1954). The disc is thicker medially than 

laterally, while anteroposteriorly the disc is thinnest in the intermediate zone and thickest in 

the posterior band (Choukas and Sicher, 1960; Griffin et al., 1975; Hansson et al., 1977; 

Shapiro, 1950; Wang et al., 2009). The disc is comprised of strong, interwoven collagen 

bundles, predominately in the anteroposterior direction, interlaced with mediolaterally 

oriented fibers in the anterior and posterior bands (Scapino, 1983). Fibers are tightly bound 

in the intermediate zone, and loosely bound with irregular orientation in the anterior and 

posterior bands (Jagger, 1980).

Limited tensile biomechanical properties of the TMJ disc have been reported. Detamore and 

Athanasiou (2003) reported increased elastic moduli, toughness and strength in varying 

directions and regions of porcine disc, corresponding to differences in collagen fiber 

orientation. Young’s Modulus also shows direction and region dependent affects (Matuska et 

al., 2016; Shengyi and Xu, 1991; Tanne et al., 1991). However, the available literature 
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provides an incomplete tensile profile of the TMJ disc, relying heavily upon animal tissue 

and reporting a wide range of properties. While animal models are accepted, and human and 

porcine TMJ discs are considered similar in size, shape and masticatory pattern (Herring et 

al., 2002; Kalpakci et al., 2011; Mills et al., 1994), care must be taken in applying animal 

data as a benchmark for tissue engineered constructs or biomechanical modeling. 

Additionally, human discs allow for sex dependencies in tissue mechanical quality to be 

investigated, potentially identifying etiological factors for the increased prevalence of 

TMJDs among women.

Given region and direction dependencies reported for porcine TMJ discs, correlated to 

regional collagen fiber orientation and organization, the objectives of this study were to 

determine (1) direction, (2) region and (3) sex dependent biomechanical properties of human 

TMJ discs. Tensile biomechanical tests were performed on human TMJ discs following the 

test protocol laid out by Detamore and Athanasiou (2003) for porcine TMJ discs. By 

following the same test protocol, it was possible to directly compare biomechanical 

outcomes and evaluate the biomechanical similarity between human and porcine TMJ discs. 

Regional variations in disc response were investigated with pairwise comparisons within 

each direction, and comparison of centrally located specimens in the anteroposterior and 

mediolateral directions. Regional collagen fiber orientation and organization were evaluated 

using second-harmonic generation microscopy, a significant advancement over traditional 

histological or imaging techniques, capable of imaging intact and unstained tissues (Chen et 

al., 2012; Houle et al., 2015; Lilledahl et al., 2015). Sex dependent biomechanical 

differences were anticipated, supported by sex specific differences in human 

temporomandibular disc electrical conductivity, porosity and ion diffusivity (Wright et al., 

2013), potentially explaining the differences in the prevalence and severity of TMJDs among 

women.

METHODS

Specimen selection and preparation

Human TMJ discs were harvested in the MUSC Gross Anatomy Laboratory under 

institutional approval. Donor tissues were fresh frozen, and never formalin fixed. After 

removal, TMJ discs were photographed, morphologically screened to select healthy bilateral 

discs, wrapped in cellophane and gauze soaked with PBS with protease inhibitors, placed in 

specimen bags and frozen until use at −20 °C. Discs exhibiting physical signs of trauma, 

including fissures or bruises, were excluded. In total, twenty-four morphologically normal 

TMJ discs were harvested bilaterally from twelve donors, six males (67.5 ± 8.4 years) and 

six females (70.3 ± 8.7 years).

Left articular discs were used for anteroposterior tensile tests, and right articular discs were 

used for mediolateral tests. Specimens were prepared by dissecting three strips from each 

disc using parallel razor blades with a 2 mm spacer (Figure 1, Left). Anteroposteriorly, 

specimens were taken at lateral (AP-LAT), central (AP-CENT), and medial (AP-MED) 

regions. Mediolaterally, specimens were taken at anterior (ML-ANT), central (ML-CENT), 

and posterior (ML-POST) regions. Specimens were removed with equal spacing, avoiding 

peripheral attachments. Immediately after dissection, tissue strips were transferred to a 
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microtome, removing the inferior and superior portions of each sample to eliminate 

biconcavity and ensuring even parallel cross-sections (Figure 1, Right). Specimens were 

measured for thickness using a current sensing micrometer prior to testing. Specimens had 

an average thickness of 2.2 ± 0.5 mm in the anteroposterior direction and 2.5 ± 0.6 mm in 

the mediolateral direction.

