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Abstract

Objective—To determine the regionally variant quality of collagen alignment in human TMJ 

discs and its statistical correlation with viscoelastic properties.

Design—For quantitative analysis of the quality of collagen alignment, horizontal sections of 

human TMJ discs with Pricrosirius Red staining were imaged under circularly polarized 

microscopy. Mean angle and angular deviation of collagen fibers in each region were analyzed 

using a well-established automated image-processing for angular gradient. Instantaneous and 

relaxation moduli of each disc region were measured under stress-relaxation test both in tensile 

and compression. Then Spearman correlation analysis was performed between the angular 

deviation and the moduli. To understand the effect of glycosaminoglycans on the correlation, TMJ 

disc samples were treated by chondroitinase ABC (C-ABC).

Results—Our imaging processing analysis showed the region-variant direction of collagen 

alignment, consistently with previous findings. Interestingly, the quality of collagen alignment, not 

only the directions, was significantly different in between the regions. The angular deviation of 

fiber alignment in the anterior and intermediate regions were significantly smaller than the 

posterior region. Medial and lateral regions showed significantly bigger angular deviation than all 

the other regions. The regionally variant angular deviation values showed statistically significant 

correlation with the tensile instantaneous modulus and the relaxation modulus, partially dependent 

on C-ABC treatment.

Conclusion—Our findings suggest the region-variant degree of collagen fiber alignment is likely 

attributed to the heterogeneous viscoelastic properties of TMJ disc that may have significant 

implications in development of regenerative therapy for TMJ disc.
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INTRODUCTION

Temporomandibular joint disorders (TMJDs) affect over 10 million Americans with an 

annual cost for treatment at ~$4 billion as per National Institute of Dental and Craniofacial 

Research (NIDCR). Damage or displacement of TMJ discs are highly associated with 

TMJDs, frequently leading to surgical procedure such as discectomy (Allen & Athanasiou, 

2006a; Dimitroulis, 2011). Given the controversial clinical outcome of discectomy 

(Dimitroulis, 2011; Hagandora & Almarza, 2012), synthetic or alloplastic TMJ disc 

replacements have been applied to relieve the symptoms but failed to result in satisfactory 

outcome (Estabrooks, Fairbanks, Collett, & Miller, 1990; Henry & Wolford, 1993; Kalpakci, 

Willard, Wong, & Athanasiou, 2011). More recently, TMJ disc regeneration has been 

attempted using stem cells, biomaterials, and biochemical signals to overcome limitations of 

the previous disc grafts (Ahtiainen et al., 2013; Allen & Athanasiou, 2006a; Hagandora, 

Gao, Wang, & Almarza, 2013; Legemate, Tarafder, Jun, & Lee, 2016; MacBarb, Chen, Hu, 

& Athanasiou, 2013; Tarafder et al., 2016).

The complex biochemical structure and composition of the disc represent a challenging 

feature for TMJ disc regeneration. Collagen is the predominant extracellular matrix 

component in TMJ disc that is densely aligned dependent on region and direction. 

Histological and SEM analyses revealed that collagen fibers have circumferential orientation 

in the peripheral bands and anteroposterior alignment in the intermediate zone (Allen & 

Athanasiou, 2006a; Kalpakci et al., 2011; Scapino, Canham, Finlay, & Mills, 1996; Willard, 

Kalpakci, Reimer, & Athanasiou, 2012). The anisotropic collagen fibers orientation is 

largely attributed to the tensile properties of TMJ discs varied by region and direction (Allen 

& Athanasiou, 2006a; Kalpakci et al., 2011; Scapino et al., 1996). In the intermediate zone, 

tensile modulus in the anteroposterior direction is a higher order in the mediolateral 

direction (Kalpakci et al., 2011). Similarly, tensile modulus in the peripheral band is 

significantly higher in the circumferential direction in parallel to the collagen alignment than 

in the perpendicular direction of collagen alignment (Kalpakci et al., 2011).

