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Abstract
Objective—To investigate the relationship between anisotropic solute diffusion properties and
tissue morphology in porcine temporomandibular joint (TMJ) discs.

Design—TMJ discs from eleven pigs aged 6–8 months were divided into five regions: anterior,
intermediate, posterior, lateral, and medial. The transport properties and tissue morphology were
investigated in three orthogonal orientations: anteroposterior, mediolateral, and superoinferior.
The anisotropic diffusivity of fluorescein (332 Da) in the right discs was determined by the
fluorescence recovery after photobleaching (FRAP) protocols. The tissue morphology in the left
discs was quantified by scanning electron microscopy.

Results—The diffusivities of fluorescein in the TMJ disc were significantly anisotropic, except
for the anterior region. In the medial, intermediate, and lateral regions, the diffusion along the
fiber orientation (i.e., anteroposterior direction) was significantly faster than the diffusion in
mediolateral and superoinferior directions. In the posterior region, the diffusion along the fiber
orientation (i.e., mediolateral direction) was significantly faster than the diffusion in
anteroposterior and superoinferior directions. The diffusion in the anterior region was mostly
isotropic with the lowest degree of diffusion anisotropy, as well as collagen fiber alignment, likely
due to the multi-directional fiber arrangement. The anterior region had the highest mean
diffusivity [65.6 (49.3–81.8) μm2/s] in the disc, likely due to its high water content. The overall
average diffusivity of fluorescein across the TMJ disc was 57.0 (43.0–71.0) μm2/s.

Conclusions—The solute diffusion in porcine TMJ discs was strongly anisotropic and
inhomogeneous, which associated with tissue structure (i.e., collagen fiber alignment) and
composition (e.g., water content).
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INTRODUCTION
The temporomandibular joint (TMJ) is a synovial, bilateral joint with unique morphology
and function1. The TMJ disc, a fibrocartilaginous tissue, is a major component of jaw
function by providing stress distribution and lubrication in the joint2–3. Disc derangement
(e.g., dislocation of the disc) is a common clinical finding in patients with TMJ disorders
(affecting more than 35 million Americans with an annual health care cost of $4 billion)4–5.
It has been suggested that degenerative processes predispose the disc to displacement and
result in significant changes in disc morphology, biochemistry, function, and material
properties6–7.

The TMJ disc has a distinctive extracellular matrix (ECM) composition and structure when
compared to hyaline cartilage and other fibrocartilaginous tissues [e.g., the intervertebral
disc (IVD)]. The TMJ disc tissue is composed primarily of water with a significant amount
of collagen (mainly type I) and a very small amount of proteoglycan8–12. The human TMJ
disc is a large avascular structure being wider mediolaterally than anteroposteriorly
(approximately 19×13 mm)13. The nutrients required by disc cells for maintaining healthy
matrix are supplied by synovial fluid at the margins of the disc as well as through nearby
blood vessels at the connection to the posterior bilaminar zone13–14. The balance between
the rate of nutrient transport through the matrix and the rate of consumption by disc cells
establishes a concentration gradient across the disc. The concentration levels of essential
nutrients, such as oxygen and glucose, can profoundly affect TMJ disc cell viability, matrix
synthesis, and response to inflammatory factors15–16. This suggests that deviation from
physiological nutrient levels in the TMJ disc due to the lack of nutrient supply may initiate
tissue remodeling and matrix degradation. Although convection due to interstitial fluid flow
induced by mechanical loading may affect large solute transport 17–19, the transport of small
solutes (e.g., ions, oxygen, and glucose) within avascular cartilaginous tissues mainly
depends on diffusion19–20. The rate of solute diffusion in tissue is governed by solute
diffusivities which are affected by the composition and structure of the matrix, as well as
mechanical strains on the tissue. Many studies have been conducted to determine
diffusivities of various solutes in articular cartilage and IVD21. However, very few data of
solute diffusivities are available for the TMJ disc. Recently, we examined the effect of
mechanical loading on small ion diffusivity in TMJ discs using the electrical conductivity
method. The results indicated that compressive strain significantly impeded solute transport
in the TMJ disc22. Furthermore, the solute diffusivities of FITC-dextran (4k Da) in porcine
TMJ discs were also measured by using a fluorescence recovery after photobleaching
(FRAP) technique23. The results showed that the tissue matrix significantly hindered solute
diffusion and the solute diffusivities were anisotropic (i.e., orientation dependent) and
inhomogeneous (i.e., region dependent)23. A recent diffusion tensor imaging (DTI) study
also showed the anisotropic and region-dependent behavior of water diffusion in porcine
TMJ discs24.