Tensile testing

Incremental stress relaxation tests were conducted using a materials test system 

(ElectroForce 3200, Bose, Eden Prairie, MN). A custom enclosed chamber maintained a 

constant test environment of 0.15 M PBS at 37 °C during testing (Figure 2, Left). The PBS 

bath was replaced after each test. Specimens were gripped by custom tensile clamps using 

fine grit sandpaper (Figure 2, Right). A 0.05 N tare load was applied to each specimen, 

corresponding to approximately 9 kPa (Detamore and Athanasiou, 2003; Elliott and Setton, 

2001), and an initial length was determined as the grip-to-grip distance at tare load. Initial 

specimen lengths were 7.1 ± 1.8 mm and 10.6 ± 4.1 mm in the anteroposterior and 

mediolateral directions, respectively. Specimen strain during testing was determined by the 

change in grip-to-grip distance divided by initial specimen length. Specimen stress was 

calculated as the force recorded by the materials test system divided by specimen cross-

sectional area determined from initial width and thickness measurements. Tensile clamp 

buoyancy forces were subtracted out.

Specimens were preconditioned before each stress-relaxation test with 10 cycles between 

0-2% strain, with a strain rate of 0.2% strain-per-second. Preliminary tests showed disc 

specimens reached steady-state forces within nine cycles. Following preconditioning, 

specimens were loaded in step-strain increments of 5%, 10%, 15%, 20% and 30% strain, 

with relaxation periods of 15, 15, 15, 20, and 30 minutes (Figure 3, Left). Ramp strains were 

applied at 1% strain-per-second. Relaxation times were based on preliminary tests to ensure 

stress equilibrium was reached. Specimens with a detected slip during testing were retested. 

The study followed the methods established by Detamore and Athanasiou (2003) for 

incremental stress-relaxation tensile tests of porcine TMJ disc tissues.

Biomechanical analysis

Stress-versus-strain plots were constructed for each incremental stress relaxation test (Figure 

3, Right). Young’s Modulus was calculated as the slope of the best-fit line through 40-100% 

of the stress-strain curve during the ramp-loading phase for each strain increment. 

Instantaneous and Relaxed Moduli were calculated as the slope of the best fit lines through 

the local maxima and minima (Detamore and Athanasiou, 2003), corresponding to the local 

peaks of the stress-strain curves and the end of each stress relaxation phase, respectively. 

Biomechanical analysis was performed using MATLAB (MATLAB R2016a, The 

MathWorks Inc., Natick, MA).

Tissue micro-structure analysis

To determine tissue microstructure, the superior surface of an intact human TMJ disc was 

imaged using second-harmonic generation microscopy (Chen et al., 2012; Houle et al., 

2015; Lilledahl et al., 2015). The disc was dissected from a fresh-frozen 73-year-old female 
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cadaver, frozen until use at −20 °C. Prior to imaging, the intact disc was thawed and 

mounted on a 35 mm glass bottom dish (MatTek, Ashland, MA). The disc was never stained 

or sectioned prior to imaging. Imaging was performed using an Olympus Fluoview 1200 

MPA (Olympus, Center Valley, PA), with a 30x oil immersion objective lens (UPLSAPO, 

30XSIR; Olympus, Center Valley, PA). The excitation laser was at a wavelength of 860 nm, 

and the signal was collected in the 420-460 nm range. Image resolution was 1024×1024 with 

a field of view of 423×423 μm.