The anisotropic collagen structure has been applied in few recent studies for TMJ disc tissue 

engineering (Legemate et al., 2016; MacBarb et al., 2013; Tarafder et al., 2016). In a 

biconcave and TMJ-shaped molds, meniscus cells and articular chondrocytes were co-

cultured to engineer anisotropic collagen structure in support with passive axial compressive 

loads and bioactive agents (MacBarb et al., 2013). The engineered anisotropic fibrocartilage 

exhibited higher tensile properties in the direction of collagen alignment, reminiscent of 

native TMJ discs (MacBarb et al., 2013). More recently, TMJ disc regeneration has been 

attempted using 3D-printed bioscaffolds that were constructed with repeats of biodegradable 

microfibers oriented in the anteroposterior and circumferential directions in the intermediate 

zone and the peripheral bands, respectively (Legemate et al., 2016; Tarafder et al., 2016). 

The region/direction-dependent mechanical properties of TMJ discs were successfully 
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reconstructed in the 3D-printed scaffolds (Legemate et al., 2016) that consequently led to 

TMJ disc regeneration in rabbits (Tarafder et al., 2016).

Despite the meritorious findings, the previous analysis of collagen fibers alignment in TMJ 

disc has been limited in qualitative measurements. Histological and scanning electronic 

microscope evaluation used in the previous studies were only sufficient to provide the major 

orientation direction of collagen fibers not degree and/or quality of the fibers’ alignment 

(Scapino et al., 1996; Shi, Wright, Ex-Lubeskie, Bradshaw, & Yao, 2013; Stankovic et al., 

2013). However, previous mechanical characterizations of TMJ discs consistently 

demonstrated that tensile properties in parallel to collagen orientation are different in 

between different regions despite the relatively homogeneous collagen contents (Allen & 

Athanasiou, 2006a; Kalpakci et al., 2011). Accordingly, we performed a quantitative 

analysis of collagen fibers alignment in different regions to test a hypothesis that qualify or 

degree of fibers alignment is varied in different regions of TMJ discs. Then we tested a 

statistical correlation between the degree of fiber alignment and the regional-variant 

mechanical properties of TMJ disc. Our data below suggest that the quality of collagen fiber 

alignment are varied in different regions and statistically correlated with viscoelastic 

properties of TMJ disc.

MATERIALS AND METHODS

Quantitative analysis of collagen fibers alignment in TMJ discs

Total 12 tissue samples were prepared from human TMJ discs obtained from National 

Disease Research Interchange (NDRI) (age 47 – 65; 55.3 ± 9 years old; male 67%; female 

33%). The fresh-harvested samples were delivered overnight kept at 4 °C without fixation or 

freezing. Due to the nature of this study, it was granted an exemption in writing by the 

Columbia University IRB. For histological analysis, harvested TMJ disc samples were fixed, 

embedded in paraffin, and horizontally sectioned in 5-μm thickness. The tissue sections were 

then stained with Picrosirius Red and imaged under circularly polarized microscope (Lee et 

al., 2015). Randomly selected sections from anterior, posterior, medial, and lateral bands, 

and intermediate zones throughout different depths were imaged (n = 10 per section and 

region), and then collagen fiber alignment was analyzed using a digital image processing 

technique as established in our previous works (Lee et al., 2015; Lee et al., 2005). Sections 

from the superficial zone was excluded given the purpose of our study. The automated 

image-processing method has been to estimate local directionality and angular deviation in 

images of oriented textiles, as well as in biological tissues and cultured cells (Lee et al., 

2005). In this method, the local orientation in images is determined by forming a pixel-by-

pixel gradient vector and the spatial intensity gradient was calculated in the horizontal and 

vertical directions (Lee et al., 2005). The analysis of each image resulted in quantitative data 

of distribution of fiber orientations, ranging from −90° to 90°, where 0° was defined as the 

mean angle. The degree of collagen fiber alignment was quantified as the angular deviation 

value that represent a statistical deviation of alignment angle of a selected set of fiber 

segments (Lee et al., 2005). The angular deviation values was calculated using circular 

statistics (Lee et al., 2005) and the algorithm was implemented using MATLAB (Mathworks 

Inc., Natick, MA, USA).
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Mechanical tests

TMJ disc samples from different regions were prepared for mechanical tests, separately from 

the samples for imaging. For tensile tests, tissue samples in parallel with the regional 

collagen orientation were prepared in a dog shape with length of 25 mm and average 

thickness of 1 mm. For compression tests, disc-shaped samples (5×2 mm2) were prepared 

from different regions of the TMJ disc samples (Supplementary Fig. 1). After 

preconditioning of 15 cycles of 0 – 5% strain, a 20% step strain was applied and held up to 

