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Aims: To use the ultrashort time-to-echo magnetic resonance
imaging (UTE MRI) technique to quantify short T2* properties
(obtained through gradient echo) of a disc from the buman
temporomandibular joint (TM]) and to corroborate regional T2*
values with biomechanical properties and bistologic appearance
of the discal tissues. Methods: A cadaveric human TM] was sliced
sagittally and imaged by conventional and UTE MRI techniques.
The slices were then subjected to either biomechanical indentation
testing or histologic evaluation, and linear regression was used for
comparison to T2* maps obtained from UTE MRI data. Feasibility
of in vivo UTE MRI was assessed in two human volunteers. Results:
The UTE MRI technique of the specimens provided images of the
TM] disc with greater signal-to-noise ratio (~3 fold) and contrast
against surrounding tissues than conventional techniques. Higher
T2* values correlated with lower indentation stiffness (softer) and
less collagen organization as indicated by polarized light microscopy.
T2* values were also obtained from the volunteers. Conclusion:
UTE MRI facilitates quantitative characterization of TM] discs,
which may reflect structural and functional properties related to
TM] dysfunction. ] OROFAC PAIN 2011;25:345-353
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Ithough it shares common features with other synovial joints
through similar structure, including the presence of an intra-
articular disc, a deep synovial and superficial fibrous capsule,
and stabilizing ligamentous structures, the temporomandibular joint
(TM]J) is unique in many ways. One striking feature is the presence
of fibrocartilage rather than hyaline cartilage covering its articulat-
ing surfaces.! Owing to the important functions in which it partici-
pates (eg, mastication and speech), an understanding of the complex
anatomy of this articulation and knowledge of its common pathol-
ogy are crucial.> With regard to the latter, current medical perspec-
tives related to temporomandibular disorders involve orthopedic
principles combined with a biopsychosocial understanding of how
chronic pain disorders affect those who have them.** Currently,
magnetic resonance imaging (MRI) is accepted as the most accurate
means of noninvasive evaluation of the soft tissues of the joint.>”
This has been recently reinforced by Ahmad et al,* who concluded
that standard clinical MRI reliability was excellent for diagnosis of
disc displacements and synovial effusion, but performed poorly for
the detection of osteoarthritis.
Several MRI techniques have been introduced to improve visualiza-
tion of TM] anatomy.>”%1%1* However, significant challenges remain
because of the fibrocartilaginous nature of TM] soft tissues comprised
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largely of short T2 components, an intrinsic magnetic
resonance (MR) property that makes their MRI eval-
uation technically challenging. MRI evaluation of the
osseous structures of the TM], such as subchondral
and cortical bone, are further complicated by even
shorter intrinsic T2 values and structural consid-
erations requiring very high in-plane resolution for
visualization. With the ultrashort time-to-echo (UTE)
MR pulse sequence, it is possible to detect short T2
relaxation components in tissues before they decay to
a level where they are not detected with conventional
spin-echo pulse sequences.' !

The aims of this study were to use the UTE MRI
technique to quantify short T2* properties (obtained
through gradient echo rather than spin echo) of a
disc from the human TM]J and to corroborate regional
T2* values with biomechanical properties and histo-
logic appearance. Preliminary results of the 3T UTE
MRI technique and its feasibility to acquire signal
from the short T2 tissue of the TM] disc are presented,
thereby affording the opportunity to visually charac-
terize and to provide previously unknown quantitative
T2* measurements. The quantitative data of the intrin-
sic T2* properties of any tissue can be used to calculate
optimal time-to-repeat (TR), time-to-echo (TE), and
flip angle for MR sequences that will allow optimiza-
tion for signal and contrast. In addition, preliminary
data are presented which suggest that UTE quantita-
tive MR evaluation of tissue may provide a noninva-
sive means to detect intrinsic structural alteration and
alteration of tissue material property by using histo-
logic and biomechanical reference standards.

Materials and Methods

This cadaveric and in vivo study was approved by the
authors’ institutional review board, and informed con-
sent was obtained from the human volunteers.