Statistical analysis

Statistical modeling focused on assessing differences in Instantaneous Modulus and Relaxed 

Modulus among disc region (AP-LAT, AP-CENT, AP-MED, ML-ANT, ML-CENT, ML-

POST), and differences in Young’s Modulus among disc region and strain increment (5%, 

10%, 15%, 20% and 30%). Linear mixed effects models for each outcome incorporated 

these predictors, as well as donor sex and age, together with random effects for donor and 

direction (anteroposterior or mediolateral) to accommodate within-donor and within-

direction correlation. Model comparison via likelihood ratio testing supported within-donor 

correlation for Instantaneous Modulus and Relaxed Modulus. Young’s Modulus additionally 

exhibited significant within-region correlation. Heterogeneity of the variance of Young’s 

Modulus was modeled as region-specific residual variation. In all cases, neither donor sex 

nor donor age contributed significantly, hence these predictors were dropped from the final 

models. Seven contrasts among disc region were evaluated: pairwise within the 

anteroposterior (AP-MED vs AP-CENT vs AP-LAT) and mediolateral (ML-ANT vs ML-

CENT vs ML-POST) directions, and between the central regions in the anteroposterior and 

mediolateral directions (AP-CENT vs ML-CENT), and all pairwise differences among the 

five strain increments for Young’s Modulus, with Holm (1979) adjustment for multiple 

comparisons. Analyses were performed in SAS v. 9.4 with SAS/STAT 13.1.

RESULTS

Young’s Modulus

Young’s Modulus showed significant differences by region (p<0.001) and strain increment 

(p<0.001) (Figure 4). The interaction between region and strain increment was not 

significant. In the anteroposterior direction, Young’s Modulus, adjusted for strain increment, 

was significantly higher in the AP-CENT region compared to both AP-LAT (p=0.04) and 

AP-MED (p<0.001) regions. In the mediolateral direction, Young’s Modulus, adjusted for 

strain increment, was significantly lower in the ML-CENT region compared to both ML-

POST (p<0.001) and ML-ANT (p=0.04) regions, and ML-ANT was significantly less than 

ML-POST (p=0.04). In the central region of the articular disc, Young’s Modulus was 

significantly higher in the anteroposterior direction compared to the mediolateral direction 

(p=0.04). Young’s Modulus varied significantly by strain increment for all pairwise 

comparisons (p<0.01), except between 10-30% (p=0.087) and 15-20% (p=0.985) strain 

which were not significantly different. With increasing strain increment, Young’s Modulus 

increased from 0-15% strain, plateauing between 15-20%, before decreasing at 30% strain 

(Figure 4). Average Young’s Modulus was higher for females (14.3 ± 8.5 MPa) compared to 

males (11.2 ± 6.8 MPa), however not significantly (p=0.276) (Table 1).
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Instantaneous Modulus

Differences in Instantaneous Modulus by region were significant (p=0.007) (Figure 5). 

Anteroposteriorly, AP-CENT specimens had higher Instantaneous Modulus compared to 

AP-MED specimens, however not significantly (p=0.068). In the mediolateral direction, 

ML-POST specimens had significantly higher Instantaneous Modulus compared to ML-

CENT specimens (p=0.002). In the central region of the articular disc, Instantaneous 

Modulus was significantly higher in the anteroposterior direction compared to the 

mediolateral direction (p=0.001). Instantaneous Modulus was higher for females (8.4 ± 4.1 

MPa) compared to males (7.0 ± 3.1 MPa), however not significantly (p=0.383) (Table 1).

Relaxed Modulus

Differences in Relaxed Modulus by region were not significant (p=0.094) (Figure 5). In the 

anteroposterior direction, AP-CENT specimens had higher Relaxed Modulus than AP-MED 

and AP-LAT specimens. In the mediolateral direction, ML-POST specimens had higher 

Relaxed Modulus compared to ML-CENT specimens. Relaxed Modulus in the central 

region of the articular disc was higher for AP-CENT specimens compared to ML-CENT 

specimens. Relaxed Modulus was higher for females (4.1 ± 2.3 MPa) compared to males 

(3.2 ± 1.5 MPa), however not significantly (p=0.264) (Table 1).

Tissue micro-structure

Second-harmonic generation microscopy revealed regional variations in collagen fiber 

orientation and organization (Figure 6). In the central region of the disc, collagen fibers run 

predominately anteroposteriorly, and were tightly bound. In the anterior and posterior bands, 

collagen fibers were predominately mediolaterally directed, with some anteroposteriorly 

directed fibers interwoven, forming a ring-like periphery. On the medial and lateral aspects 

of the disc, fibers were predominately in the anteroposterior direction continuing the ring-

like periphery of the anterior and posterior bands, with some mediolaterally oriented fibers.