15 mins allowing all the samples to reach their relaxation plateau, while maintaining the 

humidity of tissue samples. The time vs. stress curves were then fitted to a Prony series of 

stress relaxation model (Kim et al., 2005) as follow:

where E(t) is the time function of modulus, E(∞) is relaxation modulus (Er), τj is relaxation 

time. E(t) when t = 0 represents instantaneous modulus (Ei). Then Ei, Er and τj were 

calculated from each data curve using MATLAB curve fitting tool as per our prior method 

(Lee et al., 2014; Legemate et al., 2016). A Prony series for stress relaxation function is 

consisted of a series of constants and Maxwell elements, which has widely been utilized to 

evaluate viscoelastic properties of polymers and biological tissues showing better fitting to 

data from quasi-linear tests (e.g. creep and stress relaxation) (Chen, 2000; Palacio-Torralba 

et al., 2015). All the mechanical tests were performed using BioDynamics 5100 testing 

system (TA instruments, New Castle, DE), equipped with tensile jigs and compression 

plateaus designed for soft tissue mechanics. To determine effects of glycosaminoglycans 

(GAGs) on the mechanical properties of TMJ disc, separate tissue samples were treated by 

c-ABC (1 U/mL) for 3 hours (n = 5 each region). GAGs contents before and after the c-ABC 

treatment were measured by Blyscan™ GAG Assay kit (Biocolor Ltd, UK) following our 

previous methods (Lee, Cook, et al., 2010; Lee, Shah, Moioli, & Mao, 2010).

Statistical Analysis

Upon confirmation of normal data distribution, One-way ANOVA with a post-hoc Tukey test 

were used to compare between the groups with p value < 0.05 considered significant. 

Spearman correlation analysis was performed to test statistical correlation between the 

regional angular deviation and the instantaneous and relaxation moduli using SPSS (IBM 

Corporation, Armonk, NY). Following previously described methods (Andarawis-Puri, 

Sereysky, Sun, Jepsen, & Flatow, 2012), the Spearman correlation coefficient (R) was 

calculated with a significance level at p < 0.01.

RESULTS

Regionally variant collagen alignment in human TMJ discs

Our automated imaging processing demonstrated the regionally variant direction of collagen 

alignment (Fig. 1), consistently with previous findings. Collagen fibers were orientated 

circumferentially in the peripheral bands, whereas they were aligned in the anteroposterior 
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direction in the intermediate zone (Fig. 1A). Mean orientation angles of collagen fibers 

calculated from our imaging processing algorithm were also matched with the previously 

described anisotropic collagen alignment (Fig. 1B). Interestingly, the degree of collagen 

alignment was significantly different in between the regions of TMJ discs (Fig. 2). Polarized 

images showed more densely and highly aligned collagen fibers in the anterior and posterior 

bands and the intermediate zone (Fig. 2A, B, and C) as compared to medial and lateral 

regions (Fig. 2D & E). Representative histograms of collagen fiber orientation angles 

consistently showed the varied degree of fiber alignment in the different regions (Fig. 2F – 

J). More collagen fibers were oriented along the mean orientation angle in the anterior band 

and the intermediate zone in comparison with the posterior bands and the medial and lateral 

regions (Fig. 2F–J). Quantitatively, the values of angular deviation were significantly smaller 

in the anterior bands (Fig. 2F) and the intermediate zone (Fig. 2H) than the posterior bands 

(Fig. 2G) and the medial and lateral zones (Fig. 2I & J) (n = 10 per group; p < 0.001). The 

medial and lateral regions showed significantly poorer collagen alignment than all the other 

regions (Fig. 2I & J) (p < 0.001).