The unique transport behavior in the TMJ disc tissue may be attributed to the complex tissue
composition and structure (i.e., tissue morphology) of the disc. Differences in biochemical
composition and structure distinguish the disc into three regions: the anterior band,
intermediate zone, and posterior band13. Collagen fibers in the posterior band run primarily
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in the mediolateral direction and in the intermediate zone align predominately in an
anteroposterior direction, while mixed fiber orientations have been found mainly in the
anterior band25. Knowledge of transport properties for small nutrient molecules (e.g.,
oxygen and glucose) and their relationship with tissue morphology is important for
elucidating the mechanism and pathways of nutrient transport in the TMJ disc and better
understanding the etiology of TMJ disc degeneration. While several studies have been
published about the effect of tissue morphology on anisotropic diffusion in articular
cartilage26, ligament27, knee meniscus28, and IVD29, little is known regarding the
relationship between solute diffusion properties and tissue structure of the TMJ disc.

Therefore, the objective of this study was to investigate the relationship between solute
diffusion properties and tissue morphology in porcine TMJ disc. We hypothesized that
solute diffusion in the TMJ disc is anisotropic and inhomogeneous, and transport properties
are associated with tissue morphology. The diffusivities of fluorescein in five TMJ disc
regions (anterior, medial, intermediate, lateral, and posterior) were determined by a FRAP
technique previously developed in our lab23. The anisotropic diffusion behavior of
fluorescein in the TMJ disc was investigated by measuring the diffusion coefficient in three
orthogonal directions (medial-lateral, anterior-posterior, and superior-inferior) in each disc
region. To investigate the relationship between tissue morphology and solute diffusivity, the
three-dimensional (3D) collagen fiber structures in each disc region were examined by
utilizing scanning electron microscopy (SEM). The anisotropy of fiber structures in five disc
regions were quantified through the analyses of the SEM images.

MATERIALS AND METHODS
Specimen Preparation

A total of eleven pig heads (Yorkshire, male, aged 6~8 months) were collected from a local
abattoir within 2 hours of slaughter. The entire TMJ with capsule intact was removed en
bloc. Joints were opened under a sterile dissection hood; TMJ discs were then removed from
peripheral attachments. All discs were assessed visually, and were not used if signs of
degeneration were apparent. The transport properties and tissue morphology were
investigated in three orthogonal orientations (i.e., mediolateral, anteroposterior, and
superoinferior) for each of the five different regions (i.e., anterior, medial, intermediate,
lateral, and posterior) (Fig. 1). Eleven TMJ discs of the right joints were used to determine
the anisotropic diffusivities via FRAP protocols. Eleven TMJ discs of the corresponding left
joints were used to examine the tissue morphology via SEM. When the specimens were
observed under the microscopes, the material coordinates of the samples were fixed to the
microscopy coordinates [i.e., mediolateral (ML) axis→X axis, anteroposterior (AP)
axis→Y axis, and superoinferior (SI) axis→Z axis] in order to correlate the diffusion
properties to the tissue morphology of the TMJ discs.