Tissue Preparation

A unilateral TM] was removed en block from the
skull of a fresh male cadaver, aged 79 years at death.
The specimen was harvested in a closed-mouth in-
tercuspal position of the subject’s natural teeth.
There was no information available concerning the
existence of TM] disease before death.

The tissue block was extracted by a band saw
with a fine-toothed metal blade (Exact, Apparate-
bau). Reference landmarks included the nasal sep-
tum, the orbital ridge, the nasolabial fold, and the
retroauricular eminence. The resultant tissue block
was sectioned in a true sagittal plane through the
TM]J. The reference angle was extrapolated from

346 Volume 25, Number 4, 2011

MR images and based on the orientation of the
TM]J with respect to the nasal septum. Sections were
acquired at 3-mm slice thickness and were photo-
graphed digitally. They were subsequently frozen to
—40°C in an ultralow freezer (Bio-Freezer; Forma
Scientific). The specimens were allowed to thaw for
3 hours at room temperature prior to MRI.

Ex Vivo MRI Evaluation

MRI was performed on a 3T MRI system (Signa; GE
Medical Systems) with a 3-inch surface coil placed
in contact with the specimen slices. Two central
sagittal slices from the TM] were imaged (Fig 1).
UTE MRI was used to perform novel MR pulse se-
quences. These included a standard dual-echo UTE
sequence as well as a multiecho UTE sequence using
a constant TR-variable TE technique for T2* quan-
tification. Standard clinical MR sequences were ac-
quired, including T1-weighted and proton density
fat-suppressed spin-echo images.

Parameters for T1-weighted spin-echo sequences
included TR = 500 ms, TE = 15 ms, matrix = 512 X
512, slice thickness = 2 mm, number of excitations
(NEX) = 4, and a field of view (FOV) = 8 cm. Proton
density-weighted fat-suppressed images were ac-
quired using the following parameters: TR = 1,800
ms, TE = 11.7 ms, matrix = 512 X 512, slice thick-
ness = 2 mm, NEX = 4, and FOV = 8 cm.

For UTE MRI, the basic pulse sequence employs
a half radiofrequency excitation followed by radial
imaging of k-space from the center out.'®'? This
was followed by another half radiofrequency exci-
tation with the gradient reversed and repeated radi-
al mapping. The two sets of data were added to give
a single line of k-space and the process was repeated
through 360 degrees in 512 steps. The data were
mapped onto a 512 X 512 grid and reconstructed
by two-dimensional Fourier transformation (2DFT)
to give a gradient echo-like image. Two sets of im-
ages with TEs of 8 ps, 6.6 ms were produced with a
TR of 500 ms. Frequency-based fat suppression was
employed.

Standard clinical and UTE MR sequences were
assessed visually and through measurement of sig-
nal-to-noise (SNR) values. The region of interest
(ROI) was placed in the TM] disc tissue as well as in
regions of noise outside the tissue slice. ROIs were
cut and pasted at the MR scanner to ensure identi-
cal size and placement from sequence to sequence.

To characterize T2* values in the TM]J disc, a
Constant TR-Varying TE technique was used in
conjunction with UTE MRI, as noted above. For a
given TR (500 ms), UTE images were acquired at a
series of TEs 0£0.1,0.25,0.5,1,2.5,5,10,and 15 ms.
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Fig1 (a) UTE (TR = 500 ms, TE = 8 ps / 6.6 ms), (b) T1-weighted (TR = 500 ms, TE = 15 ms), and (c) proton density-
weighted fat-suppressed (TR = 1,800 ms, TE = 11.7 ms) MR images of the TMJ in a cadaveric specimen show increased
signal in the TMJ disc (straight arrows) situated between the articular eminence (asterisk), mandibular fossa (circle), and
mandibular condyle (rectangle) on the UTE MR image. The fibrocartilaginous articular surfaces (curved arrows) of the
condyle and mandibular fossa are also characterized by linear bright signal intensity. The UTE MR sequence facilitates
identification of these short T2 tissues through acquiring signal from them, not afforded by the standard clinical sequences.