DISCUSSION

The human TMJ disc showed significant direction and region dependent differences in 

tensile biomechanical properties, in addition to sex dependent trends. These results confirm 

the anisotropic behavior of the human TMJ disc, with differences in material properties 

corresponding to principle fiber orientation and organization in each region. Articular disc 

stiffness, indicated by Young’s Modulus and Instantaneous Modulus, were significantly 

higher in directions corresponding to high fiber alignment. In the central region, the TMJ 

disc was stiffest in the AP direction and least stiff in the ML direction, corresponding to 

principally anteroposteriorly oriented fibers. The anterior and posterior bands in the ML 

direction were both stiffer than the central region. The wide and thick posterior band was 

stiffest in the mediolateral direction, and was not different across multiple parameters than 

specimens in the anteroposterior direction.

Second-harmonic generation microscopy, capable of imaging intact unstained collagen fiber 

orientation and organization (Chen et al., 2012; Houle et al., 2015; Lilledahl et al., 2015), 

revealed regional variations in human TMJ disc fiber orientation and organization, similar to 
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that reported for porcine TMJ discs using polarized light microscopy and scanning electron 

microscopy (Detamore and Athanasiou, 2003; Shi et al., 2013). In the central region of the 

disc, collagen fibers run predominately in the anteroposterior direction and were tightly 

bound, supporting a primary direction of stretching in the anteroposterior direction during 

joint articulation. In the anterior and posterior bands, collagen fibers were predominately 

mediolaterally directed, with some anteroposteriorly directed fibers interwoven, forming a 

ring-like periphery around the disc. The peripheral ring-like structure of the TMJ disc 

stiffens the disc by allowing hoop stresses to form, preventing disc prolapse during joint 

articulation (Piette, 1993). On the medial and lateral aspects of the disc, fibers run 

predominately in the anteroposterior direction, continuing the ring-like periphery of the 

anterior and posterior bands, with some mediolaterally oriented fibers. On the medial aspect 

of the disc, collagen fibers were much less tightly woven than in the central or lateral aspects 

of the TMJ disc. Diminished fiber organization relative to the lateral aspect likely 

contributed to the reduced biomechanical response on the medial aspect, suggesting a 

functional role differentiable between medial and lateral aspects.

In addition to direction and region differences in biomechanical response, female TMJ discs 

had higher Young’s Modulus, Instantaneous Modulus, and Relaxed Modulus compared to 

males (Table 1). Sex dependent differences however were not significant for Young’s 

Modulus (p=0.276), Instantaneous Modulus (p=0.383), or Relaxed Modulus (p=0.264). 

Contrasting female and male TMJ articular discs, differences between female and male discs 

were on the same order of magnitude as differences among regional contrasts. It is currently 

unknown whether differences in TMJ articular disc mechanical quality is a causative factor 

in the development and progression of TMJDs, or the physiologically required disc 

properties to maintain healthy normal TMJ function. Small sex dependent difference in 

biomechanical response, in addition to sex-dependent differences in transport properties 

reported for human TMJ discs (Wright et al., 2013), may be attributed to sex-dependent 

differences in TMJ disc biochemical composition.

In the available tensile biomechanical data for TMJ discs (Table 2), little agreement exists 

between reported studies, despite similar test protocols. Compared to the available literature, 

human TMJ discs have a lower Young’s Modulus compared to bovine tissue and porcine 

tissue from older breeder sows (Matuska et al., 2016; Tanaka et al., 2001). Young’s Modulus 

for human TMJ discs was most similar to bovine TMJ discs, compared to older breeder 

sows, suggesting the proposed porcine ageing model for TMJDs may not be appropriate 

(Matuska et al., 2016). Instantaneous and Relaxed Moduli were similar to that reported for 

typical porcine TMJ discs (Detamore and Athanasiou, 2003), however Instantaneous and 

Relaxed Moduli were an order of magnitude lower from the present study compared to the 

only other study using human TMJ disc specimens (Tanaka et al., 2000). Given similarities 

in strain rate and test protocol, differences in reported moduli for human specimens may be 

the result of specimen dehydration, which was uncontrolled by Tanaka et al. (2000). Similar 

to Detamore and Athanasiou (2003), tensile biomechanical testing in the present study was 

performed in a temperature controlled saline bath to maintain disc hydration over the long 

test protocol.
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In addition to similarities between porcine and human TMJ disc size and shape, joint 

anatomy, masticatory patterns and omnivorous diet (Herring et al., 2002; Kalpakci et al., 