Diffusivity Measurement using FRAP Technique
Three tissue blocks were harvested from each region for the diffusivity measurements (Fig.
1). One tissue block was for the diffusivity measurement on the XY horizontal plane (i.e.,
ML-AP plane), one was for the ZX vertical plane (i.e., SI-ML plane), and the other one was
for the ZY vertical plane (i.e., SI-AP plane). The disc tissue blocks were sectioned to 100μm
slices using a microtome (SM24000, Leica Microsystems GmbH, Wetzlar, Germany) with a
freezing stage (Model BFS-30, Physitemp, Clifton, NJ). The specimens were marked to
identify the material coordinates. The tissue slices were then immersed in a phosphate
buffered saline (PBS) solution (Sigma®, St. Louis, MO) with 0.2mM fluorescein (332 Da,
λex 490 nm; λem 514 nm, Fluka-Sigma-Aldrich®, St. Louis, MO) for 48 hours. No
significant tissue swelling occurred in this study. The specimen was sandwiched between
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two porous platens to prevent tissue swelling during the incubation. This method was
successfully used in FRAP studies for IVD tissues29–30. The anisotropic diffusion tensors of
fluorescein in the specimens on the sectioned plane were determined using a Spatial Fourier
Analysis (SFA) based FRAP technique developed in our previous study23. The FRAP
experiments were performed on a Leica TCS-SP5 confocal laser scanning microscope
(Leica Microsystems, Inc., Exton, PA) at room temperature (22°C). Briefly, the specimens
were photobleached using an Ar-488nm laser to create a circular bleached spot with a
diameter of 48μm. For each FRAP measurement, 300 frames of recovery images of
128×128 pixels (387.5μm×387.5μm), plus 5 images prior to photobleaching, were acquired
at a scanning rate of 0.355 seconds per frame. To minimize the contribution of the
fluorescence emission of the background, pre-bleaching images were averaged and then
subtracted from the post-bleaching image series. The confocal series images were analyzed
by implementing custom written codes in MATLAB (MATLAB 7.0, The MathWorks Inc.,
Natick, MA) to calculate the 2D solute diffusion tensor in the specimen on the section plane.
For the specimen sectioned on the XY horizontal plane (i.e., ML-AP plane), the diffusivities
along the mediolateral (DML) and anteroposterior (DAP) orientations were determined.
Similarly, for the specimen sectioned on the ZX vertical plane (i.e., SI-ML plane), the
diffusivities along the superoinferior (DSI) and mediolateral (DML) were determined. For the
specimen sectioned in the ZY vertical plane (i.e., SI-AP plane), the diffusivities along the
superoinferior (DSI) and anteroposterior (DAP) orientations were determined. Finally, for
each disc region, the diffusivities along the anteroposterior (DAP), mediolateral (DML), and
superoinferior (DSI) orientations were calculated by averaging the corresponding
diffusivities of the three specimens prepared from the same disc region in three orthogonal
planes. The mean diffusivities [(DML+DAP+DSI)/3] in each region were calculated as well.

Fractional Anisotropy
To quantify the solute diffusion anisotropy, the fractional anisotropy (FA)31 was calculated
for each disc region by following the equation:

Here, the diffusivities of DAP, DML, and DSI were used to represent the three eigenvalues of
the 3D diffusion tensor. Our data showed that values of the off-diagonal components of the
diffusivity tensor in the material coordinates were much smaller (at least one order of
magnitude smaller) compared to the diagonal components (i.e., DAP, DML, and DSI). The
FA is a scalar and rotationally invariant quantity that describes the degree of anisotropy of
diffusion in a tissue sample. A FA value of zero means that diffusion is isotropic (i.e. it is
equally restricted in all directions). In contrast, a FA value of one represents that diffusion
occurs only along one axis and is fully restricted along all other directions.

Tissue Structure Examination using SEM
To determine the fiber structure on the horizontal plane (e.g., XY plane), a whole disc
sample was microtomed to remove the concave shape of the disc and expose the collagen
fiber structure on the horizontal plane which is parallel to the superior surface. To determine
the fiber structure on the two vertical planes (e.g., ZX and ZY planes), the discs were cut
mediolaterally or anteroposteriorly to uncover the tissue structure on the vertical planes. The
specimens were marked to distinguish the different regions and identify the material
coordinates. The specimens were then fixed with a solution of 2.5% glutaraldehyde in PBS
at 4°C for 72 hours. The fixed tissues were dehydrated using a graded series of ethanol.
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Afterwards, the specimens were dried by immersion in hexamethyldisilazane (HMDS)
solution. In order to enhance the contrast of SEM images, the specimens were coated with a
layer (20μm thickness) of gold. Finally, the coated specimens were examined via SEM
(Hitachi TM-1000) at 3000x magnification.