Superior

Posterior

Indentation -

Fig2 TMJ specimen slice was subjected to (a) quantitative MRI and (b) biomechanical indentation testing, and ana-
lyzed to yield (c) a T2* map and (d) indentation stiffness map of the sample TMJ disc. A general inverse relation between
T2* and stiffness values are apparent.

Matlab (R2009a with Image Processing Toolbox)
was used to take MR images at multiple TEs that
were analyzed by voxel-wise mono-exponential fit-
ting of signal intensity to: S(TE) = S -exp(-TE/T2*¥).
This, along with masks representing areas of
the TMJ disc (created using Adobe Photoshop),

provided T2* maps. The total scan duration for all
of the ex vivo sequences was ~50 min.

Two ex vivo reference standards were explored
in this study. One tissue slice was compared to
indentation testing (Figs 2 and 3) and the second
slice was compared to histologic evaluation (Fig 4).
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In Vivo MRI Evaluation

The left TM]Js of two asymptomatic volunteers (both
37-year-old males) were imaged (Fig 5) using a three-
dimensional (3D) UTE MRI sequence and employing
a short hard pulse (40 ps) followed by 3D radial sam-
pling. A 3-inch surface coil was placed adjacent to
the volunteer’s TM]J. The following scanning param-
eters were used: TR = 21 ms; TE = 0.008, 4, 8, and
12 ms; matrix = 384 X 384 X 384; FOV = (14 cm)?;
voxel size = (0.36 mm)?; readout = 256; number
of projections = 30,000; bandwidth = = 62.5 kHz;
flip angle = 8 degrees; and scan time = 13 minutes.
SNR was determined by comparing the signal inten-
sity in the TM]J disc to that in the background. T2*
was quantified in the sagittal plane to create maps
and to determine the average values for the whole
TM] disc. For each volunteer, three image slices (cen-
tral where mandibular condyle appears the largest,
3.6 mm to the left, and 3.6 mm to the right) were
analyzed.

Biomechanical Testing

Indentation testing, a nondestructive biomechani-
cal test,”>?* was used on the TM]J disc. A sample
slice (Fig 2a) was placed on a flat stage and secured
at the articular fossa and the mandibular condyle,
and the TM]J disc at multiple sites was subjected to
indentation testing (Fig 2b) using a benchtop appa-
ratus (V500cs, Biomomentum) fitted with a 0.8-mm-
diameter plane-ended tip. The stage was equipped
with an x-y translation indexer (0.01-mm resolu-
tion) to allow for a high-precision positioning of
indentation sites. Throughout testing, the sample
was kept hydrated using phosphate buffered saline
containing proteinase inhibitors.>* The indentation
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Fig3 Indentation stiffness of the TM] disc was correlat-
ed with regional T2* values. A significant inverse relation-
ship was found, where a high T2* value was associated
with softer disc, suggesting possible deterioration.

protocol consisted of application of a small tare load
(~0.15 g) followed by ramp compression of 100 pm
(at 100 pm/s). The load was held for 1 s, and un-
loaded at the same rate. Indentation stiffness (higher
value indicates stiffer sample) was determined from
load-displacement data and converted to the units of
N/mm, as has been previously described.?* Addition-
ally, a map of indentation stiffness was created in
Matlab by using contour-plot of stiffness values at
each indentation site, and applying the mask created
for T2* mapping.

MR-Biomechanics Correlation

The T2* (Fig 2¢) and indentation stiffness maps (Fig
2d) were co-registered, and at each indentation site,
ROIs approximately the size of the indenter tip were
created to determine average T2* value at the site.
Pearson correlation was used to associate indenta-
tion stiffness to T2* values, with significance level
set at a = 0.05.