2011; Mills et al., 1994), this study indicates similarity in biomechanical response to loading 

and tissue microstructure between human and porcine TMJ discs. Instantaneous and Relaxed 

Moduli, compared directly to Detamore and Athanasiou (2003), are of similar magnitudes 

and directional and regional trends were also similar. In the anteroposterior direction, 

specimens from the central region were stiffest, however medially located specimens were 

stiffer than lateral specimens in the porcine disc unlike in humans which show diminished 

stiffness on the medial aspect. In the mediolateral direction, the central region was the least 

stiff and the posterior region the stiffest, similar to humans.

Limitations with the present study include the use of a small sample of human TMJ discs 

from an older population. It should also be considered that specimens were taken from 

temporomandibular joints from an older population (68.9 ± 7.9 years) than the typical 

patient population for TMJDs (20-40 years). It is unclear how ageing affects the structure 

and biomechanics of the TMJ disc, therefore it is unclear how these results correspond to 

baseline disc properties of a patient population in an age range typical of TMJDs. Given the 

small total number of human TMJ discs, and the large natural variation present in human 

tissues, sex dependencies were unable to be statistically determined with this data set. The 

large variation present in the results is reflective of the use of tissue samples from an older 

population with a large age range, and while care was taken to exclude discs considered 

morphologically abnormal, the sample population also likely included a range of disc 

conditions. The limited sample size is the result of significant screening efforts selecting 

healthy temporomandibular articular discs to establish baseline properties within this age 

group. In addition to donor age, it should be considered that these results correspond to 

regional properties of the articular disc and not bulk properties. Given the requirements for 

tensile testing of specimens with near uniform width and thickness, with a suitable long axis 

for gripping, specimens were dissected from whole TMJ discs. It is possible that specimen 

preparation diminished overall behavior of the articular disc. Also, it should be noted that 

during normal loading, while the specimen is stretched over the condylar head, hoop stresses 

would build up in the anterior and posterior bands of the articular disc, which would have an 

overall stiffening effect. Biomechanical tests were performed at a single strain rate, 

therefore, strain rate effects were not considered. However, it has been reported that strain 

rate effects for collagen tissues, including the TMJ disc, are negligible (Beatty et al., 2001; 

Fung, 1993). It is expected that the strain rate used in this study is similar to physiologic 

strain rates, and has been used previously (Beatty et al., 2001; Detamore and Athanasiou, 

2003; Matuska et al., 2016). The range of strain implemented in this study may be beyond 

physiologic limits suggested for the TMJ disc, less than 20% (Beek et al., 2001; Koolstra 

and van Eijden, 2005, 2007). This is supported by Young’s Modulus plateauing between 

15-20% strain, before decreasing either due to specimen failures mid-body or specimen 

slippage. It is anticipated that these results bracket the physiologic response preceding 

mechanical injury to the TMJ disc.

In conclusion, human TMJ discs demonstrated strong direction and region dependent 

variations in biomechanical response. Additionally, female articular discs all trended to be 

stiffer and relax less than male discs, suggesting a possible etiological factor in the 
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development and progression of TMJDs, and the increased prevalence of TMJDs among 

women. Physiologically significant differences in tissue mechanical quality, predictive of 

TMJD development and progression, are unknown. Using second-harmonic generation 

microscopy, this study also demonstrated human TMJ disc biomechanical response is highly 

dependent upon regional differences in collagen fiber orientation and organization, with 

increased stiffness in directions corresponding to high fiber alignment, similar to porcine 

discs. These findings are important for establishing human TMJ disc biomechanical 

response and structure-function relationships between collagen fiber direction and 

organization, and may provide some insights into the clinical prevalence of TMJDs among 

women.
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Figure 1. 
Tensile test specimens were taken at three positions from each articular disc. Left articular 

discs were used for all specimens in the anteroposterior direction, with specimens taken at 

medial (AP-MED), central (AP-CENT), and lateral (AP-LAT) regions. Right articular discs 

were used for all specimens in the mediolateral direction, with specimens taken at anterior 

(ML-ANT), central (ML-CENT), and posterior (ML-POST) regions. Specimens were 

prepared by dissecting 2 mm strips equally spaced from temporomandibular joints, and 

specimen biconcavity was removed prior to testing.
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Figure 2. 
Tensile stress relaxation tests were performed using a materials tests system, with specimens 

in a custom enclosed temperature controlled saline bath (A) maintained at a constant 37 °C. 