Collagen Fiber Alignment Measurement
The SEM images in each disc region were used to assess the degree of collagen fiber
alignment. The fiber alignment measurement was characterized by using an ImageJ (Version
1.45s, by Wayne Rasband, National Institutes of Health, USA) plug-in (OrientationJ) that
calculates the directional coherency coefficient of the collagen fibers32–33. The coherency
coefficient indicates if the local fibers are aligned or not. A coherency coefficient close to
one demonstrates a significantly coherent orientation of the local fibers in one direction. A
coherency coefficient close to zero represents no dominant orientation of the fibers32.

Statistical Analysis
One-way ANOVA and Tukey’s post hoc tests were performed on DML, DAP and DSI to
examine in the anisotropy of solute diffusion in each disc region. The mean solute
diffusivities, diffusion fractional coefficients, and fiber coherency in the five disc regions
were also analyzed using the same statistical methods to examine the regional effect on the
solute diffusion rate, diffusional anisotropy, and fiber alignment in porcine TMJ discs. SPSS
16.0 software (SPSS Inc., Chicago, IL) was used for all statistical analyses and significant
differences were reported at p-values < 0.05.

RESULTS
Solute Diffusivities in the TMJ Discs (FRAP)

The diffusivities of fluorescein in each TMJ disc region were significantly anisotropic,
except the anterior region (Fig. 2). In the medial region, anteroposterior diffusivity [mean,
95% confidence interval (CI), 65.2 (49.4–81.1) μm2/s] was significantly larger than the
diffusivities in the mediolateral [51.6 (36.4–66.7) μm2/s, p = 0.031] and superoinferior [50.8
(35.9–65.7) μm2/s, p = 0.023] directions. In the lateral region, anteroposterior diffusivity
[60.2 (45.4–75.0) μm2/s] was also significantly larger than the diffusivities in the
mediolateral [48.1 (36.7–59.5) μm2/s, p = 0.023] and superoinferior [39.7 (26.9–52.5) μm2/
s, p < 0.0001] directions. Similarly, in the intermediate region, anteroposterior diffusivity
[64.3 (48.3–80.4) μm2/s] was significantly larger than the diffusivities in the mediolateral
[50.7 (38.8–62.5) μm2/s, p = 0.013] and superoinferior [43.7 (31.1–56.4) μm2/s, p = 0.0001]
directions. In contrast, in the posterior region, mediolateral diffusivity [72.0 (56.8–87.2)
μm2/s] was significantly larger than anteroposterior [49.1 (34.7–63.6) μm2/s, p = 0.0003]
and superoinferior diffusivity [57.7 (42.9–72.5) μm2/s, p = 0.04]. However, in the anterior
region, there were no significant differences in diffusivity between anteroposterior [67.8
(50.1–85.6) μm2/s], mediolateral [62.6 (43.7–81.4) μm2/s], and superoinferior [66.3 (46.3–
81.8) μm2/s] directions (ANOVA, p = 0.66). The degree of the diffusional anisotropy was
quantified by the fractional anisotropy in the five disc regions (Fig. 4). The value of
fractional anisotropy in the anterior region [0.13 (0.10–0.16)] was significantly lower than
those of the medial [0.24 (0.15–0.34)], lateral [0.26 (0.19–0.35)], intermediate [0.28 (0.19–
0.38)], and posterior [0.30 (0.20–0.41)] regions (ANOVA, p = 0.0002).

The mean diffusivities of fluorescein in porcine TMJ discs were region-dependent
(ANOVA, p = 0.013). The anterior region [65.6 (49.3–81.8) μm2/s] had a significantly
higher mean diffusivity than the intermediate region [53.5 (41.0–66.0) μm2/s, p = 0.048]
and lateral region [51.2 (39.0–63.3) μm2/s, p = 0.01]. Moreover, the anterior region also had
a higher value of mean diffusivity than the medial region [56.2 (42.7–69.7) μm2/s] and
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posterior region [58.7 (44.9–72.5) μm2/s], although the differences were not statistically
significant (Fig. 3). The overall average diffusivity of fluorescein across the TMJ disc was
57.0 (43.0–71.0) μm2/s.