Histology

For histopathology, the discal tissue was processed
to evaluate tissue morphology and composition.
Tissue was fixed in buffered 10% formalin and par-
affin embedded. Five micrometer sections were cut
with a microtome and were stained with safranin-
O and fast green for glycosaminoglycan (GAG)
distribution and with Picrosirius red for polarized
light microscopy (PLM) for a better evaluation of
the tissue morphology. Birefringence and fiber ori-
entation were assessed using quantitative PLM?®%7;
a slide with an unstained tissue section (to reduce
background noise) was centered on a rotating stage
of an Olympus BX60 microscope and rotated from
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0 to 100 degrees while 21 images were captured
in § degree increments. A custom Matlab program
was created to determine the birefringence and
fiber orientation. A higher birefringence signal in-
dicates higher fiber organization. Birefringence and
fiber orientation are presented in heat maps where
a brighter signal (red-yellow) correlates with higher
birefringence and fiber organization and the lower
signal (light blue) correlates with more disorganized
fibers. Fiber orientation can be determined from a
heat map where each color corresponds to degrees
of rotation. For example, dark blue = 0 degrees,
yellow = 45 degrees, and dark red = 90 degrees. The
micrographs and PLM maps were compared to the
UTE T2* map to compare spatial patterns of the
measures.

Results

On visual inspection, the disc tissue appeared low
in signal intensity (black appearance referred to as
signal void) on the T1- and proton density-weighted
sequences (Figs 1b and 1¢). On the UTE MR image
(Fig 1a), discal tissue demonstrated increased signal
(bright appearance), which allowed for its distinc-
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Sirius red

Fiber orientation
More organized

o
Fig4 Correspondence between MRI and histologic measures in a TM]J disc. (a) T2* map of the TM] disc was compared
with its (b) sirius red staining, (c¢) safranin-O (Saf-O) and fast green staining, and (d) a heat map for fiber orientation ob-
tained by using qPLM methods. * represents the central region with low T2* value, less safranin-O staining, and greater
collagen orientation. O represents posterior region with the opposite characteristics.

tion from surrounding tissues as well as for its mor-
phologic characterization. Mean SNR values of the
TM] disc supported this observation and were 14.2,
18.2,and 41.6 on the T1-weighted sequence, proton
density-weighted fat-suppressed sequence, and UTE
MR sequence, respectively.

Use of the Constant TR-Varying TE technique
in conjunction with UTE imaging produced a T2*
map of the TM] disc (Figs 2¢ and 4c). The average
T2* value of the two discs was 17.3 = 1.7 ms.

In the evaluation of the stiffness of the disc by
biomechanical testing, a general inverse relation-
ship between the T2* values and the indentation
stiffness of the tissue was noted qualitatively in
the maps (Figs 2¢ and 2d). Higher T2* values were
associated with softer regions of the disc (Fig 3,
P < .001, R*= 0.25) with possible tissue degenera-
tion or deterioration.

When the T2* map was compared with histo-
logic measures, the central region with lower T2*
values (Fig 4a) corresponded with less GAG stain-
ing (Fig 4c) and greater collagen fiber organization
seen with Picrosirius red stain (Fig 4b) and the heat
map for fiber orientation (Fig 4d). In contrast, the
posterior region with higher T2* values exhibited
the opposite trend.
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Fig 5 (a) Left TM] of a volunteer was imaged quantitatively using a 3D UTE MRI sequence, and analyzed to yield a
(b) T2* map. (c) Graph showing goodness of the fit during the fitting.

The in vivo 3D UTE MR images (Fig 5a) of the
TM] from the volunteers also exhibited low noise
(average SNR = 20.8) and revealed high intensity in
the region of the TM]J disc. Maps revealed spatial
variations in the T2* values (Fig 5b), with an aver-
age T2* value of 11.8 = 6.3 ms, which was similar
to those in the ex vivo specimens (ANOVA P = .3).
The quality of the fitting, averaged over the ROI,
was good in all cases (Fig 5c¢).