Instantaneous and relaxation moduli of TMJ discs and their correlation with collagen 
alignment

The stress relaxation curves from the TMJ disc samples showed a good-fitting to a Prony 

series (R2 = 0.997 ± 0.1) as compared to a standard solid stress relaxation model (R2 = 0.883 

± 0.28) (Supplementary Figure. 2). TMJ disc samples showed tensile stress relaxation curves 

in a region-variant manner (Fig. 3A & B). In tensile tests, the instantaneous modulus (Ei) 

were significantly higher in the anterior band and the intermediate zone as compared to the 

posterior band (Fig. 3B). The relaxation modulus (Er) was significantly higher in the anterior 

bands in comparison with the posterior and the intermediate zone (Fig. 3B). The Ei was 

statistically correlated with angular deviation both in untreated and c-ABC treated TMJ discs 

(Fig. 3C & D). In contrast, the Er was not statistically correlated with angular deviation in 

untreated TMJ discs (Fig. 3D) but the c-ABC treatment resulted in a statistically significant 

correlation between Er and angular deviation (Fig. 3F). Similarly, stress relaxation curves 

and the instantaneous and relaxation moduli under compression showed a regional variance 

(Fig. 4A & B). Under compression, Ei with or without c-ABC treatment failed to show a 

statistically significant correlation with angular deviation (Fig. 4C, E). A significant 

correlation with angular deviation was found in Er of untreated TMJ discs (Fig. 4D), not 

with c-ABC treatment (Fig. 4F). Our GAGs assay showed that the c-ABC treatment for 3 

hours degraded up to 65% GAGs in TMJ discs, consistently with previous works (Lumpkins 

& McFetridge, 2009; Willard et al., 2012).

DISCUSSION

The directions of the anisotropic orientation of collagen fibers in TMJ discs have been well-

described in previous studies (Allen & Athanasiou, 2006a; Kalpakci et al., 2011; Perez del 

Palomar & Doblare, 2006; Shi et al., 2013; Stankovic et al., 2013). In the present study, we 

demonstrated that not only the direction but also degree of collagen fibers alignment are 

varied in the different regions of human TMJ discs. Our data also suggested that the variant 

degree of collagen fiber alignment is attributed to the regionally variant instantaneous 
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modulus (Ei) and in part of relaxation modulus (Er) under stress relaxation test. These novel 

findings likely provide a potential explanation for the previous findings showed that tensile 

properties of TMJ discs, prepared along with the regional collagen orientation, are varied in 

different regions in spite of the relatively homogeneous collagen density throughout the TMJ 

discs(Kalpakci et al., 2011).

As a fibrocartilaginous tissue, TMJ discs exhibit viscoelastic properties that have been 

widely evaluated by stress relaxation tests, largely under compression (Allen & Athanasiou, 

2006a, 2006b; Kuo, Zhang, Bacro, & Yao, 2010; Lumpkins & McFetridge, 2009; Willard et 

al., 2012). Previous works showed that the regional distribution of GAGs contributes to the 

viscoelastic properties with a significant difference in between the regions of TMJ discs 

(Beek, Aarnts, Koolstra, Feilzer, & van Eijden, 2001; Lumpkins & McFetridge, 2009; 

Willard et al., 2012). As GAGs are negatively charged playing roles in water absorbance, its 

mechanical functions have been predominantly examined under compression (Beek et al., 

2001; Lumpkins & McFetridge, 2009; Willard et al., 2012). However, a recent study 

demonstrated that the GAG-containing fibrocartilaginous micro-domains play essential roles 

in the transmission of tensile forces as interconnected with collagen fibers network (Han et 

al., 2016). Similarly, our data demonstrated that the correlation between tensile relaxation 

modulus and angular deviation of collage fibers alignment were significantly altered by C-

ABC treatment, further advocating a role of GAGs in tensile behavior of TMJ discs.

Likely due to the predominant mechanical roles of collagen fibers in tensile, we found no 

statistically significant correlation between the compressive instantaneous modulus and the 

angular deviation. However, the compressive relaxation modulus of TMJ discs showed a 

statistically significant correlation with the angular deviation of collagen fibers alignment in 

a GAGs-dependent manner. This finding suggests a potential mechanical role of collagen 

fibers under compressive loads. Consistently, a recent study demonstrated that not only GAG 

but also density and alignment of collagen fibers determine compressive modulus of TMJ 

discs via the mechanical reinforcement by collagen network (Fazaeli, Ghazanfari, Everts, 

Smit, & Koolstra, 2016). Accordingly, it is postulated that the degree of collagen alignment 

is associated with the collagen-GAGs network that consequently contributes to the 

compressive relaxation modulus.

Despite the novel finding of the correlation between the viscoelastic properties and the 

degree of collagen fibers alignment in TMJ discs, the present study has several limitations. 