Collagen Fiber Orientations (SEM)
Typical SEM images of porcine TMJ discs in the horizontal XY, vertical ZX, and vertical
ZY sections (Fig. 6) showed differences in the organization of collagen fibers among five
disc regions. In the horizontal XY plane (i.e., ML-AP plane), the collagen fibers aligned
anteroposteriorly in the medial, intermediate, and lateral regions while fibers were aligned
mediolaterally in the posterior region. Interestingly, fibers aligned in both anteroposterior
and mediolateral directions were found in the anterior region [Fig. 6(A)]. In the vertical ZX
plane (i.e., SI-ML plane), there was no clear fiber orientation in the medial, intermediate and
lateral regions, likely due to their orientation perpendicular to the sectioned plane. There was
also no clear fiber orientation in the anterior region. Conversely, the fibers clearly aligned in
the mediolateral direction in the posterior region [Fig. 6(B)]. In the vertical ZY plane (i.e.,
SI-AP plane), anteroposterior fibers were found again in the medial, intermediate, and lateral
regions while fibers with two orientations existed in the anterior region. There was no clear
fiber orientation in the posterior region, likely due to fibers being oriented perpendicular to
the section plane [Fig. 6(C)].

The degree of collagen fiber alignment was quantified by the coherency coefficient in the
five disc regions (Fig. 5). The results indicated that the values of the coherency coefficient
were region-dependent in the TMJ disc. The collagen fibers highly aligned in the medial
[0.43 (0.33–0.53)], lateral [0.42 (0.37–0.48)], intermediate [0.41 (0.33–0.50)], and posterior
[0.39 (0.36–0.42)] regions. In contrast, the anterior [0.12 (0.06–0.17)] region had a
significant lower coherency coefficient than the other four regions (ANOVA, p < 0.0001),
likely due to the multi-directional fiber arrangement in this region.

DISCUSSION
The 3D solute diffusion properties and tissue morphology in porcine TMJ discs were
determined in this study by using FRAP and SEM techniques, respectively. The results of
the FRAP measurements demonstrated that the solute diffusion in porcine TMJ discs was
anisotropic. Moreover, the degrees of the diffusional anisotropy and main orientations of
diffusion were region-dependent. The SEM results showed that the collagen fiber structure
in the TMJ discs was highly organized and the degree and orientation of collagen fiber
alignment were region-dependent as well. This study suggested that the 3D anisotropic
diffusion properties were associated with tissue morphology (i.e., collagen fiber structure) in
each TMJ disc region.

The collagen fiber orientations observed by SEM in this study were in agreement with the
experimental results reported in the literature. Detamore et al. found collagen fibers inside
the porcine TMJ discs have a ring-like structure around the periphery and are oriented
anteroposteriorly through the intermediate zone25. The collagen fibers primarily run in a
mediolateral direction within the posterior region. However, the anterior band has the
merging of anteroposterior fibers with mediolateral fibers, since central anteroposterior
fibers extend somewhat into the anterior band. The collagen fibers in human and other
animal TMJ discs34–37 have similar structures as the results shown in this study.

The mean diffusivity of fluorescein across the TMJ disc measured in this study was
comparable to the values in other cartilaginous tissues (e.g., intervertebral disc, meniscus,
and articular cartilage) (Table I). The diffusivity of fluorescein was lower than that of ions
(Na+ and Cl−)22, but higher than that of 4k Da FITC-dextran23 in porcine TMJ discs
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determined in our previous studies (Table I). This was expected since the fluorescein
molecular weight lies in between the other solute weights. The results of this study
demonstrated that the solute diffusion in the TMJ disc was highly anisotropic, which was
also found in our previous study examining 2D anisotropic diffusion of a larger solute (4k
Da FITC-dextran) in the horizontal X-Y plane23. This study of 3D anisotropic solute
diffusion further indicated that the main diffusion directions were associated with the main
collagen fiber orientations. In the medial, intermediate, and lateral regions, the fluorescein
diffusion along the fiber orientation (i.e., anteroposterior direction) was significantly faster
than the diffusion transverse to the fiber orientation (i.e., mediolateral and superoinferior
directions). In the posterior regions (i.e., posterior band), the fluorescein diffusion along the
fiber orientation (i.e., mediolateral direction) was significantly faster than the diffusion
transverse to the fiber orientation (i.e., anteroposterior and superoinferior directions) as well.
In contrast, the diffusion in the anterior region was mostly isotropic, likely due to the multi-
directional fiber arrangements.