Discussion

TM] pathology affects a significant portion of the
population at some stage in their lives.”?%?° These
disorders that present as painful functional distur-
bance have a complex etiology, most recently en-
compassed by biopsychosocial models.>* In part,
these disorders have been attributed to muscular
dysfunction at and around the joint and internal de-
rangement of the joint.? In the latter, intra-articular
components, most notably the disc and cartilage,
can be affected.® Progression of TM] internal de-
rangement may even lead to perforation of the disc
and, ultimately, to osseous remodeling that is more
obvious in the condyle than in mandibular fossa
and articular eminence.’®?! For this reason, nonin-
vasive assessment of the TM] could be important in
characterizing tissue and monitoring tissue changes
through the progression of acute to chronic disease,
as well as monitoring tissue response to therapy.’
The TM]J differs from other synovial joints in that
fibrocartilage covers the articular surfaces instead of
hyaline cartilage. The fibrocartilaginous disc is the
most important functional part of the joint and has
similarities with the meniscus of the knee in its com-
position of collagen I and II, glycosaminoglycans,
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and water.’> Unlike the meniscus of the knee, the
TM] disc has a significant component of elastic
fibers that may vary with age.>*3

MRI has gained wide acceptance in current imag-
ing evaluation of the TM] due to its excellent soft
tissue contrast and multiplanar imaging capabilities.
The basic MRI evaluation of the TMJ has mainly
focused on the disc, its morphology, and position
relative to the condyle and articular eminence with
an open- and closed-mouth position, and on its in-
trinsic signal intensity. Debate exists with several re-
ports over the signal intensity of the TM] disc. It has
been reported that the normal TM]J disc has a low
signal intensity throughout and, as the TM]J disc
degenerates, it becomes high in signal intensity.35*
Other reports have described the normal TM]J with
intermediate to high signal intensity on T1-weighted
MR images, with decreasing signal intensity with
degeneration.’” Most recently, increased signal in-
tensity on proton density-weighted fat-suppressed
and T1-weighted sequences within the posterior
band of the TM] disc has been described in the set-
ting of tissue degeneration.’® Although standard
clinical MR sequences at 1.5 T appear to be effec-
tive in accurate characterization of disc morphology
and position,** there is a definite need for studies
on the diagnostic efficacy of MRI in TM] disease.*®

Novel MRI techniques have been attempted to
better evaluate the TM]. Stehling et al have used 3.0
T in their studies and concluded that with higher
SNR as compared with 1.5 T, depiction of TM]
anatomy benefits significantly.® However, a limita-
tion in their study was the lack of a gold standard
and direct comparison with 1.5 T imaging. Hay-
akawa et al processed routine TM]J MRI slices by
tissue segmentation followed by 3D reconstruction
with visualization software in a 1.5 T MR unit.
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This technique focused on displacement and mor-
phology of the disc rather than its signal intensity.'
Similarly, Wang et al evaluated discal displacement
in their studies with dynamic half-Fourier acquired
single-shot turbo spin-echo (HASTE) using parallel
imaging and comparison with static proton density
imaging.'" Initial exploration of diffusion-weighted
MR imaging has been introduced for the ultimate
characterization of the stages of inflammation, but
the details of the disc were unidentifiable.*”

Alhough MRI provided the initial steps toward
noninvasive evaluation of the structural components
of the TM], its intrinsic tissue characteristics neces-
sitated more specific advances. The fibrocartilaginous
nature of the articular surfaces and disc suggest that
these tissues have a relatively short intrinsic T2 (MRI
characteristic intrinsic and specific to all tissues),
making them incompletely detected by standard clin-
ical sequences and unable to be accurately quantified
with standard T2 measurement techniques.