Test specimens (B) were held by tensile clamps (C and D) with fine-grit sandpaper.
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Figure 3. 
Left: Incremental step-strains (gray line) were applied to specimens with strain increments 

of 5%, 10%, 15%, 20% and 30%, with relaxation periods of 15, 15, 15, 20, and 30 minutes, 

respectively. Right: Young’s Modulus, Instantaneous Modulus and Relaxed Modulus were 

calculated from constructed stress-strain curves (solid gray line) for each stress-relaxation 

experiment. Young’s Modulus (solid black line) was calculated as the slope of the best fit 

line through 40-100% of the stress-strain response during the ramp loading phase, for each 

strain increment. Instantaneous Modulus (black dashed line) and Relaxed Modulus (black 

dotted line) were calculated as the slope of the best fit lines through the local peaks of the 

stress-strain curves and the end of each stress-relaxation phase, respectively.
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Figure 4. 
Young’s Modulus at each strain increment (5%, 10%, 15%, 20% and 30%), for each region 

in the AP direction (AP-MED, AP-CENT, AP-LAT) and ML direction (ML-ANT, ML-

CENT, ML-POST). Young’s Modulus increased with increasing strain increment from 5% 

to 20% strain, before decreasing at 30% strain. All pairwise comparisons between strain 

increments were significant, except for between 15-20% and 10-30% strain which were not 

statistically different: 5% vs 10%, p<0.001; 5% vs 15%, p<0.001; 5% vs 20%, p<0.001; 5% 

vs 30%, p<0.001; 10% vs 15%, p<0.001; 10% vs 20%, p<0.001; 10% vs 30%, p=0.985; 

15% vs 20%, p=0.087; 15% vs 30%, p=0.039; 20% vs 30%, p<0.001.
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Figure 5. 
Young’s Modulus adjusted for strain increment, Instantaneous Modulus and Relaxed 

Modulus for each region in the AP direction (AP-MED, AP-CENT, AP-LAT) and ML 

direction (ML-ANT, ML-CENT, ML-POST). Young’s Modulus showed significant 

differences by region (p<0.001). In the anteroposterior direction, Young’s Modulus was 

significantly higher in the AP-CENT region compared to both AP-LAT (p=0.04) and AP-

MED (p<0.001) regions. In the mediolateral direction, Young’s Modulus, adjusted for strain 

increment, was significantly lower in the ML-CENT region compared to both ML-POST 

(p<0.001) and ML-ANT (p=0.04) regions, and ML-ANT was significantly less than ML-

POST (p=0.04). In the central region of the articular disc, Young’s Modulus was 

significantly higher in the anteroposterior direction compared to the mediolateral direction 

(p=0.04). Differences in Instantaneous Modulus by region were significant (p=0.007). 

Anteroposteriorly, AP-CENT specimens had a higher Instantaneous Modulus compared to 

AP-MED specimens, however not significantly (p=0.068). In the mediolateral direction, 

ML-POST specimens had a significantly higher Instantaneous Modulus compared to ML-

CENT specimens (p=0.002). In the central region of the articular disc, Instantaneous 

Modulus was significantly higher in the anteroposterior direction compared to the 

mediolateral direction (p=0.001). Differences in Relaxed Modulus by region were not 

significant (p=0.094).
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Figure 6. 
Second-harmonic generation microscopy images of the superior surface of an unstained, 

intact human TMJ disc taken from a 73 year old female cadaveric donor. Throughout the 

articular disc, collagen fibers are predominately oriented anteroposteriorly. In the central 

region of the disc, fibers are tightly organized. Towards the medial aspect of the disc, fibers 

remain predominately anterorposteriorly oriented, but fiber overall fiber organization 

decreases with fibers becoming loosely interwoven. On the lateral aspect of the disc, 

anterorposterior fibers are interwoven with mediolaterally directed fibers, in a more tight-

knit organization. In the anterior and posterior bands, fibers run predominately 

mediolaterally, with anteroposterior fibers interwoven in a dense arrangement.
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