Furthermore, the degree of diffusional anisotropy in five disc regions has a similar trend as
the degree of collagen fiber alignment. The collagen fibers were highly aligned in the
medial, lateral, intermediate, and posterior regions. However, the anterior region had a
significantly lower coherency coefficient than the other four regions (Fig. 5).

Correspondingly, the value of fractional anisotropy in the anterior region was significantly
lower than those of the other disc regions (Fig. 4). Similar results were also found by DTI
measurements of 3D water diffusion in porcine TMJ discs24. However, the fractional
anisotropy of water diffusion (0.36–0.55) in the DTI study was higher than the fluorescein
diffusion (0.13–0.30) in this study. The possible reason for this difference might be the age
difference of the animals used between the DTI study (12–16 months) and this study (6–8
months). The existence of more aligned collagen fibers in matured pigs may cause a
relatively higher fractional anisotropy. The studies on bovine28 and human29 annulus
fibrosus (AF) also showed highly anisotropic fluorescein diffusion properties exist because
of the well-organized tissue structures.

The mean diffusivity of fluorescein in the TMJ disc is about 10% of its diffusivity in water,
indicating the solute diffusion is significantly hindered by the ECM of the tissue. In addition
to the tissue structure, the tissue composition also could influence the solute diffusion
properties in hydrated soft tissues21. The comparison of mean diffusivities between different
regions showed the inhomogeneous solute diffusion properties in the TMJ disc. The anterior
region had a higher mean diffusivity of fluorescein than the other disc regions probably due
to the high water content, although the tissue water content was not measured in this study.
Our previous study showed that the ion diffusivities were highly associated with the tissue
water content in porcine TMJ discs22. The anterior region has the highest ion diffusivities as
well as tissue water content. The higher diffusivity may be needed to meet the higher
nutrient demands in the anterior region. Our previous study has shown that the anterior
region has the highest cell density in the disc38. Studies29–30, 39 on other cartilaginous
tissues also showed that the solute diffusivity is positively related to the tissue water content.
The diffusivity was lower in the TMJ disc when compared to other cartilaginous tissues
(Table I) likely due to the low water content in the TMJ disc. Considering the higher cell
density and nutrient consumption rate of TMJ disc cells38, the lower solute diffusivity may
result in a steeper nutrient gradient in the TMJ disc compared to other cartilaginous tissues.
Such a nutrient gradient may be vulnerable to any pathological event that can impede
nutrient supply, and ultimately result in tissue degeneration.

In this study, fluorescein was utilized as a molecular probe to investigate the relationship
between solute diffusion properties and tissue morphology. The molecular weight of
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fluorescein (332 Da) is about two times higher than the molecular weight of glucose (180
Da). Generally, the tissue ECM has a greater impact on the diffusivity of larger solutes21.
Therefore, it is necessary to determine the impact of tissue ECM on the diffusivities of other
essential solutes, such as oxygen and glucose. In this study, the measurement of 3D
anisotropic diffusivities was achieved by measuring 2D diffusion tensors in three orthogonal
tissue sections. However, this tissue sectioning process might alter the collagen fiber
alignment. Therefore, it is necessary to develop a FRAP technique to measure local 3D
solute diffusion tensor without tissue sectioning. Although pigs have been considered as a
good animal model to study human TMJ disc mechanics, the determination of the solute
diffusivity on human samples is also needed.