UTE pulse sequences allow a signal from short
T2 tissues to be detected and have the ability to
provide quantitative assessment for tissues with
predominantly short T2 tissue components in the
clinical setting for the first time. The gradient echo
techniques such as 2D or 3D fast spoiled gradient
recalled echo have the ability to measure T2 values
in the 1- to 2-ms range, although they do so at the
expense of resolution, requiring large FOV and in-
creased slice thickness and bandwidth. This compro-
mise is unacceptable for tissues such as the TM]J disc,
as they require high resolution to localize tissue for
the purposes of sampling. The UTE sequences were
originally implemented by Bergin et al in 1991.%8
Since their first introduction, the minimum TE has
progressively decreased from 150 ps to 80 ps and
recently to 8 ps, although the precise definition of
TE for short T2 tissue components is still a matter of
debate.**° The present study has served to provide a
means to apply the UTE MRI sequence to the tissues
of the TM]J, thereby allowing a signal to be obtained
from the TM] disc. This has facilitated excellent
visual characterization of the TM] disc compared to
the standard clinical sequences in vitro. Further, it
has allowed for T2* quantification of the TM]J disc.
It appears that T2* values when compared with his-
tologic evaluation do provide a noninvasive means
to reflect structural alteration within the tissue. The
lower T2* values in this study’s specimen reflected
fibrous change. In addition, while the described UTE
method is based on gradient echo imaging, the au-
thors are currently developing a spin-echo—based
UTE method that could be used to determine T2 val-
ues, rather than T2*. This will further expand the
utility of quantitative UTE methods.

Sanal et al

Biomechanical properties of TM] articular tissues
have been of interest, for establishment of baseline
values’™3 as well as for tissue engineering.?? Little
knowledge is available of the biomechanical proper-
ties of human samples, nor changes that may occur
with pathology of TM] tissues. Biomechanical prop-
erty changes are likely to occur during TM] degen-
eration, which can result in degenerative changes
histologically.* Similarly, degeneration in human
articular cartilage results in altered biomechanical
properties.?>*>% It should be noted that the indenta-
tion in this study was not applied in the physiologic
direction (ie, superior to inferior direction on the in-
tact surface of the disc). This may have resulted in a
lowered stiffness than compressing an intact disc in a
physiologic direction, since superficial collagen fibrils
of an intact tissue provide resistance to compression,
analogous to the workings of a trampoline. Nonethe-
less, the indentation test used in this study still cap-
tured topographic variations in disc stiffness, which
are useful for determining local changes in the tissue.

Indentation testing is a nondestructive and sen-
sitive testing method for TM]J articular tissues.
Indentation is performed by compressing the sam-
ple surface a small amount with a tip (~ < 1 mm
diameter) while load is measured. Indentation has
been used for TM]J testing, although not as widely
as tensile testing,’>*” which is destructive. Since
the normal TM]J disc has topographical variations
in mechanical properties,®” assessment in multi-
ple regions is important for correct interpretation
of the biomechanical evaluation. In that regard,
indentation testing is advantageous since it can be
performed rapidly (~seconds) and facilitates mul-
tiple-site testing. More importantly, if additional
analysis (eg, histology) is desired, a nondestructive
method is required. Indentation testing is sensitive
to minute changes in structure?? and composition
(ie, glycosaminoglycan content’®) of cartilage near
the contact surface, and is likely to be sensitive to
biomechanical changes in fibrocartilaginous tissues
of the TM]J as well. The relationship between the
function of the TM]J articular fibrocartilage and
disc as determined by biomechanical testing and
the structural components of these tissues has not
been determined. There is increasing interest in the
possibility of relating noninvasive quantitative MR
evaluation of tissue to its functional competence;
the present preliminary study found a weak but
statistically significant correlation between MR and
indentation properties, and additional samples will
reveal if this relationship holds true.

The present study with UTE MRI at 3T allowed
visualization of the TM] disc of the mandibular con-
dyle with high spatial resolution and signal, thereby
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allowing for its easy identification and quantitative
T2* characterization in vitro. The study also estab-
lished the feasibility of quantitative UTE T2* evalu-
ation in vivo, although additional work is required
to optimize the image contrast needed for morpho-
logic evaluation. Further, the present results suggest
that UTE quantitative MRI may reflect structural
properties as determined by histology, as well as
functional changes as reflected by indentation test-
ing. While the authors realize the study is limited
by the small specimen number, the data provide a
promising platform for future study.
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