First, we had a limited number of human TMJ disc samples. By preparing multiple tissue 

samples from each TMJ disc, we had a sufficient sample number to result in a statistically 

significant outcome in analysis of the viscoelastic properties and the collagen fiber 

alignment. However, our sample number was not sufficient to investigate any difference in 

the donor’s gender. In addition, all the tissue donors were over 45 years old so our data may 

not represent structure-mechanics characteristics of TMJ discs in young patients. Thus, 

follow-up studies with additional sample numbers are necessary to study age- and/or gender-

differences in the degree of collagen alignment and its correlation with mechanical 

properties. Another limitation of this study is the incomplete characterization of biochemical 

structure determining the correlation between the angular deviation of collagen alignment 

and mechanical properties which are dependent upon interactions with GAGs and the type 
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of loads. Multi-scale mechanical evaluation (Han et al., 2016) may be applied in a follow-up 

study to obtain more in-depth understanding of the complex mechanical behavior of TMJ 

discs.

The regionally variant viscoelastic properties of human TMJ discs in the present study show 

somewhat different level and tendency from some of previous reports showing higher 

instantaneous modulus in the posterior band than the anterior (Wright et al., 2016). However, 

another study showed a higher peak tensile modulus in the anterior band than the posterior 

in human TMJ disc (Kalpakci et al., 2011), corresponding to our findings. Similarly, 

dynamic modulus of human TMJ discs were higher in the anterior band than the posterior 

(Beek et al., 2001). Such discrepancy in the regional mechanical properties in between the 

different studies are likely due to various loading regime, testing conditions, sample 

preparation, and donor age and sex (Allen & Athanasiou, 2006a).

In conclusion, this study revealed the region-variant degree of collagen fibers alignment that 

is likely attributed to the heterogeneous mechanical properties of TMJ disc. One of the most 

important criteria for functional tissue engineering is to recapitulate native-like mechanical 

properties in an engineered tissue. Thus, our findings demonstrating the complex and region-

variant viscoelastic properties may have significant implication in our ultimate research goal 

to engineer functional replacement TMJ discs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Human TMJ disc shows region-variant directions of collagen alignment.

• Degree of collagen alignment, not only the directions, is regionally variant.

• The region-variant alignment degree is correlated with viscoelastic properties.
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Fig. 1. 
The anisotropic collagen orientation in TMJ disc. Circularly polarized images of Picrosirius 

Red (PR) stained tissue sections showed circumferentially oriented collagen fibers in the 

peripheral zones and the anteroposterior fiber orientation in the intermediate zone (A), 

corresponding to the mean orientation angles of the collagen fibers from an automated 

digital imaging processing (B).
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Fig. 2. 
Quantitative analysis of collagen fiber alignment. Polarized images with PR staining (A–E) 

show highly aligned collagen fibers in the anterior band (A) and intermediate zone (C) as 

compared to the posterior band (B). Medial and lateral regions show less alignment of 

collagen fibers (D, E). Histograms of fiber alignment angle (F–J) consistently show more 

fibers aligned along with the mean angles in the anterior (F) and intermediate zone (H) in 

comparison with the other regions (G, I, J). Quantitatively, AD values were significantly 

smaller in the anterior and the intermediate zone as compared to the other zones (n = 10 per 

group; p < 0.001).
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Fig. 3. 
Correlation between the degree of fiber alignement and tensile viscoelastic properties of 

TMJ discs. Stress relaxation curves (A) and the instantaneous (Ei) and relaxation moduli (Er) 

(B) were varied in the different regions of TMJ discs. Ei was significantly correlated with 

the AD with or without C-ABC treatment (C, E), wheares Er was correlated with AD only 

when treated with C-ABC (D, F) (n = 5 per group) (*: p<0.01; #: p<0.01 comapred to Er).
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Fig. 4. 
Correlation between the degree of fiber alignement and compressive viscoelastic properties. 

Stress relaxation curves (A) and the instantaneous (Ei) and relaxation moduli (Er) (B) were 

varied in the different regions of TMJ discs. Under compression, Ei with our without C-

ABC treatment was not correlated with AD (C, E), and Er was correlated in untreated 

samples (D) not with C-ABC treatment (F) (n = 5 per group) (*: p<0.01; #: p<0.01 

comapred to Er).
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