In summary, this study investigated the relationship between small solute diffusion
properties and tissue morphology in porcine TMJ discs. Both FRAP and SEM techniques
were utilized to determine the 3D solute diffusion properties and collagen fiber orientations,
respectively. It was found that the diffusion of fluorescein in the TMJ disc was anisotropic
and inhomogeneous. This suggests that tissue structure (i.e., collagen fiber alignment) and
composition (e.g., water content) could be key factors affecting the solute diffusion
properties within TMJ discs. The fluorescein diffusion along the fiber orientation was
significantly faster than the diffusion transverse to the fiber orientation. Interestingly, the
quantitative measurements showed the degree of diffusional anisotropy and the degree of
collagen fiber alignment have a similar trend in five disc regions, which indicated the
anisotropic diffusion properties were associated with tissue morphology. Furthermore, this
study also demonstrated that the regional difference in tissue composition resulted in the
region-dependent solute diffusion properties. This study has provided a baseline
investigation on the relationship between solute transport properties and tissue morphology.
These findings are important for understanding transport properties as well as further
developing numerical models on nutritional supply within the TMJ disc.
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Figure 1.
Schematic of specimen preparation and testing protocols. Each disc was examined in five
regions: anterior, intermediate, posterior, lateral and medial. In each region, solute diffusion
properties and tissue morphology of these specimens were investigated in three orthogonal
planes (i.e., XY, ZX and ZY). The right side discs were tested by FRAP protocols for the
diffusion properties and the corresponding left side discs were examined by SEM protocols
for tissue morphology.
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Figure 2.
The results of anisotropic solute diffusivities in porcine TMJ discs (n=11). (The data shown
were means and the error bar was a 95% confidence interval.) In the medial (* ANOVA, p =
0.013), lateral (* ANOVA, p < 0.0001) and intermediate regions (* ANOVA, p = 0.0002),
anteroposterior diffusivity was significantly larger than the diffusivities in the other two
directions. The mediolateral diffusion predominated in the posterior region (*ANOVA, p =
0.001). In the anterior region, there were no significant differences for diffusivity between
the orientations (ANOVA, p = 0.66) likely due to the multi-directional fiber arrangement.
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Figure 3.
The results of inhomogenous solute diffusivities in porcine TMJ discs (n=11). (The data
shown were means and the error bar was a 95% confidence interval.) Region-dependent
diffusion properties were found in the TMJ disc. The anterior region had higher mean
diffusivity than the lateral and intermediate regions (* ANOVA, p = 0.013 compared to
anterior) probably due to the higher water content and random fiber arrangement in this
region.
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Figure 4.
The results of solute diffusional anisotropy in five regions of the TMJ disc (n=11). (The data
shown were means and the error bar was a 95% confidence interval.) The results of
fractional anisotropy showed the region-dependent solute diffusion properties in the TMJ
disc. The anterior region had lower FA than other four regions (*ANOVA, p = 0.0002).
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Figure 5.
The results of collagen fiber alignment anisotropy in five regions of the TMJ disc (n=11).
(The data shown were means and the error bar was a 95% confidence interval.) The
measurements of coherency coefficient demonstrated the region-dependent collagen fiber
alignment properties in the TMJ disc. The anterior region had lower coherency coefficient
than other four regions (* ANOVA, p < 0.0001) likely caused by the random fiber
arrangement in the anterior region.
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Figure 6.
SEM images of collagen fiber orientations in the TMJ disc. (A) In the XY plane, the
collagen fibers aligned anteroposteriorly in the medial, intermediate and lateral regions. The
collagen fibers run mediolaterally in the posterior region and fibers in both directions were
found in the anterior region. (B) In the ZX plane, there was no clear fiber orientation in the
anterior, medial, intermediate and lateral regions, but the fibers in the posterior region
aligned mediolaterally. (C) In the ZY plane, anteroposterior fibers were found again in the
medial, intermediate and lateral regions, and fibers with both orientations existed in the
anterior region and were randomly distributed in the posterior region.
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Table I

The diffusivities (mean ± standard deviation) of different solutes in various cartilaginous tissues (unit: μm2/s).
Standard deviations are not available for annulus fibrosus, meniscus, and articular cartilage.

Type of tissues and species Type of Solute Diffusivities Reference

Porcine TMJ disc
Chloride ion (35Da) 439.5 ± 88.6

22
Sodium ion (23 Da) 316.7 ± 63.8

Porcine TMJ disc FITC-Dextran (4k Da) 26.1 ± 4.3 23

Porcine TMJ disc Fluorescein (322 Da) 57.0 ± 20.9 Present study

Bovine AF Fluorescein (322 Da) 110.2 28

Human AF Fluorescein (322 Da) 153.0 29

Bovine meniscus Fluorescein (322 Da) 101.5 28

Porcine articular cartilage
FITC-Dextran (3k Da) 75

26
FITC-Dextran (40k Da) 56
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